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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°3142 27, whose
final goal 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 Underwater Radiated Noise of a ship is caused mainly by the propeller and the main
machinery. It is important to know the relative contribution of each source so we can estimate
the improvements that can be achieved with regard to the global signature of the ship
applying some technical solutions focused on reducing either the machinery or propeller
noise. Furthermore, it is of special interest knowing the main mechanisms and paths
responsible for underwater sound generation.
In this context, the main objective of this deliverable is to look for a synthesis of all
contributions into a total ship radiated noise pattern. The effect of running at different
propeller loads and ship speeds is also studied. In order to carry out this study, the work of
outcomes of other part of the project will be used. In particular:
•

URN patterns developed in task 2.1.

•

The results of the numerical models and model-scale tests performed in task 2.2 and
2.3.

•

The results of the vibro-acoustic models developed in task 2.4.

•

URN full scale measurements carried out in task 3.2.

The chapter 2 adjusts the URN parametric models developed in task 2.1 according to the
gathered experimental data in the project and other sources of information and assess the
contribution of each source at different speeds, exploiting these results.
The chapter 3 uses the numerical models and model-scale measurements to assess the
contribution of each source for some of the vessels measured in AQUO. In particular, UNIGE
compares the model-scale tests performed in their cavitation tunnel with the full-scale
measurements of a large research vessel to assess the relative contribution of the propeller
noise. SSPA uses the numerical, model scale test and full scale measurements to assess
the relative contribution of the propeller with regard to the total noise of a coastal tanker and
to assess the propeller noise under different settings. Finally, TSI uses the vibro-acoustic
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model developed in task 2.4 and compared with the full-scale measurements to assess the
relative contribution of the propeller and machinery noise.
The chapter 4 exploits the measurements performed to obtain the contribution of each
source and compare the results with the rest of the studies.
In general, the different studies performed in this task agree on that at low speeds machinery
noise dominates whereas propeller noise without cavitation is not very relevant. At higher
speeds, in the case of a cavitating propeller, cavitation noise dominates, especially at
medium and high frequencies. However, even in this case, machinery noise is still relevant
(as important as cavitation noise) in the low frequencies. Therefore, it is expected that both,
propeller and machinery noise should be reduced to obtain significant improvements on the
underwater radiated noise of a ship.
In any case, these are general guidelines, as the specific contribution of each source will
depend on the characteristics of each ship so a particular study should be performed for
each vessel in order to know the most effective solutions.
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1. INTRODUCTION
AQUO is collaborative research project supported by the 7th Framework Programme through
Grand Agreement N°314227, addressing the Call FP7-S ST-2012-RTD-1 “Transport”. The
final goal of AQUO project is to provide policy makers with practical guidelines to mitigate
underwater noise footprint due to shipping, in order to prevent adverse consequences to
marine life.
In this task, the noise contributions from the cavitating and/or non-cavitating propeller will be
compared with other noise sources (in particular machinery). A synthesis of all contribution
into a total ship radiated noise pattern is sought. The effect of running at different propeller
loads and ship speeds is also studied.
The analysis will be done through:
-

Results from tasks 2.2 to 2.4;

-

Estimate of machinery noise contribution using patterns defined in task 2.1.

The main objective is to compare the relative levels of propeller noise with and without
cavitation, with ship radiated noise due to machinery. This point is particularly important
because the effort for propeller noise mitigation measures will depend on the relative
importance of propeller noise in the global underwater noise level of a ship. In this task, the
noise contributions from the cavitating and/or non-cavitating propeller will be compared with
other noise sources (in particular machinery). A synthesis of all contribution into a total ship
radiated noise pattern is sought.
The relative level of propeller noise, with and without cavitation, by comparison to total URN,
has been addressed already in part in AQUO Project:
-

Task 2.1: derivation of URN patterns
o

In one part, an estimate of noise repartition using narrowband analysis on
some particular ships has been done

o

In a second part, parametric models for band-averaged power spectral density
of URN have been built, based on a decomposition of total noise into 3
components, using data from literature

-

Task 3.2: URN measurements
o

Some measurement dossiers include an analysis of the main causes of
radiated noise, in particular the case of the coastal tanker
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It should also be noted that the topic has already been addressed by several authors in the
literature.
Other important issues are:
-

The repartition of noise between machinery, propeller and cavitation will depend
strongly on ship architecture, ship speed, and also frequency. In all the analysis,
these elements need to be clearly taken into account.

-

Regarding the impact on marine life, the tendency is to focus on low frequency
bands. Currently, the MSFD considers the third octave bands centred at 63 Hz and
125 Hz. Other frequencies, up to 500 Hz have been considered during an AQUO
T1.3/T5.4 meeting in Stockholm. A global RNL up to high frequencies could also be
considered.

A consequence of the latter is that the analysis should be done mainly on frequency bands
rather than on narrowband analysis (tonals).
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2. Exploitation of the URN parametric models
2.1.

Update of AQUO URN models

2.1.1. Summary of the adjustments needed
The conclusions from the analysis carried out in the Annex A of the present document leads
to adjustments in the URN models originally developed in AQUO Task 2.1 [16], which are
summarized in Table 2.1.
Model

Observation

Actions

High speed crafts

The model is relatively close to

No modification

results from results reported
Cargo ships

The model gives correct levels for

Review the proportion of machinery in

ship size 150 m-200 m but seems

total noise at reference speed.

to underestimate machinery noise

Modify the reference length (set to 180
m instead of 100 m)

Cargo ships

The models overestimates

Build an additional model adapted to

strongly radiated noise from large

large merchant ships

container ships (2 strokes
engines, length typically greater
than 250 m)
Tankers

The model gives correct levels for

Review the Tanker model according to

ship size 150 m-200 m. However,

the evolution of the Cargo model.

there is no reason to have a
model significantly different
between Cargo and Tankers,
both being merchant ships with
similar architectures.
Ferry

The Ferry model gives too large

Update the model at low frequencies

levels at low frequencies
Large cruise ships

No relevant additional data was

No modification

found
Fishing vessels

The model was built for large

Update the dependency of noise level

fishing vessels and is not suitable

with ship size

for small fishing vessels
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Model

Observation

Actions

Leisure craft

According to one experimental

Update the model

result reported, the model
underestimates strongly radiated
noise
FRV New

No further analysis done

No modification

FRV Old

The model was built for large FRV

Update the dependency of noise level

vessels and is not suitable for

with ship size

small ones
Tug

The model gives too small levels

Update the model at low frequencies

at low frequencies
Table 2.1.- Summary of developments needed for the URN parametric models.-

More generally, it was found that the URN models are in general good agreement with the
experimental data, except when the speed and/or size of the vessel differs significantly from
the reference speed and size used to build the model. As a consequence, some bounds will
be defined to force the data between some values, preventing the case of obtaining
abnormally low radiated noise levels. The bounds for the applicability of the models are
defined in table 2.2. If the actual value is outside the bounds, the model will force it to the
minimum or the maximum value.
Category (New AQUO URN Model)

Ref. length

Ref. speed

Length domain

Speed domain

(m)

(kts)

(m)

(kts)

High speed (large size)

150

30

80-200

10-40

Cargo

180

14

100-250

8-20

Large cargo or container ship

280

20

250-350

10-25

Tanker

180

14

100-250

8-20

Large tanker

280

20

250-350

10-25

Ferry

180

18

100-250

12-25

Large cruise vessel

250

18

200-300

12-25

Fishing vessel

50

10

40-70

6-14

FRV New

80

11

50-100

6-14

FRV Old

80

11

50-100

6-14
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Category (New AQUO URN Model)

Ref. length

Ref. speed

Length domain

Speed domain

(m)

(kts)

(m)

(kts)

Leisure craft (large size)

50

15

30-70

10-20

Tug

40

13

30-60

8-15

Sailing boat (using engine)

N/A

N/A

N/A

N/A

Table 2.2.- Bounds for size and speed in updated AQUO URN models.-

Besides, it was observed during the first tests of the Noise Footprint Assessment Model in
task 1.4 that for the OBSEA test area, a large number of sailing boats were identified in the
area through the AIS information. Some of these boats may occasionally use a small engine,
resulting in underwater radiated noise. In addition, these boats evolve at low speed, and the
corresponding time spent in the area is large. On the other hand, no URN model for sailing
boats was defined in Task 2.1. This results in deviations in the noise maps which can render
difficult the interpretation of results. For that reason, it is proposed here to add a new URN
model for the sailing boats (running their engine) in the list of models available for AQUO
Project studies.
Taking into account all this feedback leads to adjust the initial models, as described in the
next paragraphs. The updated models are also reported in detail in reference [16].

2.1.2. Cargo ships
As stated previously, the modifications introduced are:
-

the change of reference size, set to 180 m,

-

an increase of the relative contribution of machinery noise.

It is assumed here that radiated noise of this reference vessel is in the “average”, i.e. the
main engines are not rigidly mounted, but are not fitted either with efficient resilient mounts.
The influence of the use of efficient resilient mounts will be discussed in AQUO Task 5.2.
The corresponding URN for the reference size (180 m) and speed (14 knots) is shown on
figure 2.1.
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Cargo
190

SL (dB re µPa^2/Hz @ 1m)

180
170
160

Total
Total corr.

150
140
130
120
110
10

100

1000

10000

Frequency (Hz)

Figure 2.1.- Updated URN model for a reference cargo ship

2.1.3. Large cargo or container ships
A new subcategory is introduced, in order to account for large size cargo or container
vessels which are reported to be relatively silent, despite their large size and operating
speeds. The corresponding URN for the reference size (280 m) and speed (20 knots) is
shown on figure 2.2.
Large container ship
190

SL (dB re µPa^2/Hz @ 1m)

180
170
160

Total
Total corr.

150
140
130
120
110
10

100

1000

10000

Frequency (Hz)

Figure 2.2.- Additional URN model for a reference large cargo ship
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2.1.4. Tankers
As it was outlined previously, there is no evidence of strong differences between the radiated
noise of the “cargo” and “tanker” categories, as they are both merchant ship with similar
naval architecture regarding machinery and propulsion. For that reason, it is proposed to use
the same URN as for the cargo ship, and to distinguish in the same way the case of large
vessels using heavy low rate two stroke engines.

2.1.5. Ferries
By comparison to the initial model built in task 2.1, the model is updated in order to reduce
the low frequency noise. The corresponding URN for the reference size (180 m) and speed
(18 knots) is shown on figure 2.3.
Ferry
190

SL (dB re µPa^2/Hz @ 1m)

180
170
160

Total

150

Total corr.

140
130
120
110
10

100

1000

10000

Frequency (Hz)

Figure 2.3.- Updated URN model for a reference ferry

2.1.6. Fishing vessel
The model is updated in order to increase the contribution of machinery noise, to take into
account feedback from measurements performed in AQUO Project (Task T3.2). Some
bounds on size and speeds have been defined, according to table 2.10.
The corresponding URN for the reference size (50 m) and speed (10 knots) is shown on
figure 2.4.
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Fishing
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SL (dB re µPa^2/Hz @ 1m)

170
160
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100

1000

10000

Frequency (Hz)

Figure 2.4.- Updated URN model for a reference fishing vessel

2.1.7. Research vessels
Apart from the introduction of bounds on size and speed shown in table 2.2, there is no
modification introduced in the URN models.

2.1.8. Leisure crafts
Here, only large leisure crafts are considered, as small ones are generally not equipped with
AIS. The main modification is to increase the overall underwater radiated, which was
underestimated in its previous version.
The corresponding URN for the reference size (50 m) and speed (15 knots) is shown on
figure 2.5.
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Leisure
180

SL (dB re µPa^2/Hz @ 1m)

170
160
150

Total

140

Total corr.

130
120
110
100
10

100
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Figure 2.5.- Updated URN model for a reference leisure craft.-

2.1.9. Tugs and special vessels
The model for tugs and some other special ships is updated in order to increase the URN in
the low frequency domain by a few dB. The corresponding URN for the reference size and
speed is shown on figure 2.6.
Special vessel
190

SL (dB re µPa^2/Hz @ 1m)

180
170
160

Total

150

Total corr.

140
130
120
110
10

100

1000

10000

Frequency (Hz)

Figure 2.6.- Updated URN model for a reference special vessel
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2.1.10.

Sailing crafts

Current studies in AQUO Project, Task 4.1 regarding the validation of the Noise Footprint
assessment Model have shown that in some maritime areas, there is presence of a large
number of crafts identified as sailing crafts through the AIS. As a consequence, it is
necessary to define an additional URN model to take into account their contribution. It is
assumed here that the speed and size information is not important here. The size and speed
will be set arbitrarily at Lref=15 m and Vref=5 kts.
This data has been obtained from reference [8], taking the lower bound of the synthesis of
radiated noise from different small watercrafts. Regarding the correction term to the Lloyd
mirror effect, the depth of the acoustic source d is here fixed arbitrarily at 1 meter.
The corresponding URN for the reference size and speed is shown on figure 2.7.
Sailing craft
160

SL (dB re µPa^2/Hz @ 1m)

150
140
130

Total

120

Total corr.

110
100
90
80
10

100

1000

10000

Frequency (Hz)

Figure 2.7.- Additional URN model for a sailing craft using an engine

2.2.
Estimation of the contribution of propeller noise in total
radiated noise
Using the updated URN models, it is possible to estimate the respective part of machinery
noise and propeller noise for different types of vessels at different speeds and frequency
ranges (63Hz, 125Hz, 2000Hz and broadband (BB) between 10Hz to 10kHz ). Here, we will
focus more particularly on commercial vessels (cargo vessels, large merchant ships, ferries
and cruise ships).
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In AQUO URN patterns, we can see that at low speed, the main contribution is from the
machinery noise and that at high speed the cavitation noise is dominant. The propeller
without cavitation is a low frequency source. Its contribution at 2000Hz or higher is very low
compared to other ship noise sources. Cavitation and machinery noise are both broadband
noise, affecting the whole frequency spectrum.

2.2.1. Cargo vessel
From Table 2.2, the speed domain for the cargo model is between 8 knots to 20 knots.

Figure 2.7.- Contribution between machinery, propeller and cavitation noise for a cargo vessel at
different speeds
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On cargo vessels, at low speeds, according to the models and the assumptions behind, there
is a dominant contribution from machinery noise. At transit speed, the cavitation noise then
dominates the spectrum.

2.2.2. Large merchant ship
From Table 2.2, the speed domain for the large merchant ship model is between 10 knots to
25 knots.

Figure 2.8.- Contribution between machinery, propeller and cavitation noise for a large merchant
vessel at different speeds

For large merchant ships, the contribution of machinery noise is found here to be more
important than for cargo ships at the same speed. However, the service speed of large
merchant vessels is generally greater than for medium size cargo vessels, resulting also of
dominance of noise from cavitation in that case.
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2.2.3. Ferry
From Table 2.2, the speed domain for the ferry model is between 8 knots to 25 knots.

Figure 2.9.- Contribution between machinery, propeller and cavitation noise for a ferry at different
speeds

For ferries, at low speeds, it is expected to have a significant contribution of both machinery
and propeller noise. On the other hand, at higher speeds, the ferry noise is dominated by
cavitation noise.
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2.2.4. Large Cruise vessel
From Table 2.2, the speed domain for the large cruise vessel model is between 8 knots to 25
knots.
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Figure 2.10.- Contribution between machinery, propeller and cavitation noise for a cruise vessel at
different speeds

On modern cruise ships, there is an effort to reduce the noise on-board for passenger
comfort. This effort contributes to a low machinery noise contribution to the underwater
radiated noise, except at very low speeds where the propeller noise is still very low.
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3. Exploitation of the numerical models to assess noise
sources contribution.
This paragraph will use the models developed in task 2.2, 2.3 and 2.4 to assess the
importance of the different sources. In paragraph 3.1.1 TSI will use the model developed in
2.4 to study the impact of machinery and propeller noise. UNIGE and CTO will use the
results of task 2.2 & 2.3 to assess the propeller noise and to compare it (as much as
possible) with machinery noise. SSPA will do the same for the coastal tanker.

3.1.

Small research vessel (FS2)

In the framework of the task 2.4, a numerical model for the prediction of the underwater
radiated noise of a small research vessel was developed (see A.2.1 for further details). This
vessel is 21m long with a conventional propulsion system made up of 2 shaft lines and no
specific solutions to reduce noise and vibration. This paragraph will exploit this model to
quantify the contribution of each source (structure borne noise due to the machinery,
airborne noise due to the main machinery and propeller noise). In order to do this, both
experimental measurements and existing statistical models will be used to characterize the
strength of each one of the sources.
The study carried out in the task 2.4 showed that the results of this numerical model were in
good agreement with the experimental results. Therefore, we can have certain confidence in
the conclusions withdrawn from this analysis with the following points in mind:
•

There was little experimental information of the propeller noise apart from the hull
vibration measurements above the propeller.

•

In order to overcome this limitation, empirical models will be used to characterize the
propeller (cavitation noise). Due to this, machinery noise (both airborne and structural
borne noise) will be also modelled with similar empirical models to compare them with
the propeller noise.

•

The conclusions drawn here will be of course valid for this vessel, and for other types
of vessels the relative contribution of each source will depend on the specific
application.

The model used in this analysis is exclusively a SEA model in which each acoustic
subsystem is made up of ribbed plates between webframes and whose damping
characteristics were set according to past measurements.
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3.1.1. Characterization of the sources
The following sources will be modelled and quantified as follows:
•

Structure borne noise of the main engines: power injected to the structure

•

Airborne noise of the machinery: monopole power source in the engine room

•

Propeller noise:
o Cavitation noise as a monopole source
o Vibration constraint in the hull plates above the propeller.

Even though the measurement campaign was extensive, experimental information is not
available for all the sources. In order to overcome this limitation, empirical models will be also
used. Below, more detailed information about how these sources were modelled can be
found.

Figure 3.1.-Vibration power of each one of the engines.-

Structure borne noise of the machinery: This source can be modelled using both
experimental and empirical information. It was characterized experimentally thanks to the
machinery vibration measurements performed on board. In order to characterize it with
experimental data, the following was carried out:
•

Extract the average one-third octave band of all the vibration measurements
performed on the engine foundation of the main engines.

•

Compute numerically the average drive point mobility of the ship foundation in each
foot.
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•

Compute the vibrational power injected to the structure using the machinery
vibrations carried out on board and the numerically computed mobility obtained in the
previous step.

The Figure 3.1 shows the vibrational power obtained by this method.
In addition to this, this source was also modelled using an empirical model commonly used in
airborne noise predictions. This model accounts for the power, mass and RPM of the engine.
It is given in terms of structural borne noise that also accounts the stiffness of the engine
foundation. This model tends to be conservative due to the fact that it is an empirical model
that is used only when there is no available information. The Figure 3.2 shows the structure
borne noise levels obtained from its application.

Figure 3.2.-Structure borne noise of the main engine obtained by the empirical model.-

Airborne noise of the machinery: This source can be modelled using both experimental
and empirical information. Experimentally, it was characterized using the noise measurement
performed in the machinery room of the ship. Since this measurement was performed in a
closed cavity with many reflections, the sound pressure levels obtained was applied in the
model as an acoustic diffusive field.
In addition to this, the airborne noise was also modelled with an empirical model. That model
takes into account the power of the engine and its RPM and provides the acoustic energy
level of the equivalent monopole. Due to this, it was modelled as a monopole source.
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Figure 3.3.-Airborne noise measured in the engine room.-

Figure 3.4.-Airborne noise of the main engine obtained from the empirical model.-

Propeller noise: It is the most complicated source to characterize. Regarding the use of the
experimental information available, only hull vibration measurements could be used to
characterize the noise due to the effect of the propeller on the hull. However, hull vibration
measurements were also affected by machinery. In order to solve this problem, spectral
components due to machinery were removed from it. Once this was done, the resulting
vibration spectrum was set in the numerical model above the propeller as a vibration
constraint in the hull plates.
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Figure 3.5.-Measured hull vibration with machinery removed.-

Apart from this, there was no more experimental data. Therefore, in order to model the
propeller cavitation noise another empirical model was used. This model accounts for the
diameter of the propeller, its RPM, the cavitation inception speed and the tip clearance. It
gives the pressure level at 1m of the source considered as point radiating spherically (i.e.
omnidirectional), in a free field. As can be seen, there are a lot of strong assumptions about
the nature of the source so the results obtained from this are likely to have a large
uncertainty.

Figure 3.6.-Sound power levels of cavitation noise.-
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3.1.2. Results
This paragraph will show the comparison of the underwater radiated noise caused by each
source considering, on the one hand, the experimental data, and on the other hand the
empirical models.
The Figure 3.7 shows the relative contribution to URN of the various source modelling them
with the experimental data. It can be seen that machinery noise is the most important noise
source for this vessel, which is in good agreement with the experimental results (see
paragraph 4.1).
The effect of the vibration induced by the propeller is a bit lower but still significant. However,
the uncertainty of this result is high as the experimental vibration spectra used in the
computation to model the propeller source may be still affected by machinery noise and the
direct propeller noise was not accounted (at best, the effect of it on the hull plates). Finally,
the results show that airborne noise due to machinery contributes much less than the other
two sources to URN. That was expected as the big difference of the air acoustic impedance
with regard to the water acoustic impedance blocks the transmission of airborne noise to
waterborne noise.

Figure 3.7.-Assessment of each URN source using the experimental data to characterize each
source.-

On the other hand, the Figure 3.8.shows the contribution of each source to URN if we use
empirical models to characterize them. In this case, we could model the propeller cavitation
noise. As can be seen, structure borne machinery noise is again the most important URN
source for this vessel, whereas propeller cavitation noise and airborne noise are much lower.
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However, these results have to be taken with care, because propeller cavitation noise is
likely to have been underestimated according to the URN full scale measurements, whereas
structure borne noise of machinery looks conservative. On the other hand, the contribution
from airborne noise is again much lower than machinery structure borne noise, which is
aligned with the previous results. Finally, if we compare both analysis, the excitation of the
hull by the propeller is, in this model with the available data, more important than the
cavitation noise. However, we have to take into account that both formulations come from
different sources.

Figure 3.8.-Assessment of each URN source using the empirical models to characterize each
source.-

3.2.

Large research vessel (FS5)

The vessel used in this study is a large research vessel measured within AQUO. It is 60m
long and it has a conventional propulsion (resiliently mounted ) connected via a gearbox to a
CPP propeller of four blades (see A.2.4).
In the following, the full-scale spectra of the underwater noise emitted by FS5 are compared
with the noise measurements carried out in the UNIGE cavitation tunnel. The aim of the
comparison is to identify the different contribution, to the overall emitted noise, of machinery
noise and propeller noise.
The machinery noise is characterised by a number of tonal components generated, in
general, by the main engine, the auxiliary engines and the reduction gear. Such contributions
are usually located at lower frequencies. In the case of FS5 the auxiliary engines were
turned off during the measurements therefore only the main engine contribution is present.
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FS5 is equipped with a controllable pitch propeller meaning that the ship speed can be
changed the by either changing the propeller pitch or the propeller revolutions per minute
(RPM). The three analysed operating conditions cover both situations.
The noise generated by the propeller presents two main components: tonal components
linked to the blade passing frequency and broadband noise with characteristics depending
on the cavitation type occurring on the propeller.
The frequencies of the tonal components for both the engines and the propeller can be found
by simple calculations knowing the following parameters:
•

N: number of cylinders

•

RPME: revolutions per minute engine

•

RPMP: revolutions per minute propeller

•

Z: number of blades

As regards the engine, as it is a 4-stroke engine, harmonics can be calculated with the
following expressions:
RPM E
⋅ h, h = 1, 2,..., H
120

•

Cylinder firing rate and harmonics CFR =

•

Engine firing rate and harmonics EFR = CFR ⋅ N ⋅ h, h = 1, 2,..., H

As regards the propeller:
•

Blade passing frequency and harmonics BLADE =

RPM P
⋅ Z ⋅ h, h = 1, 2,..., H
60

Looking at Figure 3.9 it can be seen that the engine tonals can be clearly identified up to 70
Hz. On the other hand, the cavitation noise (red line) is present at all frequencies. Noise
levels cannot be directly compared as they are affected by scale effects (propeller cavitation
noise measurements are carried out in model scale and corrected for the full scale), but the
overall shape of the spectra can give a picture of what contribution to the full scale spectrum
is due to the cavitating propeller. It is clear, in fact, that cavitation noise is the main
contribution at higher frequencies, while at low frequencies the cavitation noise contributes to
the broadband noise and the machinery noise generates narrow tonal components. The
hump located around 120 Hz (red curve Figure 3.10) is typical for tip vortex cavitation.
The noise generated in Run 10 is shown in Figure 3.10. In respect to Run 2 (Figure 3.9) the
propeller pitch is the same while the RPM are reduced. The cavitating phenomenon taking
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place on the blades is suction side cavitation with tip vortex, the same as the operating
condition of Figure 3.9. As the RPM are reduced, the overall noise is lower as the cavitation
is in general lower and the tonal components of the engines are shifted towards lower
frequencies. Moreover, higher order harmonics of the engines can be identified (16th CFR
harmonic). Cavitation noise is extended on the whole frequency range and presents a peak
around 100 Hz due to tip vortex oscillations.

Figure 3.9.-Spectrum and identification of the main tonal components for run2 vs. propeller cavitation
noise. Pitch: 79%; RPM engine : 860; Speed: 12 kn.-
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Figure 3.10.-Spectrum and identification of the main tonal components for run10 vs. propeller
cavitation noise. Pitch: 79%; RPM engine : 760; Speed: 11 kn.

In Run 19 the propeller pitch is significantly reduced in respect to the previous operating
conditions. With such a pitch reduction, the propeller working conditions changes
dramatically and consequently different cavitation phenomena occur. In this particular case,
pressure side cavitation is present. As it can be seen in Figure 3.11 pressure side cavitation
is characterised by higher levels at higher frequencies and by an almost flat spectrum for
frequencies higher than 100 Hz. As the main contribution due to cavitation noise is shifted
towards the higher frequencies, the machinery harmonics can be clearly identified up to the
18th harmonic of the cylinder firing rate.
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Figure 3.11Spectrum and identification of the main tonal components for run2 vs. cavitation noise.
Pitch: 31%; RPM engine : 760; Speed: 7 kn.-

3.3.

Coastal tanker (FS6)

3.3.1. Introduction
The vessel of this study is shown in A.2.5. The conditions considered for the analysis
performed here are specified in each subparagraph.
For a propeller with developed cavitation, the cavity volume behaves mainly like a monopole
noise source, giving contributions to both the radiated broadband and tonal noise. The
collapse of the main sheet cavity and broken off smaller cavities generates a number of
sharp pressure pulses. This causes broadband noise at all frequencies. Moreover, since
propeller blades are working in a circumferentially varying wake field behind ship, the bubble
and sheet cavitation will also induce tonal noise at harmonics of blade passing frequency
(BPF), due to the fact that the cavity volume changes periodically at blade rate harmonics.
As a rule of thumb, the tonal noise at harmonics of BPF can increase by 10 to 20 dB due to
cavitation. Tip vortex cavitation (TVC) is normally the first type of cavitation to occur when the
propeller loading increases. Oscillations in the tip vortex cavity produce typically a wide
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frequency peak somewhere in the frequency range from about 50 Hz to a few hundred hertz
in full scale.

3.3.2. Comparison of receiver noise levels with and without cavitation in
model scale – CFD and experimental
The following loading conditions for M/T Olympus are discussed in this section,
Loading condition

Description

LC1

NCR power, design draft (approximately 14 kn)

LC2

NCR power, ballast draft (approximately 15 kn)

LC5

11 kn at reduced pitch setting, design draft

LC5

11 kn at reduced pitch setting, ballast draft
Table 3.1.- Description of loading conditions for M/T Olympus.-

In cavitation tunnel model tests, the label “cavitating” condition means that the model test is
run at the same cavitation number as in full scale to fulfil the scaling laws for model tests.
This does not necessarily mean that the propeller cavitates at all loading conditions. The
label “atmospheric” conditions means that the model test is run at atmospheric pressure to
suppress cavitation (the cavitation number is too high). This does not certainly mean totally
free from cavitation, for some propellers small amounts of cavitation can remain. It is a
standard procedure to run pressure pulse and noise measurements at both cavitating
condition and atmospheric condition as a reference.
CFD study of LC2 compared to model test data:
Starting from the computational case for the model scale loading condition LC2 used in Task
2.2, a new case was set up in such that the propeller is working behind the model ship under
non-cavitating conditions. The computations for these two cases were performed using
exactly the same mesh, the same numerical schemes, the same inflow condition and the
same time step. The difference between the two cases in the computational set-up is with
and without a cavitation model. Therefore, it can be stated that the difference in the predicted
URN noise for the two cases is primarily due to the cavitation effects. By comparing the URN
obtained in the non-cavitation case from that in the cavitation case, we could have a rough
idea of how much noise the cavitation on the propeller has contributed to the total URN for
this loading (LC2 at model scale).
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The comparison between the noise predicted for a non-cavitating propeller and a cavitating
propeller of M/T Olympus under loading condition LC2 is given in Figure 3.12 to Figure 3.14
for each receiver location, K66, K78 and K79 respectively. In these figures, the noise from
the ship model with the non-cavitating propeller is denoted by “nocav” whereas that from the
cavitating propeller is denoted by “Cav” in the legend. The relationship between full scale and
model scale frequency is fs/fm=ns/nm which is 0.0855 in LC2. As is seen in the figures, for the
measured spectra the most obvious and significant difference (ca 20 dB) between the noncavitating and cavitating propeller takes place in the frequency range 500-1300 Hz in model
scale (which corresponds to 50 to 110 Hz in full scale), mainly due to the occurrence of TVC
in cavitation condition (LC2). For the CFD noise spectra, the difference in the spectra for the
non-cavitating and cavitating case is not as distinct as the measured one. This is probably
because the CFD simulation has under-predicted the TVC that has a crucial contribution to
noise level in the frequency range 500-1300 Hz in model scale. However, in terms of the
overall level, the cavitating propeller does result in about 5-10 dB higher noise level in the
frequency range 0-1300 Hz. Note that in this example the cavitation on blades is rather
limited to a narrow sheet cavity along the blade leading edge. The observed and predicted
cavitation pattern for the case with cavitating propeller is shown in Figure 3.15, to visualize
the discrepancy between the two prediction methods. The amount of increased noise level is
dependent on the type and the extent of cavitation, and whether or not it involves violent
collapse and rebound.
Another example is presented for a different ship with also a relatively weak but more stable
sheet cavitation in Figure 3.16 from our previous work in SILENV project [14]. The
computation was performed at full scale with and without propeller cavitation (URANS-FWH
method). In this case the sheet cavitation volume is slightly larger than that of M/T Olympus
but there is no significant TVC, the URN level due to cavitation was increased by about 1520 dB from its counterpart under non-cavitating condition.
Model test data with and without cavitation:
The model test results for M/T Olympus were presented in AQUO report D2.5 [13]. Model
scale data in 1/3-octave bands at cavitating and atmospheric conditions are given in Figure
3.17. The noise measurements are well in line with the observations, which show a relatively
low cavitation volume on the propeller, and with the pressure pulse measurements, that
shows comparatively low influence of cavitation at BR. Nevertheless, the 85% MCR
conditions gives the highest tonal noise at BR and its harmonics due to the blade loading.
According to the narrow band analysis in the deliverable D2.4, the cavitation gives about
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10 dB amplification to the BR frequency and its lower harmonics. In a 1/3-octave band
analysis, it is risk that one neglects this contribution.
The tip vortex cavitation contributes significantly to the URN between 50 Hz and 150 Hz (fullscale frequency) in LC1, LC2, LC5 and LC6. The leading edge vortex cavitation on the face
side in LC5 and LC6 gives a substantial influence to the URN above 100 Hz. The peak at
1 kHz in model scale corresponds to the 80 Hz frequency band in LC1/LC2 and to the 63 Hz
band in LC5/LC6. The highest contribution by the TVC seems to be in the 80 Hz band, but it
contributes significantly also to the indicator frequency bands 63 Hz and 125 Hz.

3.3.3. Comparison of model scale data with full scale data
The URN predictions based on model-scale tests by SSPA and UNIGE are compared to the
full scale measurements in Figure 3.18 to Figure 3.21. 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 oscillations and “bursting” in the tip vortex cavity, but the full-scale spectrum
does also contain a lot of tonal components from machinery. Engine revolution harmonics
and ignition gives significant tonal noise in the frequency range 20 to 50 Hz. 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).
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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 amplitudes 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.

3.3.4. Conclusions
The propeller cavitation on M/T Olympus gives about 10 dB amplification of the lower blade
rate harmonics at the NCR load conditions. The tip vortex cavitation contributes significantly
(about 10 dB) to the broad band noise in the range 50 Hz to 150 Hz at all loading conditions.
The face cavitation at reduced pitch setting adds about 5 to 10 dB to the broadband noise
levels above 100 Hz. Engine revolution harmonics and ignition gives significant tonal noise in
the frequency range 20 to 50 Hz.
This is well in line with e.g. ITTC reports [15] that state that propeller cavitation has high
importance to tonal noise at the blade passing frequencies and to the broadband noise
between 10 Hz to 20 kHz.
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Figure 3.12 Noise from non-cavitating vs. cavitating propeller at receiver K66, model scale LC2.-

Figure 3.13 Noise from non-cavitating vs. cavitating propeller at receiver K78, model scale LC2.-

Dissemination level: PUBLIC
© AQUO Project Consortium 2015 - all rights reserved

39

WP 2 - Noise sources
D 2.8 Synthesis: Impact of propeller noise on global

Rev 1

URN

Figure 3.14 Noise from non-cavitating vs. cavitating propeller at receiver K79, model scale LC2.-

Figure 3.15 Cavitation pattern at θ=340°, 350°, 20°, 30°. Exp. (top) vs. DDES (bottom) , model scale
LC2.-
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Figure 3.16 The predicted cavitation on propeller (left) and the comparison between non-cavitation vs.
cavitation case of URN for an LNG ship at full scale (right).LC1, Hydrophone K79, Model scale

LC2, Hydrophone K79, Model scale
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Figure 3.17. Model test raw data from cavitating condition compared to atmospheric condition
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(cavitation suppression). Received hydrophone level in 1/3 –octave bands.-
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M/T Olympus, LC1
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Figure 3.18 LC1: Source level spectra (1/3 Octave Band). Estimate by scaling of model scale
measurements (MS) compared to full-scale measurements (FS).M/T Olympus, LC5
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Figure 3.19 LC5: Source level spectra (1/3 Octave Band). Estimate by scaling of model scale
measurements (MS) compared to full-scale measurements (FS).-
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M/T Olympus, LC1
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Figure 3.20 LC1: Source level spectra in range 5 to 100 Hz with source identifications. Model scale
compared to full-scale.M/T Olympus, LC5
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Figure 3.21 LC5: Source level spectra in range 5 to 100 Hz with source identifications. Model scale
compared to full-scale.-
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4. Assessment

of

the

sources

identified

during

the

measurements carried out in AQUO project
This paragraph will use the experimental data gathered in the measurement campaigns
performed in WP3 to assess the importance of each underwater radiated noise source
(machinery and propeller) in each one of these vessels.
This analysis was already carried out in the task 3.2 [3]. As a remainder, the following figures
summarize the main results obtained in that study.

Figure 4.1.-Quantification of the URN sources for the vessel FS2 (old research vessel).-

In this analysis, the machinery noise, in the old research vessel, was the responsible of 55%
of the total noise in the frequency band from 10Hz to 1000Hz, whereas, in the passenger
vessel, was responsible of 17% of the total radiated energy.
However, in that analysis, the machinery components were identified and quantified using a
narrow band spectrum. However, weak machinery components tend to be overlooked by this
method causing a bias towards the propeller. In addition to this, machinery components
cannot be made out if cavitation is present. Finally, directivity of each source cannot either be
quantified by this method.
Therefore, this analysis tries to improve these previous drawbacks in the framework of this
task for the small research vessel (FS2) and the passenger vessel (FS3). This will be done
by identifying machinery components using spectrograms of the whole runs and quantifying
the overall level of the noise radiated by the ship and the sum of the energy corresponding to
the tonal components of the machinery noise.
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The spectrograms enable us to identify easily relevant machinery harmonics, even if they are
located in the frequency range where cavitation noise is dominant because these
components are mainly tonal noise at constant frequency along the run, so they tend to
stand out with regard to random noise (like cavitation noise). That frequency can generally
be easily related to machinery or propeller.

Figure 4.2.-Quantification of the URN sources for the vessel FS3 (passenger vessel).-

The analysis is restricted to the frequency band from 10Hz to 1000Hz because, above this
frequency, it is difficult to make out propeller and machinery noise. Anyway, most of the
energy of the noise radiated by the ship is within this frequency band.

4.1.

Small research vessel (FS2)

The URN measurements considered in this study are listed in the following table:
Nº

Vessel speed

Side associated to
URN measurement

Heading

Propulsion engine
speed (Port/Stb)

1

9 knots

Portside

085

1500/1500

2

8.9 knots

Starboard

260

1500/1500

3

9 knots

Portside

084

1500/1500

4

9 knots

Starboard

261

1500/1500

5

6.2 knots

Starboard

267

900/900

Table 4.1.-URN measurements conditions.-

The following figures (Figure 4.3 Figure 4.4 Figure 4.5) show the spectrograms of some of
the measurements. The Table 4.2 shows:
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•

The overall pressure level (dB ref 1µPa RMS, 10Hz-1000Hz) radiated by the ship at
the hydrophone location and time window indicated in the figures.

•

The overall sound pressure level (dB ref 1µPa RMS) radiated by the ship and caused
by the machinery at the hydrophone location and time window indicated in the
figures.

•

The overall sound pressure level (dB ref 1µPa RMS) radiated by the ship and caused
by the most important machinery component at the hydrophone location and time
window indicated in the figures

•

The overall level of the sound pressure level (dB ref 1µPa RMS) radiated by the ship
and caused by the propeller at the hydrophone location and time window indicated in
the figures

Figure 4.3.-Spectrogram of the run 3 of the FS2.-

Figure 4.4.-Spectrogram of the run 4 of the vessel FS2.-
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Figure 4.5.-Spectrogram of the run 5 of the vessel FS2.-

Run

Total radiated
noise level (ref
1µPa RMS)

Machinery
radiated
noise level

Main machinery
component radiated
noise level (2x Ignition
freq.)

Propeller
radiated
noise level

1 (9knots-PS)

136.7dB @100m

135.5dB

132.7dB

130.4dB

2 (9knots-ST)

137.1dB @100m

135.1dB

132.0dB

132.8dB

3 (9knots-PS)

136.3dB @100m

135.3dB

132.5dB

131.3dB

4 (9knots-ST)

137.2dB @100m

134.7dB

132.1dB

133.6dB

5 (6knots-ST)

131.3dB @100m

130.4dB

122.3dB

124.3dB

Table 4.2.-Summary of the total radiated noise, machinery and propeller noise (10Hz-1000Hz).-

Figure 4.6.-Propeller and machinery noise spectra.-
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In addition to this, the Figure 4.6 shows the spectrum of the sound pressure level measured
in one of the runs with the spectrum of propeller and machinery noise. Unlike the figure
shown in the paragraph 3.1.2, these figures comes from the measurements.
The figure below shows something similar to Figure 4.1 but with the results of this improved
study. Finally, Figure 4.8 shows the levels of the one-third octave bands at 63Hz and 125Hz.

Figure 4.7.-Quantification of propeller and machinery noise contribution for FS2 at 9 knots.-

Figure 4.8.-Machinery and propeller contribution in the one-third octave bands of the MSFD at
9knots.-

From the analysis of these results, we observe the following:
• Machinery noise is significantly higher than propeller noise for this vessel at 9 knots in
spite of the presence of cavitation. In particular, the machinery noise represents 69%
of the sound energy of the vessel.
• Machinery noise is especially relevant in the low frequency. In fact, below 200Hz, the
global radiated noise of the vessel is clearly dominated by the machinery.
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• We also observe that propeller noise is about 2dB higher at Starboard aspect than at
portside aspect (the distance between the receiver and the source was
approximately the same in all the runs considered in this study). However machinery
noise is quite constant regardless the side of the ship.
• In the spectrogram, we observe that cavitation noise is a bit higher at stern aspect
than at bow aspect. This may be significant to quantify the overall impact of the
sound radiated by this vessel.
• At 6 knots, the total noise is more than 5dB lower.
• At 6 knots, the contribution of the cavitation noise is much lower representing only
20% of the noise radiated by the ship (machinery is the other 80%).
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4.2.

Passenger ferry (FS3)

The URN measurements considered in this study are the following:
Side associated to

Vessel speed

1

16.3 knots

Portside

251

510/510

2

16.4 knots

Starboard

061

510/510

URN measurement

Heading

Propulsion engine

Record nº

speed (Port/Stb)

Table 4.3.-Runs considered in the study of the FS3.-

Figure 4.9.-Spectrogram of the run 1 of the vessel FS3.-

The Figure 4.9 show the spectrogram of one of the two measurements considered and the
time window considered in the analysis. The Table 4.4 shows the overall contribution of the
propeller and machinery noise with regard to the total radiated noise in the frequency band
from 10Hz – 1000Hz.
Total radiated

Machinery

Main machinery component

Propeller

noise level (ref

radiated

radiated noise level (1x

radiated

1µPa RMS)

noise level

Ignition freq.)

noise level

1 (16knots-PS)

139.9dB @420m

132.4dB

124.7dB

138.7dB

2 (16knots-ST)

136.6dB @360m

129.5dB

122.1dB

136.6dB

Run

Table 4.4.-Summary of the total radiated noise, machinery and propeller noise (10Hz-1000Hz).-
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Figure 4.10.-Propeller and machinery noise spectra for FS3.-

Figure 4.11.-Quantification of propeller and machinery noise contribution for FS3 at 16 knots.-

The Figure 4.10 shows the spectrum of each main contributor compared to the total noise
radiated by the vessel. On the other hand, the Figure 4.11 shows the relative contribution in
terms of energy for each one-third octave band. Finally, the Figure 4.12 shows the
contribution of each source to the one-third octave bands that the MSFD suggests to
monitor.
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Figure 4.12.-Machinery and propeller contribution in the one-third octave bands of the MSFD at
16knots.-

The analysis of these results enables us to draw the following conclusions:
•

For this vessel, the cavitation noise is the most important source, representing about
83% of the total noise radiated by the ship in the frequency range from 31.5Hz to
1000Hz. However, as mentioned in [3], the propeller of this ship had a big extent of
cavitation.

•

Again, the cavitation noise looks a bit higher at stern aspect than at bow aspect.

•

Even though machinery noise is not as relevant in this vessel, it is still the most
important source in the low frequency (below 100Hz). This result is significant
because the propeller of this ship heavily cavitates.

•

Regarding the contribution of each source in the one-third octave bands that MSFD
monitors, machinery noise is as important as propeller noise in the 63Hz one-third
octave band. Propeller noise is much more important at 125Hz. For other bands in
the low frequency, machinery noise is relevant, so improving the propeller noise
cannot give improvements higher than 3dB. However, at higher frequencies, above
200Hz, propeller noise is clearly dominant.
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5. Conclusions
According to the analysis performed here, we can withdraw the following conclusions:
Assessment of ship radiated noise with the URN patterns developed in AQUO project:
•

As expected, the relative contribution of machinery and propeller noise will depend on
the specific architecture and conditions of the vessel.

•

The study carried out in paragraph 2 with the URN patterns developed in AQUO
shows that a lower speeds machinery noise is the most important noise source
whereas at higher speed propeller noise gets more important mainly due to
cavitation.

•

Paragraph 2 suggests that machinery noise is important in large merchant ships. In
cargo ships, cavitation and machinery noise contributions seems equally important
even at relatively high speeds. On the other hand, in ferries and cruise ships
cavitation noise is the most important noise source. This difference may be explained
because for this type of vessels noise control measures are often implemented for
on-board noise (for instance resilient mounting) that reduce machinery noise and also
they usually navigate at higher speeds.

Observation of ship radiated noise in the numerical models, model scale and full scale
measurements:
•

The numerical study and the full scale measurements performed in the old research
vessel FS2 suggests that for this type of vessels and when the propeller does not
cavitate, machinery is the most important noise source.

•

The study of the passenger vessel FS3 reveals that when the propeller cavitates, it is
the most important noise source with regard to the total radiated noise of the vessel.
However, even so, at low frequencies (below 100Hz) machinery noise is relevant and
at least as important as propeller noise.

•

Vessel FS4 (large research vessel) is also in line with this observation. Cavitation
noise is the most important source with regard to the total radiated noise of the
vessel, but at low frequencies, tonal noise due to machinery can be clearly identified
as they can be as much as 20dB above cavitation noise.

•

The propeller cavitation on M/T Olympus (FS6) gives about 10 dB amplification of the
lower blade rate harmonics at the NCR load conditions. The tip vortex cavitation
contributes significantly (about 10 dB) to the broad band noise in the range 50 Hz to
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150 Hz at all loading conditions. The face cavitation at reduced pitch setting adds
about 5 to 10 dB to the broadband noise levels above 100 Hz.
•

The assessment of the URN patterns and the different studies carried out in all the
vessels of AQUO suggests that in order to reduce the total radiated noise, both,
propeller and machinery noise should be properly addressed.
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ANNEXES
A. ANNEX 1 – Comparison of initial parametric URN models
with experimental data and other information
In this annex, the URN models defined initially in task 2.1 are compared to additional data
and information:

•

Measurements at sea from task 3.2 of AQUO Project [3],

•

Experimental data from literature (other than already exploited in task 2.1),

•

Comparison with Wittekind’s model.

Some deviations have been found, and for that reason the initial AQUO models were
updated as described in § 2.1. The comparison of this data with the updated models is
shown in reference [16].

A.1 Presentation of the models
The principle of the method is presented in detail in AQUO report R2.9 [16], and was also
presented at Internoise 2014 conference [1]. The basic idea is to assume that the total
underwater noise radiated by the ship is decomposed into:
•

noise radiated by internal machinery and equipment, transmitted to water through the
hull;

•

noise radiated by the propeller, without cavitation;

•

noise radiated by propeller cavitation.
SLprop ( f ,V )
SLcav ( f ,V )
 SLmach( f ,V )

10
10

SLTOT ( f ,V ) = 10log 10
+ 10
+ 10 10 





(1)

FarfieldURN due to flow along the hull is neglected in comparison to the other noise sources.
Each noise component is described by characteristic patterns for dependence with frequency
and speed, represented on figure 1, affected to unknown coefficients for ship type and size.
The corresponding formulae are as follows:
•

Machinery noise
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SLmach(f, V) = K1 + K4 log V , for f < fmach

(2a)

SLmach(f, V) = K2 + K3 log f + K4 log V , for f > fmach

(2b)

•

Propeller noise

SLprop(f, V) = K5 + K6 log f + K9 log V , for f < fprop

(2a)

SLprop(f, V) = K7 + K8 log f + K9 log V , for f > fprop

(2b)

•

Cavitation noise (for V >Vcav)

SLcav(f, V) = K10 + K11 log f + K12 log V , for f < fmach

(3a)

SLcav(f, V) = K13 + K14 log f + K12 log V , for f > fmach

(3b)

The dependencies of the noise components (i.e. the coefficients associated to frequency and
speed) are not arbitrary but are supposed to be within some interval characteristic of the
physical phenomenon under consideration, and knowledge of data from existing vessels. For
example:
•

For machinery noise, the spectrum is generally nearly flat at low frequencies, and
slope with frequency is typically -25 dB per decade at higher frequencies.
Dependence of levels with speed is not expected to increase more that 30 times the
logarithm, as the vibration levels of the propulsion motors will not increase more than
the mechanical power increase (theoretically the third power of speed).

•

For cavitation noise, the spectrum presents a maximum between 50 and 200 Hz, and
typical noise spectrum slope is about 20 dB per decade at low frequencies and -20dB
per decade at high frequencies. The dependency with speed is typically between 50
and 60 dB times the logarithm of speed (however the latter might not be applicable to
variable pitch propellers).

Figure 2.1.-Typical patterns for ship radiated noise components.-
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The first step for a given vessel is to determine the unknown coefficients K1 to K14, by a best
fit procedure in order to minimize the deviation between the model and the experiment. For
that, we need a set of URN spectral levels measurements for the same vessel at different
speeds (ideally, at least three different speeds).
The second step consists in building a parametric model for one category of vessel, by
averaging data obtained on different particular vessels of that category. Different categories
of ships have been defined for AQUO Project, in relationship with IMO codes: Cargo, Tanker,
Passenger, High speed vessels, Fishing vessels, Leisure crafts, Special vessels (e.g.
dredging and tugs), and Other types (including research vessels). For that purpose, the
models are scaled to vessel size with respect to a reference length for the category, Lref.
SLprop ( f ,V , Lref )
SLcav ( f ,V , Lref )
 SLmach ( f ,V ,Lref )


10
10
10

 + 25log L
+ 10
+ 10
SLTOT ( f ,V , L) = 10 log 10
L


 ref








(4)

The difficulty encountered in this approach is that the number of vessels for which welldocumented data for URN at different speeds is available is low. In practice, in addition to the
lack of relevant data available, it is not always possible to find consistent models because of
the variety of ship design inside the same category. A first possibility is to define subcategories (e.g. “Large cruise vessels” in the “Passenger ship” category).
Another point to consider is the so-called Lloyd’s mirror effect which is related to the
reflection of sound waves on sea surface, a pressure release boundary introducing a dipolelike vertical directivity at low frequencies. As a matter of facts, formulae (1) and (4), and most
of experimental URN data from literature, represent not a “true” source level, but an
“affected” source level. If the affected source level is used, it is likely to underestimate the
underwater sound propagated in the far field. Hence, a correction (5) is applied at low
frequencies, based on Ainlie’s [2]. Here, d is the assumed source length which can be
related to ship draught, and θ is the observation angle used in ship URN procedures, which
is generally about 20° to 30°.


1

1

SLcorr ( f ,V , L) = SL( f ,V , L) + Max0;10 log +
2 
2
(
(
)
(
)
)
2
2
π
f
/
c
d
L
sin
θ
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As an example, the methodology has been applied to a set of data regarding large cruise
vessels. The result is presented on figure 2, after scaling to a reference speed (18 kts) and a
reference ship length (250 m).

Figure 2.2.-Parametric acoustic source level for cruise vessel category scaled at reference
length (250m) and speed (18 kts). Comparison of the noise components of 8 different
vessels (top and bottom left). Final model with and without low frequency correction
compared to Urick’s model (bottom right).We can see that, despite some dispersion due to different designs from one vessel to
another, the aspect and magnitude of URN levels are similar, allowing to build a consistent
model for this category of ships.
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A.2 Comparison of the initial models with AQUO project URN data
In the scope of task 3.2 of AQUO Project, several vessels have been tested at sea and the
URN levels were measured [3]. The purpose of this section is to compare the results from
the experiments at sea with the parametric models built initially in AQUO task 2.1, taking into
account the vessel type, length and speed.

A.2.1 Small research vessel (FS2)
The characteristics are the following:
Type: Research Vessel.

Construction year: 1996

Hull material (steel, aluminum..): Steel.

Total Length (m): 21m

Breadth (m): 5.80

Depth to Upper Deck (m): -

Displacement (Full load) (Ton): 170.52 ton

Deadweight (Ton): 31.20 ton

Ship draught (m): 2.6

Table A.1.-Main particulars.-

Figure A.3.-General view of the vessel FS2.-

On the other hand, the AQUO URN model for “Research vessel” category is defined by:
SLprop ( f ,V , Lref )
SLcav ( f ,V , Lref )
 SLmach ( f ,V , Lref )

10
10
10


SL( f ,V , Lref ) = 10 log 10
+ 10
+ 10





With:

SLmach( f ,V , Lref ) = 119+ 20logV

for f < 250 Hz
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SLmach( f ,V , Lref ) = 170− 22log f + 20logV

for f > 250 Hz

SLprop( f ,V , Lref ) = 86 + 50logV

for f < 300 Hz

SLprop( f ,V , Lref ) = 146− 25log f + 50logV

for f > 300 Hz

SLcav( f ,V , Lref ) = 46 + 20log f + 60logV

for f < 120 Hz and V > 10 kts

SLcav( f ,V , Lref ) = 126− 20log f + 60logV

for f > 120 Hz and V > 10 kts

The reference ship length and speed are set to 80 m and 11 knots and valid only between 8
and 12 kts.
The comparison between the model and the measurement is shown on figure A.4. The DNV
requirement at 11 kts for new research vessels is also presented for information. The level
given by the model is too low by 10 to 20 dB in most of the frequency range of interest. The
main reason is that this particular vessel is very small (21 meters) by comparison to the
reference length assumed in the (80 meters). Obviously the approximate law for dependency
of URN with ship length, used in formula (4) is not valid in that case.
180
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SL (dB re µPa^2/Hz @ 1m)

160
150

Measured 6 kts
Model 6 kts

140

Measured 10 kts
Model 10 kts

130
120

DNV Research

110
100
90
80
10

100

1000

10000

100000

Frequency (Hz)

Figure A.4.-Comparison of model and measurement for FS2.-
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A.2.2 Passenger ferry (FS3)
The characteristics are the following:
Type: Passenger Vessel.

Construction year: 1984

Hull material (steel, aluminum..): Steel.

Total Length (m): 133

Breadth (m): 22.5

Depth to Upper Deck (m): -

Displacement (Full load) (Ton): -

Deadweight (Ton): -

Ship draught (m): 4.3

Table A.2.-Main particulars.-

Figure 2.5.-General view of the vessel FS3.-

On the other hand, the AQUO URN model for the “Ferry” category is defined by:
SLprop ( f ,V , Lref )
SLcav ( f ,V , Lref )
 SLmach ( f ,V , Lref )

10
10
10


SL( f ,V , Lref ) = 10 log 10
+ 10
+ 10





With:

SLmach( f ,V, Lref ) = 130+15logV

for f < 300 Hz

SLmach( f ,V , Lref ) = 180− 20log f +15logV

for f > 300 Hz

SLprop( f ,V, Lref ) = 126−15log f + 50logV

for f < 80 Hz

SLprop( f ,V , Lref ) = 144− 25log f + 50logV

for f > 80 Hz

SLcav( f ,V , Lref ) = 57 + 20log f + 60logV

for f < 60 Hz and V > 10 kts
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SLcav( f ,V , Lref ) = 129− 20log f + 60logV

for f > 60 Hz and V > 10 kts

The reference ship length and speed are set to 180 m and 18 knots.
The comparison between the model and the measurement is shown on figure A.6. The “DNV
E transit” and “BV controlled” notes are also presented for information.
The level given by the model is too low by approximately 10 dB for frequencies higher than
200 Hz. Also, the cut-off frequency where the slope of spectral noise takes a value close to
minus 20 dB is higher than defined in the model. This is due to the fact that thisparticular ship
is relatively noise, which is consistent with the fact doesn’t fulfil the BV and DNV silent
criteria. Indeed, the main engines are rigidly mounted and the propeller is of “controlled-pitch”
type. We can conclude that the “Ferry” AQUO model is better adapted for a more silent ship,
with resiliently-mounted engines and that here the influence of machinery noise is
underestimated.
180
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SL (dB re µPa^2/Hz @ 1m)

160

150

Model 16 kts
Measured 16 kts
DNV E Transit
BV Controlled

140
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100
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100

1000

10000

100000
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Figure A.6.-Comparison of model and measurement for FS3.-
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A.2.3 Small fishing vessel (FS4)
The characteristics are the following:
Type: Fishing Vessel.

Construction year: 2005

Hull material (steel, aluminum..): Steel.

Total Length (m): 28.3

Breadth (m): 5.95

Depth to Upper Deck (m): -

Displacement (Full load) (Ton): - 251.9t

Deadweight (Ton): - 58.6 t

Ship draught (m): 2.76

Table A.3.-Main particulars.-

Figure A.7.-General view of the vessel FS4.-

On the other hand, the AQUO URN model for the “Fishing vessel” category is defined by:
SLprop ( f ,V , Lref )
SLcav ( f ,V , Lref )
 SLmach ( f ,V , Lref )

10
10
10


SL( f ,V , Lref ) = 10 log 10
+ 10
+ 10





SLmach( f ,V, Lref ) = 125+15logV

for f < 150 Hz

SLmach( f ,V , Lref ) = 180− 25log f +15logV

for f > 150 Hz

SLprop( f ,V , Lref ) = 95 − 5log f + 50logV

for f < 80 Hz

SLprop( f ,V , Lref ) = 132− 25log f + 50logV

for f > 80 Hz

SLcav( f ,V , Lref ) = 126+10log f

for f < 80 Hz and 8 kts< V < 12 kts
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SLcav( f ,V, Lref ) = 180− 20log f

for f > 80 Hz and 8 kts< V < 12 kts

The reference ship length and speed are set to 50 m and 10 knots.
The comparison between the model and the measurement is shown on figure A.8. The “DNV
note” for a fishing vessel is also presented for information.
The level given by the model is too low by 10 to 20 dB in most of the frequency range of
interest. The main reason is that vessel is small (28 meters) by comparison to the reference
length assumed in the model (50 meters). Also, this particular vessel is noisy (considering
the comparison with the “DNV note” for fishing vessels), in relation with the fact that the main
engines are rigidly mounted.
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Figure A.8.-Comparison of model and measurement for FS4.-

A.2.4 Large research vessel (FS5)
The characteristics are the following:
Type: Research/Training

Construction year: 1998

Vessel

Hull material (steel, aluminum..): Steel.

Total Length (m): 60.3

Breadth (m): 10.5

Depth to Upper Deck (m): -

Displacement (Full load) (Ton): -

Deadweight (Ton): -

Ship draught (m): 3.15 / 3.20

Table A.3.-Main particulars.-

Dissemination level: PUBLIC
© AQUO Project Consortium 2015 - all rights reserved

66

WP 2 - Noise sources
D 2.8 Synthesis: Impact of propeller noise on global

Rev 1

URN

Figure A.9.-General view of the vessel FS5.-

The AQUO URN model in that case is the same in § 2.2.1. The comparison between the
model and the measurement is shown on figure 2.4. The DNV requirement at 11 kts for new
research vessels is also presented for information.

Figure A.10.-Comparison of model and measurement for FS5.-

The level given by the model agrees relatively well with the measurement. The slope of
spectral noise for measured data is less pronounced than the model one leading to an
underestimation of the level by the model at high frequencies (10dB).
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A.2.5 Coastal tanker
The characteristics are the following:
Type: Oil and chemical tanker.

Construction year: 2006

Hull material (steel, aluminum..): Steel.

Total Length (m): 115.7

Breadth (m): 18.0

Keel to Masthead (m): 39.52

Displacement (Full load) (m3):12925

Deadweight (Ton): 9189

Ship draught (m): 8.12

Table A.4.-Main particulars.-

Figure A.11.-General view of the vessel FS6.-

On the other hand, the AQUO URN model for the “Tanker” category is defined by:
SLprop ( f ,V , Lref )
SLcav ( f ,V , Lref )
 SLmach ( f ,V , Lref )

10
10
10


SL( f ,V , Lref ) = 10 log 10
+ 10
+ 10





With:

SLmach( f ,V , Lref ) = 127+ 20logV

for f < 50 Hz

SLmach( f ,V , Lref ) = 152−15log f + 20logV

for f > 50 Hz

SLprop( f ,V, Lref ) = 118−15log f + 50logV

for f < 200 Hz

SLprop( f ,V , Lref ) = 140− 25log f + 50logV

for f > 200 Hz
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SLcav( f ,V , Lref ) = 48+ 20log f + 60logV

for f < 80 Hz and V > 10 kts

SLcav( f ,V , Lref ) = 124− 20log f + 60logV

for f > 80 Hz and V > 10 kts

The reference ship length and speed are set to 180 m and 18 knots.
The comparison between the model and the measurement is shown on figure A.12. The
“DNV E transit” and “BV controlled” notes are also presented for information.
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Figure A.12.-Comparison of model and measurement for FS6.-

The level given by the model agrees relatively well with the measurement above 100 Hz, with
however a tendency to underestimate by 5 to 10 dB, more particularly for the lower speed.
This may be due to the fact that for this particular vessel, the main engines are semi-rigidly
mounted, and the model derived is based on only one sample obtained on a relatively quiet
vessel (so, as stated in the deliverable D2.1 it not expected to be very robust). In addition,
there is a strong increase of noise in the band 40 Hz-100 Hz.

A.3 Comparison with data from the literature
Some data is available for some ship types at some speeds, although the information is often
not well documented. Also, some authors have already discussed the influence of some
parameters on the URN, for example reference [4] shows a graph of URN with respects to
speed for some categories of vessels.
The purpose of this section is to compare data found in literature, even partial, with the URN
models derived in AQUO Project. In all the analysis done here, the low frequency correction
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for Lloyd’s mirror effect is not applied, the reason being that the experimental data generally
uses simple spherical spreading distance corrections.

A.3.1 Data from McKenna (2012)
McKenna et al. [5] have analyzed the underwater noise from a relatively large number of
modern commercial ships. Although the analysis is done only at low frequency (< 1000 Hz)
and that the ships are sailing at a limited range of speed for each type, this set of data is
quite useful. Regarding the noise spectra, only an average for each type is available. On the
other hand, the total broadband noise is available for all individual ships.
Average noise spectra:
The different cases treated here are defined in table A.5 and the comparison between the
models is shown on figure A.13 (Cargo category), figure A.14 (Tanker category), and figure
A.15 (Ferry category).
Vessel type

AQUO Category

Number of

Average size

Average speed

vessels

(m)

(kts)

Bulk carrier

Cargo

5

182

14

Large container ship

Cargo

6

295

20.6

Open hatch cargo

Cargo

4

200

13.6

Crude oil tanker

Tanker

3

238

13.4

Chemical tanker

Tanker

4

197

12.6

Products tanker

Tanker

3

165

14.6

Passenger ferry

Ferry

4

200

16.5

Table A.5.-Case studies from McKenna et al [5].-

For the “Cargo” category, there is a fairly good agreement between the AQUO parametric
model and experimental data for bulk carriers and open hatch cargo ships. On the other
hand, the model overestimates strongly the URN for the large modern container ships. The
latter category seems to be notnoisier than the two other types, despite their larger size and
greater operating speed.
Regarding the “Tanker”, there is a general good agreement. The deviation at low frequency
may be due to measurement uncertainties in that frequency range.
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Regarding the “Ferry” category, the level given by the model is too high at low frequencies
(below 300 Hz approximately).
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Figure A.13.-Comparison of the “Cargo” AQUO model and measured noise spectra.-
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Figure A.14.-Comparison of the “Tanker” AQUO model and measured noise spectra.-
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Figure A.15.-Comparison of the “Ferry” AQUO model and measured noise spectra.-

Broadband noise :
Broadband noise is obtained by integrating the spectra along frequency from a minimum
frequency fmin up to a maximum fmax:

 fmax SL10( f ) 
SL _ BB = 10log ∫ 10 df 
f
 min

For the model, we have considered fmin=10 Hz and fmax=10 kHz, as for the experiment,
fmax=1000 Hz. However, because of the slope of the noise spectra with frequency, most of
the energy is at low frequencies and the deviation due the difference in fmax is generally less
than 0.1 dB.
The comparison of broadband noise is given in table A.6.
SL_BB (Measured)

SL_BB (Model)

Speed

Length

Type

(kts)

(m)

dB re µPa @ 1m

dB re µPa @ 1m

Container

20,60

294

184,70

201,22

Container

20,80

294

184,50

201,45

Container

20,80

294

186,60

201,45

Container

21,19

294

185,00

201,91

2

2
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SL_BB (Measured)

SL_BB (Model)

Speed

Length

Type

(kts)

(m)

dB re µPa @ 1m

dB re µPa @ 1m

Container

21,38

294

184,20

202,13

Container

21,77

298

188,10

202,73

Bulk carrier

13,80

189

185,80

187,19

Bulk carrier

14,19

229

185,10

189,90

Bulk carrier

14,19

225

185,90

189,71

Bulk carrier

14,19

190

184,20

187,87

Bulk carrier

14,38

167

187,40

186,78

Open hatch cargo

13,02

199

181,80

186,48

Open hatch cargo

13,02

197

178,80

186,37

Open hatch cargo

14,19

190

183,80

187,87

Open hatch cargo

14,19

213

181,10

189,11

Crudeoil

13,35

241

179,40

180,17

Crudeoil

13,55

243

182,10

180,57

Crudeoil

15,40

229

182,30

182,70

Chemical

9,45

148

184,90

168,39

Chemical

12,73

181

176,60

176,06

Chemical

14,58

182

182,40

179,00

Chemical

16,43

149

183,10

179,49

Products

14,58

182

178,50

179,00

Products

15,41

228

182,70

182,07

Products

16,43

180

181,80

181,54

Vehicles carrier

16,02

173

185,33

187,29

Vehicles carrier

17,46

180

176,60

189,28

Vehicles carrier

17,46

199

181,31

189,28

Vehicles carrier

18,69

175

183,41

190,89

2

2

Comparisonstatu
s

Table A.6.-Broadband URN – comparison of models with data from McKenna et al [5].Underestimated

Underestimated

Within

Overestimated

Overestimated

(> 6 dB)

(> 3 dB)

+/- 3 dB

(> 3 dB)

(> 6 dB)
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The conclusions, summarized on figure A.16, are similar to the analysis of the average
spectrum:
-

there is a strong discrepancy in the case of large container ships

-

the model for the Ferry category tends to overestimate the noise

Figure A.16.-Average broadband URN for different types of vessel – comparison of models with
experiment for data from McKenna et al [5]-

Also, in the case of a chemical tanker at low speed (9.45 kts) the URN from the model is too
low, probably because the machinery noise contribution is underestimated.

A.3.2 Data from Hatch (2012)
Hatch et al. [6] have characterized the underwater noise from ship traffic in a particular
maritime area (the Stellwagen Bank National Marine Sanctuary). By back-propagating the
underwater noise at some observation points, estimates of the source level of a large
number of vessels has been found in the frequency band 71 Hz – 141 Hz. Although the
information is not available in a large frequency band, the information in that frequency range
is relevant regarding bio-acoustic criteria. Here, we analyse the data for the average spectral
URN at 125 Hz, given by:
SL (125 Hz ) = SL [71 Hz − 41 Hz ] − 10 log (∆ f ) , with ∆f=70 Hz.

Unfortunately, the information given in [6] is not complete. For example, the estimated SL for
a list of particular ships is given but not the corresponding ship size and speed. The results
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are given in terms of average values or statistics, which makes the comparison with the
models and the interpretation more difficult. The data considered is listed in table A.6 and the
synthesis of the comparison is shown on figure A.17.
Average
Length (m)

Average

SL 125 Hz

Name

Type

Atlantic service

Tug

155,55

Wilf Seymour

Tug

156,55

King Phillip

Tug

147,55

Average

Tug

Delaware 2

Research

139,55

RV Albatros

Research

142,55

Average

Research

Freedom of the seas

Cruise

159,55

NorwagianMajesty

Cruise

164,55

Average

Cruise

220

15,0

162,05

154,76

Stanford

Leisure

38

10,5

143,55

126,74

The Cat

Fast Ferry

78

33,0

150,55

154,17

Great Eastern

Oil/chemical tanker

160,55

Eland

Oil/chemical tanker

160,55

Jasmine Express

Oil/chemical tanker

165,55

Energy Challenger

Oil/chemical tanker

167,55

Average

Tanker

178

15,5

163,55

154,51

Berge Everett

LNG tanker

246

12,0

163,55

152,17

Kent Explorer

Cargo/container

156,55

MSC Elena

Cargo/container

162,55

Port Pirie

Cargo/container

162,55

Average

Cargo

34

51

205

Speed (kts) Experiment

SL 125 Hz

8,0

8,5

15,0

153,22

141,05

160,55

Models

143,48

137,45

163,28

Table A.7.-URN at 125 Hz – comparison of models with data from Hatch et al [6].-
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Figure A.17.-URN at 125 Hz for different types of vessel – comparison of models with experiment for
data from Hatch et al [6].-

There is a fair comparison between the model and experimental data for the following
categories: cargo, fast ferry and research vessel. The models slightly underestimate the level
for the following categories: tanker, cruise and tug. There is a strong deviation for one case,
the leisure craft, which doesn’t seem realistic.

A.3.3 Other data
Data from Allen et al. (2012):
Allen et al. [7] have studied shipping underwater noise in the Gulf of Maine, and estimated
broadband URN for some particular vessels. This set of data has also been cited in [4].
The data regarding fishing vessels is not taken into account here because they relate to very
small crafts where AIS and ship registry don’t apply. The case of catamarans is not treated
either, because no URN model was defined in AQUO Project for this type of ship. For the
rest of the data, the comparison between the models and the experimental data is shown in
table A.8.
The experimental values are surprisingly high. This set of data doesn’t seem sufficiently
reliable to be analysed here.
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Type

Speed (kts)

Length (m)

SL_BB (Measured)
2
dB re µPa @ 1m

SL_BB (Model)
2
dB re µPa @ 1m

High speed craft

35,80

92

210,00

183,74

Cruise

21,90

203

219,00

189,60

Cruise

19,30

294

203,00

190,60

Cruise

17,40

219

196,00

185,20

Cruise

20,50

293

210,00

192,00

Table A.8.-

Other references:
Using data from Hallet [10], the comparison done on figure A.18 shows that the “Cargo”
AQUO model, computed for an average speed of 10 kts and an average length of 195 m, is
in the lower bound of the set of URN experimental data in that case. However, it difficult to
conclude due to the fact that only the average of URN is shown without knowing which
corresponds to which vessel, whose speed and sizes were variable.

Figure A.18.-Comparison of “Cargo” AQUO model (10 kts, 195 m) with data from Hallet [11]

Reference [8] provides data for small skiffs. This information is quite interesting, but cannot
be exploited here because these boats are in general not equipped with AIS and no URN
model was built in AQUO Project for this category.
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Reference [9] presents some measurements of broadband URN of different merchant ships
when sailing to or from the entry of the harbour of Gdansk, the speed being between 2 kts
and 10 kts. Although there is some interesting information, for example the tendency of the
evolution of RNL with speed on one side, and with gross tonnage on the other side, the
information is presented statistically so it is not possible to exploit it here.

A.4 Analysis of other noise sources model
Some other authors have also introduced models for underwater noise source levels of ships
by taking into account the physics. In this section, a comparison is done with the models
developed in AQUO Project.

A.4.1 Influence of cavitation inception’s speed by Fischer et al
Fisher et al. [11] outline the influence of inception speed on ship underwater radiated noise.
First, it is stated that an approximate value of the inception speed corresponds to a tangential
speed of 18 m/s at blade tip. Thus the inception speed will depend roughly on shaft rotation
speed and propeller diameter, and the overall ship architecture design choice is of
importance. Second, the radiated noise due to cavitation will depend mainly on the difference
between actual speed and inception speed. So the higher the inception speed is, the lower
the radiated noise is expected to be. This is illustrated on figure A.19. As an example, for a
propeller operating at 80 rpm, there is more than 4 dB noise reduction if it is designed for an
inception speed of 72.5 rpm rather than 60 rpm.

Figure A.19.-Influence of inception speed on radiated noise related to cavitation according to Fischer
et al. [11]
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No expression of ship underwater radiated noise is given in [11], so it not possible to
compare quantitatively with the AQUO URN models.

A.4.2 Wittekind’s model
A simple model for the underwater noise source level of a merchant ship has been
introduced by D.K. Wittekind [12]. The radiated noise is decomposed into three components:
-

low frequency propeller noise F1 (related to cavitation),

-

high frequency propeller noise F2 (related to cavitation),

-

diesel engine noise F3 (assuming resiliently-mounted 4-stroke engines).

SL = 10log(10F1/10 +10F2 /10 +10F3/10)
The input parameters are:
-

ship speed,

-

cavitation inception speed,

-

cB: block coefficient, defined as the ratio of displacement to length x breadth x draft of
the ship,

-

displacement in tons,

-

engine mass in tons,

-

Number of engines operating at the same time.

Figure A.20 shows the result of the first test case from Wittekind’s paper, a ship with 33000-t
displacement, cB=0.78, CIS=9 kts , speed 14 kts and two diesel generators of 30 tons. Here,
the source level is corrected from the low frequency Lloyd mirror effect. The cargo ship
model from AQUO and Wittekind’s model are in very good agreement in that case, despite
the fact that the method of decomposition of total noise is not the same. We can notice that
the contribution of machinery to total noise is higher in AQUO model.
A second test case is shown on figure A.21, a ship with 135000-t displacement, cB=0.65,
CIS=14 kts, two diesel generators of 50 tons. Because of the assumed high inception speed
considered here, combined with the use of small rate of variation of URN with ship size, the
noise level given by Wittekind’s model is much lower than the one given by the “Cargo”
AQUO model, and compares better with the data from McKenna [5] for large container ships.
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This is not surprising, because in the initial AQUO model, the assumed inception speed is
fixed at 10 kts. Besides that, we notice that below cavitation inception speed, the URN is too
low at high frequencies because there is only one remaining component of noise (the term
F3 that doesn’t depend on speed).
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Figure A.20.-Comparison of initial AQUO model and Wittekind’s model for a 33000 tons cargo test
case at 14 kts
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Figure A.21.-Comparison of initial AQUO model and Wittekind’s model for a 135000 tons cargo test
case
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When using the updated AQUO model for large merchant ships, there is a better match
between AQUO model and Wittekind’s model, as shown on figure A.22.
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Figure A.22.-Comparison of updated AQUO model and Wittekind’s model for a 135000 tons cargo
test case
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