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1. OVERVIEW

This report summarizes the work of the
Specialist Committee on Hydrodynamic Noise
for the 29" ITTC.

1.1 Membership and Meetings

The 28" ITTC appointed the following
members to serve on the Specialist Committee
on Hydrodynamic Noise:

e Johan  Bosschers
Netherlands
Romuald Boucheron, DGA/H, France
Yezhen Pang, CSSRC, China

Cheolsoo Park, KRISO, Korea

Bryce Pearce (secretary), AMC, Australia
Kei Sato, MHI, Japan

Tuomas Sipila, VTT, Finland, (resigned in
February 2020 due to job change).

e Claudio Testa, CNR/INM, Italy

e Michele Viviani, UNIGE, Italy

The committee held three face-to-face meetings
at the following locations:

(chair),  MARIN,

e Wageningen, Netherlands, at MARIN on
February 7-8, 2018

e Launceston, Australia, at AMC, on March
27-28, 2019

e Rome, Italy, at CNR/INM on February 30-
31, 2020

Figure 1. Photograph of the Specialist Committee on
Hydrodynamic Noise at its first meeting.
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Video conferences were held on June 27, 2018;
August 1, 2019; July 30, 2020; September 24,
2020; October 29, 2020; and January 27+28,
2021.

1.2 Recommendations of the 28th ITTC

The 28" ITTC recommended the Specialist
Committee on Hydrodynamic Noise for the 29"
ITTC to address the following activities:

1. Present ITTC procedures and our
community’s capabilities to predict emitted
noise from ships to the IMO. Specifically, an
informative submission shall be made to
MEPC 72 (Spring, 2018) of Guideline 7.5-
02-01-05 Model-scale propeller cavitation
noise measurements.

2. Monitor progress on shipping noise
measurement procedures for shallow water
and regulations as developed by 1SO,
classification societies and regulatory
agencies.

3. Monitor progress on model-scale noise
measurements with emphasis on facility
reverberation and scaling of vortex cavitation
noise.

4. Monitor  progress on  computational
prediction of propeller noise with emphasis
on methods using the acoustic analogy such
as coupling CFD with FWHE.

5. ldentify a benchmarking case for model-
scale noise measurements that has,

a) full-scale underwater radiated noise
measurements available,

b) that is a representative merchant vessel.

c) of which geometry and measurement
data can be shared with the ITTC
community.

6. Maintain and update ITTC guideline 7.5-02-
01-05: Model-Scale Propeller Cavitation
Noise Measurements and guideline 7.5-04-
04-01: Underwater Noise from Ships, Full-
Scale Measurements.

For various reasons, the Specialist
Committee decided to not prepare an
informative submission to the IMO MEPC 72 to
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be held in Spring 2018. However, an
informative document was submitted by the
Secretary of the ITTC without input from the
Specialist Committee. For that reason, term of
reference no. 1 is not further addressed in this
report.

2. INTRODUCTION

Noise is described as unwanted sound which
interferes with the normal functioning of a
system. The noise that is described in this report
is the underwater radiated noise of ships in
general and of the cavitating propeller in
particular. Ship noise is considered as unwanted
sound as it increases the signature of naval
vessels in relation to threats such as submarines,
mines, and torpedoes. It may also interfere with
the ability of marine mammals (Southall et al.,
2008) and fish (Popper & Hastings, 2009) to
hear a sound of interest (masking). A significant
number of studies have been and are being
performed on the impact of shipping noise on
marine life as shown in Figure 2. An extensive
review of these studies has been given by Duarte
et al. (2021).
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Figure 2. Map showing locations where the effect of ship
noise on marine mammals has been or is being studied
(Erbe, 2019).

In response to the concern of the effect of
underwater noise by shipping on aquatic life, the
IMO, class societies, governmental bodies and
other organizations have addressed the
underwater radiated noise (URN) of merchant
vessels as further reviewed in this report.

The various mechanisms that contribute to
the URN of ships are discussed by Ross (1976),
Urick (1983), and the reports of the 27" and 28"
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ITTC Specialist Committee on Hydrodynamic
Noise. The most important noise sources are
machinery noise comprising propulsion and
auxiliary components, and propeller cavitation
noise. Machinery noise is typically emitted up to
a frequency of about 1 kHz whereas propeller
cavitation noise is emitted in the frequency
range of the blade passage frequency (say 10 Hz)
up to 20 kHz and above. An example of the
URN spectrum of a merchant vessel is shown in
Figure 3. At and below the cavitation inception
speed of 10 knots, the noise is caused by
machinery equipment. At higher speeds, the
high-frequency noise is fully determined by
propeller cavitation while the low-frequency
noise is due to both machinery equipment and
cavitation, with cavitation fully dominant at 16
knots.
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Figure 3. Underwater radiated noise spectrum of a 173 m
merchant vessel, data taken from Arveson & Vendittis
(2000). Cavitation inception speed is about 10 knots.

Almost all merchant vessels operate with a
cavitating propeller at service speed, showing
the importance of cavitation noise, with the
URN levels decreasing with lower ship speed
until the propeller is free from cavitation at
shown in Figure 3. However, controllable pitch
propellers are known to cavitate at both low and
high speed and can be free from cavitation at an
intermediate speed.

The interest in the URN of merchant vessels
has led to several review studies on URN
mitigation measures, such as Renilson (2009),
Agquo-Sonic Guidelines for regulation on UW
noise from commercial shipping (2015),
Chmelnitsky & Gilbert (2016), McHorney et al.
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(2018), and Kendrick & Terweij (2019). In
general, mitigation measures to reduce the
source level of the cavitating propeller aim to
either reduce ship resistance thereby reducing
propeller loading, improving the homogeneity
of the ship wake field in which the propeller
operates, improved propeller or propulsor
design with respect to cavitation extents, or
using air bubbles to alleviate the cavity collapse
and rebound. Measures such as ship speed
reduction and rerouting have also been proposed
and investigated, as well as improved

manufacturing and maintenance of the propeller.

3. REGULATION

This  chapter  reviews the recent
developments on the regulation of shipping
noise at an international and national level. A
more extensive review on this topic is provided
by Colbert (2020). The rules of classification
societies on URN are also discussed.

3.1 International level

The IMO has released non-mandatory
‘Guidelines for the Reduction of Underwater
Noise from Commercial Shipping’ in 2014, but
the topic of URN has not been on the agenda of
the MEPC since. For the 75" session of the
MEPC, scheduled for April 2020, proposal
MEPC/75/14 was submitted by Australia,
Canada and the United States with as proposed
action to review the IMO guidelines and to
identify next steps. The proposal was supported
by a large number of countries of the EU
(document MEPC/75/14/2) in which it was also
proposed to address URN on the agenda of
MEPC76. However, the 75" session was
cancelled due to COVID-19, and was organized
as a virtual meeting in November 2020. In that
meeting, proposal MEPC/75/14 could not be
discussed due to time restrictions and the
discussion has been postponed to MEPC76.

L https://www.igoe.org
2 https://www.northsearegion.eu/jomopans/
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Meetings to discuss the impact of
underwater anthropogenic noise were also
organized by the UN Food and Agriculture
Organization (FAO, 2019) and the United
Nation Convention of Law of the Sea
(UNCLOS, 2018).

The International Quiet Ocean Project !
(IQOE) aims to promote research, observations,
and modelling to improve understanding of
ocean soundscapes and effects of sound on
marine organisms. The IQOE was founded by
the Scientific Committee on Oceanic Research
(SCOR) and the Partnership for Observation of
the Global Oceans (POGO). The website
contains a large number of links to related
projects.

3.2 National level

Australia is closely following and endorsing
the developments at IMO on URN by shipping
and its impact on marine life, largely due to their
concern regarding the Great Barrier Reef
(GBR). Legislation for Particular Sensitive Sea
Areas (such as GBR) allows for speed limits to
be set.

The EU has defined the Marine Strategy
Frameword Directive 2008/56/EC which aims
to achieve good environmental status, including
underwater noise, in the European marine
waters by 2020. At present, various monitoring
campaigns of ambient underwater noise (sound
scaping), which includes the noise of shipping,
have started on a regional level, being among
others the JOMOPANS? project in the North
Sea, the QuietMED2 3 project in the
Mediterranean Sea, and the JONAS* project in
the Atlantic Seas. The TANGO project
investigates the effect of rerouting shipping
lanes in the Kattegat on the soundscape and
ecosystem.

Whereas the assessment of the present levels
of ambient underwater noise in the European
marine waters is well on its way, the critical

3 https://www.quietmed?2.eu
4 https://www.jonasproject.eu
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levels have not yet been determined. The EU
Technical Group on Underwater Noise (TG
Noise) provides guidance on noise monitoring
and an assessment of framework and thresholds
for good environmental status for impulsive and
continuous noise.

Canada has a number of major shipping
routes that overlap with the habitat of
endangered animals like the North Atlantic right
whale, the beluga whale, and the Southern
Resident killer whale. Canada has regulatory
mechanisms for the protection of imperilled
animals through the Species at Risk Act
(SARA). In 2019, measures to reduce
underwater noise levels in British Columbia
were introduced by the Fisheries and Oceans
Canada (DFO) consisting of among others
introducing no-go zones for vessels and
voluntary guidelines to reduce ship speed to 7
knots or less when within 1000m of killer

whales. Also, various noise monitoring
programs were initiated by DFO.
Transport Canada has taken several

initiatives to reduce shipping noise, such as
funding a literature review on ship noise
mitigation measures (Kendrick & Terweij,
2019) and organizing an international workshop
on ‘Quieting ships to protect the marine
environment’ in London (Bahtiarian, 2019).
Both short-term and long-term
recommendations for action and future work
were defined, such as development of an
improved quiet ship design guide, harmonizing
the URN  limits and  measurement
methodologies used by class societies, and
improving prediction methods for hull and
propeller URN prediction.

The Port of Vancouver has introduced in
2017 a discount system, EcoAction, to
encourage URN mitigation measures on ships.
In 2019, the program was expanded by
incorporating rules of more class societies. In
2017, the Port of Prince Rupert has introduced a
similar discount system, called Green Wave.

5 https://sanctuaries.noaa.gov/science/monitoring/sound/
, https://www.pmel.noaa.gov/acoustics/
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In the US, NOAA has published a roadmap
to address ocean noise for a period of 10 years
(Gedamke et al., 2016). Marine mammals are
protected in the U.S. by the Marine Mammal
Protection Act and the Endangered Species Act.
NOAA and other organizations are working to
better understand underwater sound within the
National Marine Sanctuary System?®, see Figure
4 for an example. Sound within seven national
marine sanctuaries and one marine national
monument will be studied. Standardized
measurements will assess sounds produced by
marine animals, physical processes (e.g., wind
and waves), and human activities, and some
results have been published by Haver et al.
(2019)
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Figure 4. Example of 24-hour soundscape at Stellwagen
Bank National Marine Sanctuary (Gedamke et al., 2016).

The Green Marine voluntary certification
program for the North American marine
industry has also renewed its criteria in 2020 for
ports and for ship owners on underwater
radiated noise.

3.3 Noise criteria

The first public noise criteria issued for non-
military ships is probably the ICES® CR209 rule
for the URN of fishery research vessels (Mitson,
1995). These noise criteria have also been
adopted by classification societies, although
sometimes small changes are applied in the
lower frequency range.

The first classification society to issue URN
rules was DNV through its Silent class in 2010,
with its latest version issued in 2019. A

% International Council for the Exploration of the Sea
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distinction was made between five different
classes of ships, each with a different criterion,
being: i) Acoustic (ships involved in hydro-
acoustic measures); ii) Seismic (ships involved
in seismic surveys); iii) Fishery; iv) Research;
and v) Environmental (any vessel which require
controlled environmental noise emission). Other
class societies followed with BV releasing rule
NR614 on underwater radiated noise in 2014
(with an update in 2017) which specifies noise
limits for a “URN — controlled vessel” and a
“URN — advanced vessel”. Ship speeds or
engine load is not specified by BV. The noise
limits for a “URN - specified vessel” are
specified on a case-by-case study but may for
instance consist of the ICES 209 norm. LR
issued its noise criteria in 2017 making a
distinction between Transit, Quiet and Research
levels. The ship speed or engine load at which
the criteria is to be met depends on ship type.
RINA has released the DOLPHIN class in 2017
in which underwater radiated noise limits are
defined for a “Quiet Ship” and for a “Transit
Ship” while noise limits are also given for
yachts and pleasure yachts. ABS issued its rules
for underwater noise (UWN) in 2018 making a
distinction between Commercial Vessels (either
Transit or Quiet), Research Vessels, and UWN+
requirements for Commercial Vessels (either
Transit or Quiet), with noise limits that are 5 dB
below those of ‘regular’ Commercial Vessels.
The ship speed for the Quiet condition depends
on ship length. CCS issued its criteria in 2018
and also distinguishes three noise levels,
designated Underwater Noise 1, Underwater
Noise 2, and Underwater Noise 3. The ship
speeds are not specified. The list of class rules
on URN is given in Table 1.

The noise criteria for commercial vessels
corresponding to Quiet and Transit, or similar
criteria, of these class societies are presented in
Figure 5 and Figure 6. Note that there are small
differences in ship speeds for the Quiet
condition and the engine load for the Transit
condition, and that some classes do not prescribe
the ship condition. LR is the only class society
that prescribes the noise levels as source levels
which explains the higher noise limits at low
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frequencies, all other class societies use radiated
noise levels. BV is the only class society that
prescribes the noise levels in spectrum level
(i.e., dB re 1 pPa?m?Hz), all other class
societies use one-third-octave levels. The noise
limits by BV have been converted to one-third-
octave levels in the figures. The noise limits by
ABS correspond to their UWN+ class. The most
stringent noise limits are by CCS.
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Figure 5. Noise criteria for ‘Quiet’ condition of
commercial ships of various classification societies.
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Figure 6. Noise criteria for ‘Transit’ condition of
commercial ships of various classification societies.
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Table 1. Standards for the measurement of the
underwater radiated noise from ships.

National/International Standards

o ANSI/ASA, 2009, Quantities and procedures
for description and measurement of underwater
sound from ships, Part 1: General
requirements, ANSI/ASA S12.64-2009/Part 1

e |SO 17208-1:2016 Underwater acoustics —
Quantities and procedures for description and
measurement of underwater sound from ships
— Part 1: Requirements for precision
measurements in deep water used for
comparison purposes

e ISO 17208-2:2019. Underwater acoustics —
Quantities and procedures for description and
measurement of underwater sound from ships
— Part 2: Determination of source level from
deep water measurements.

¢ |ISO/NP 17208-3:2017. Underwater acoustics —
Quantities and procedures for description and
measurement of underwater noise from ships —
Part 3: Requirements for measurements in
shallow water (under development in
ISO/TC43/SC3)

e |ISO 18405:2017 Underwater acoustics —
Terminology.

Rules of Classification Societies

e DNV-GL (2020), Rules for classification —
Ships — DNVGL-RU-Ship Pt.6 Ch.7, Section 6
Underwater Noise Emission - Silent

e DNV-GL (2019), Class Guideline DNVGL-
CG-0313, Edition July 2019, Measurement
procedures for noise emission

e BV (2018), Underwater Radiated Noise
(URN), Bureau Veritas Rule Note NR614

e RINA (2017), Amendments to Part A and Part
F of “Rules for the Classification of Ships” -
New additional class notation: “DOLPHIN
QUIET SHIP” and “DOLPHIN TRANSIT
SHIP”

e ABS (2018), Guide for the classification
notation

e LR (2018), ShipRight - Design and Const-
ruction - Additional Design and Construction
Procedure for the Determination of a Vessel’s
Underwater Radiated Noise

e CCS (2018), Guideline for ship underwater
radiated noise
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4. FULL-SCALE MEASUREMENT

4.1 Review of standards and
procedures

4.1.1 General review

The measured URN of a ship is affected by
many factors such as ship operating condition,
distance between hydrophone and ship, depth of
hydrophone, measurement time, water depth,
etc. As the measurement result should not
depend on  measurement  procedures,
ANSI/ASA and ISO standards have been
developed for the full-scale measurement of the
URN of ships. These standards are listed in
Table 1. Standards have been released for deep
water (from an acoustic point of view) while a
standard for shallow water is still in
development. Reviews and discussions of
aspects relevant for the URN measurements can
be found in Moreno (2014), Robinson et al.
(2014), and the ITTC guideline 7.5-04-04-01 on
Underwater Noise from Ships, Full Scale
Measurements (ITTC, 2017b).

Six classification societies, such as CCS
(China Classification Society), RINA (Italian
Classification Society), DNV-GL (Det Norske
Veritas - Germanischer Lloyd), BV (Bureau
Veritas), ABS (American Bureau of Shipping)
and LR (UK Lloyd's Register) have issued rules
for underwater noise testing of ships. Here the
differences in test requirements, test procedure
and underwater noise criteria are reviewed
together with ISO standards. An overview of the
rules are provided in Appendix A of this report.

Hannay et al. (2019) reviewed the methods
implemented by five Quiet Ship Certification
Procedures  considered. Each of the
classification societies has defined one or more
notations, indicating vessels meet
corresponding specified noise emission criteria.
In all cases the criteria are a set of 1/3-octave
band (or in one case the spectral density
distribution) of maximum noise emission levels.
Each society also defines a measurement
procedure, that includes site/depth requirements,
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hydrophone geometry, ship track layout, and
sound level calculation instructions. Differences
in the measurement procedures leads to numeric
differences in measured levels between class
notations. If measurement configurations are
well documented, then it is possible to adjust
measurements from one class notation to
compare with those of another.

DNV-GL also allows for the measurement
of URN using onboard pressure sensors
mounted on the hull above the propeller, Figure
7 (see class guideline DNVGL-CG-0313, July
2019). The simplified measurement method is
based on pressure measurements in the vicinity
of the vessel's propeller(s). The method is not
applicable for testing of the Silent(R)
requirements or for the thruster condition of
Silent(A). Additionally, the method is only
applicable for vessels equipped with diesel
electric propulsion systems with resiliently
mounted diesel generators.

Figure 7. Pressure device locations of DNV’s simplified
method.

4.1.2 Hydrophone deployment

There are 2 kinds of potential deployment
approaches to position the hydrophone: surface-
based deployment and bottom based
deployment. Practically, it is easier to deploy the
hydrophones from an assistant ship or a surface
buoy rather than using a bottom anchor.
However, bottom anchor deployment may
effectively mitigate the effects of cable strum
and sea surface effects, which leads to more
accurate measurement results especially for low
frequencies.

One hydrophone, three hydrophones or more
than three hydrophones are used depending on
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the test method. DNV and CCS use the
traditional one hydrophone method for shallow
water test. 1ISO 17208-1 (1SO, 2016) and other
classification  societies  promote  three
hydrophone methods both in shallow water and
deep water. ISO 17208-2 (ISO, 2019a) suggests
using more than three hydrophones to improve
accuracy. The measurement method with three
hydrophones or more reduces the variability
caused by Lloyd’s mirror surface image
coherence and bottom reflections.

The recommendation of ISO 17208-1
standard for the deployment of three
hydrophones is that the hydrophones are located
at angles of 15°, 30° and 45° to the ship as
measured from the sea surface.

In general, it is useful to have more than one
hydrophone to create some redundancy in the
measurement. If a hydrophone array with more
than three hydrophones is used with a specific
geometry to get more adequate and accurate
measurement data, the hydrophones shall be in
line as shown in Figure 8.

Figure 8. An example of multi-hydrophone deployment.
4.1.3 CPA distance

In ISO 17208-1, the distance for CPA
(closest point of approach) is defined as the
greater of either 100 m or the ship length. In
practical situations, this distance cannot always
be strictly controlled. The tolerance of the actual
distance at CPA shall no less than -10 % and no
greater than +25 % (-10 %/+25 %).

Recommendations from the AQUO project,
adopted in the BV rule, specifies an expanded
series of such runs past the array to acquire data
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at multiple CPA to aid in accounting for
propagation losses. Six runs are recommended
as depicted in Figure 9. Test runs are made for
both port and starboard aspect at three different
CPA; 1) 200 m or distance of 1 ship length, ii)
400 m or distance of 1.5 ship length, iii) 500 m
or distance of 2 ship length. Results from these
varying CPA aid in assessing source-to-receiver
propagation characteristics. Recognition is
given of possible issues with low signal-to-noise
for quieter ships at the greater CPA. Repeat runs
at the closer CPA are recommended to help
determine repeatability. Accuracy of CPA
distance is specified to be +/- 10 m.

- g — — —da——

Figure 9. AQUO/BV rule multi-CPA test course
configuration (AQUO-SONIC, 2015).

4.1.4 Source Level Correction

Normally, underwater radiated noise level is
calculated from measured noise pressure level
based on spherical spreading, for which the
propagation loss is given by 20log,oR /1y, With
R the distance between hydrophone and ship,
and ro the reference distance of 1 m. Some rules
take the propagation loss in shallow water as in-
between spherical spreading and cylindrical
spreading, with the propagation loss given by
18log,oR /19 (DNV) or 19logoR /1, (BV and
CCS).

Since the underwater sound pressure levels
are affected by the presence of the free surface
(and sometimes the bottom), such quantities are
considered “affected source levels” (ANSI/ASA
S12.64). To evaluate the source level in the free
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field, i.e., without the effect of surface reflection
and bottom reflection, the term “monopole
source level” is introduced in 1ISO 17208-2. In
deep water, the effect of bottom reflection is
negligible, and only the Lloyd mirror effect is
taken into account.

LSL_LRN [dB]

1SO 17208-2 correction curve ‘

kd
s

Figure 10. Correction for Lloyd-mirror effect as given by
Eq. (2).

For sea trials, where sea surface scattering is
influenced by sea state and bubbles, the Lloyd
mirror interference pattern is only observed at
low frequencies while at high frequencies an
incoherent mirror image is assumed leading to a
3 dB correction. The following formulation, as
shown in Figure 10, is one of the simplified
formulations proposed by ISO 17208-2 for the
propagation loss by Lloyd mirror (PL.m) for a
single hydrophone:

PLyy [dB] L)
_ {—1010g10[4 sin?(kd, sin 0)] kdgsinf < 3n/4
~ 1-10logy, 2 kdssin® > 3m/4

where 6 corresponds to the depression angle of
the hydrophone, k to the acoustic wave number,
and ds to the depth of the source. For wind
speeds above approximately 5 m/s, the effect of
Lloyd mirror almost disappears for frequencies
above 5 kHz and PLuw is close to 0 dB (Audoly
& Meyer 2017; He et al., 2020), see Figure 11.
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Figure 11. SPL at 100 m distance and 30° slant angle for
different wind speed using Kuo’s models (Audoly &
Meyer, 2017).

Note that as the ship traverses the
measurement track, the geometry between the
ship and fixed hydrophone(s) continuously
changes and hence there are continuous changes
in the relative contribution (constructive or
destructive) from the surface reflections to the
measurements.

If the three-hydrophone geometry is strictly
according to ISO 17208-1, the following
correction can be applied to the average noise
level as published by ISO 17208-2:

2(kd, )’ +14(kd, )
14+2(kd, )’ +(kd, )’ )

PL,, [dB]= -10Ioglo[

For the source depth d,, ISO 17208-2
proposes a value of 0.7 times the ship draft, but
other depths are in use as well depending on
whether machinery noise or cavitation noise is
dominant. This formulation is an improvement
over those previously used.

4.2 Effect of shallow water

4.2.1 Introduction

In deep water, the effect of sea-surface
reflection on sound propagation is much larger
than the effect of bottom reflection. The
definition of “deep water” is based on the
assumption that the effect of bottom reflection
could be negligible. In 1SO 17208-1, the

10
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definition of deep water is “The minimum water
depth shall be 150 m or one and one-half times
(1.5x) the overall ship length, whichever is
greater”. DNV GL, LR, RINA and ABS follow
this definition of “deep water”, while BV’s
“minimum water depth” is 200m, and CCS has
not provided a definition.

However, the depth of the “shallow water”
regime for underwater radiated noise tests of
ships also has a lower limit. The minimum depth
in DNV’s rule is at least 30 m under keel, and
depth should be larger than 0.64 times ship
speed squared (in m/s), while for CCS it is 40 m.
Other classification societies follow 1SO’s
requirement in which the minimum depth is
defined as 60 m.

Pang et al. (2020b) simulated the effect of
bottom reflection for various water depths. The
maximum variability in sound pressure levels
caused by bottom reflection (see Figure 12) is
about 28.7 dB for 60 m depth, 5.2 dB for 150
m depth, 3.2 dB for 300 m depth, 3.3 dB for
450 m depth, 2.9dB for 1000 m depth and
0.35dB for 5000 m depth. Most of rules and
guidelines define 150 m as the boundary of
shallow water and deep water. ANSI/ASA rules
define the minimum water depth as 450 m for
the class A precise measurement procedure.

Source depth=4m,Receiver depth=30m,Range=100m

[=2)
(&3]

Deep water ?— 31
......... H=60m

» o a o fo2}
o o o a o
T T T T

Sound Pressure Level (dB)
w
[3)]

10°

102
Frequency (Hz)

10’

Figure 12. Received sound pressure level of monopole
source in deep water and shallow water (data from Pang
et al. (2020Db).
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Most of the offshore regions have a water
depth less than 150 m, showing the importance
of procedures for shallow water. 1ISO working
group “17208-3” aims to develop procedures for
URN measurement in shallow water.

4.2.2 Operations in rules and guidelines for
shallow water

Alternatively, the propagation loss due to
free surface and bottom effects can be calculated
by numerical models. BV recommends the use
of the range dependent parabolic wave equation
model RAM (Collins 1994; Collins et al. 1996),
or a wave integration model, namely the
Scooter/Fields model for low frequencies below
1,000 Hz (Etter 2013), and ray trace-based
models, namely Bounce or Bellhop models
(Jensen etal. 2011), for higher frequencies.
Other well validated models such as Weston’s
intensity model (Weston 1971) can also be used.
The propagation models need as inputs the
sound velocity profile as a function of depth,
noise source depth, hydrophone depth, and sea
bottom characteristics. A numerical model that
includes near field effects may be needed when
ship underwater noise measurements are made
for short source-receiver configurations.

According to the BV rule, a noise test with
multiple CPA distances is a practical method to
analyse the field propagation loss. Pang et al.
(2020a) have verified this procedure in the
China East Sea by measuring the underwater
noise of an icebreaker at eight CPA distances.
Similar tests have been reported by Sipild et al.
(2019), where the underwater noise of another
icebreaker is measured at four CPA distances
varying between 136 to 174 m.

An empirical formula has been defined to
correct for the influence of the environment
(Meyer & Audoly, 2019). It has been
determined using numerical simulations and
depends on water depth and measurement
distance. However, this empirical formula is
only valid for a sandy sea floor. Additional work
aims at extending its validity to other types of
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sea floor, including hard materials such as basalt
(Meyer & Audoly, 2020).

Pang et al. (2020b) gives another empirical
formula to estimate the source level based on
empirical regressed propagation loss factor.
Corrections for surface reflection are also taken
into account in this formula. Acceptable source-
level results can be obtained by simply knowing
the type of seafloor and by using typical
parameters in these formulas. Validation
experiments conducted in a lake show that the
deviation between the derived source level and
the measured sound pressure level of the
reference hydrophone at 1m distance from the
projector is less than 3 dB.

4.3  Ship noise monitoring

As discussed in Section 3.2, a large number
of programs are dedicated to measuring ambient
noise in the sea and the impact of shipping noise
on marine mammals, fish and invertebrates.
This section presents some of the results
presented in recent scientific literature.

Detailed measurements including directivity
of the URN from two container ships were
reported by Gassman et al. (2017b). They show
that, for frequencies below 1 kHz, surface
reflections cause large variation in measured
noise levels depending on hydrophone
inclination angle and should be accounted for.
The effective source depth required for the
correction was estimated from measurements at
two separate inclination angles.

As part of a large retrofitting program of
MAERSK line, the underwater radiated noise of
five container vessels was measured before and
after the retrofit (Gassman et al., 2017a). The
retrofit included replacing the bulbous bow,
derating the engines for low steaming, installing
propeller boss cap fins and installing a
redesigned propeller. The retrofit resulted in a 6
dB lower source level for frequencies below 100
Hz and 8 dB lower source level for frequencies
between 100 Hz and 1 kHz. However, the draft
of the ship for the sea trials after the retrofit was
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12 to 15 m which is significantly higher than for
the sea trials before the retrofit where the draft
was in between 9 and 12 m. This effect of this
change in draft on propeller cavitation was not
further investigated.
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Figure 13. Effect of speed reduction on monopole source
levels (MSL), MacGillivray et al. (2019).

The Port of VVancouver has set-up the ECHO
program in which the effect of voluntary vessel
speed slowdown to 11 knots on the underwater
radiated noise in the Haro Strait was
investigated (MacGillivray et al., 2019). Noise
measurements were performed at three
hydrophone stations and were combined with
AIS data. Measurements were performed during
the slowdown trial and pre-trial and post-trial
control periods. Results of five categories of
piloted vessels have been published, showing a
significant reduction of the source levels as
shown in Figure 13. The combination of reduced
source levels and longer ship passing time leads
to a measured median broadband noise
reduction of 1.2 dB. The reduction was 2.5 dB
when filtering for periods in which the vessels
were within 6 km radius of the hydrophone
station (Joy et al., 2019).

The reduction in shipping traffic due to
COVID19 has resulted in a 1.5 dB reduction in
year-over-year mean weekly noise power
spectra at a hydrophone station located in the
Pacific on the Juan de Fica Ridge in Canada, 60
km from a major shipping lane (Thomson &
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Barclay, 2020). At other hydrophone locations
the reduction was 0.59 dB/week and 0.25
dB/week, whereas no significant changes were
reported for another location.

4.4  Typical ship noise levels

The RANDI-3 model (Research Ambient
Noise Directionality noise model) was
developed based on regression analysis of a
large number of measured ship noise levels
(Breeding et al. 1996). The source level of a
ship is defined as

Ly(f,v,1) = Lyo(f) + ¢, X 10logy9(v/vo)

to % 10l0g10(L/1o) + g (f, 1) (3)

In this formula, ¢, and c; are power-law
coefficients for speed and length (taken to be 6
and 2, respectively), v, is the reference speed
(12 knots), 1, is the reference length (300 ft),
Lso(f) is a mean reference spectrum, and
g(f,1) is an additional length-dependent
correction to the Ross model (Breeding et al.,
1996).

The Institute of Acoustics (IOA) of the
Chines Academy of Sciences (CAS) has
performed a noise monitoring campaign in the
China Yellow Sea from 2015 to 2016
(Jiang et al., 2020). The hydrophone is bottom-
mounted and deployed near a shipping lane. A
total of 9 cargo ships, 13 container ships and 4
tankers are analyzed. The ship lengths range
from 80 to 399 m, and overall source levels (20
Hz~1 kHz) varied between 171.2 dB and 188.3
dB. For the ships whose length is more than
200 m, the calculated results from the RANDI-
3 model are generally higher than the measured
results and the maximum difference can reach
almost 20 dB. For the ships whose length is less
than 200 m, there is little gap between the levels
given by the RANDI-3 model and by the
measured data. The results for all ships are
presented in Figure 14.
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Figure 14. Broadband overall source level and absolute
difference between measured data and RANDI-3 versus
ship length (Jiang et al., 2020).

5. MODEL-SCALE MEASUREMENT

5.1 Introduction

Performing consistent and reliable noise
measurements of cavitating propellers in model-
scale test facilities involves many aspects that
need to be taken into account, as reviewed in the
updated ITTC guideline ” 7.5-02-03-03.9 on
Model-Scale  Propeller  Cavitation Noise
Measurements. This guideline was updated
with, among others, the latest knowledge on
facility reverberation and Reynolds number
scaling of tip-vortex cavitation noise. These
topics are discussed in this section in more
detail, combined with a discussion on
measurement techniques and uncertainty, and a
review of water quality measurements. Results
of a benchmarking exercise and comparison
between model-scale predictions and full-scale
data are also presented.

5.2 Measurement techniques

The calibration step is obviously an important
measurement that must be performed carefully.
The estimate of the sensitivity of a hydrophone
is generally given at a distance of 1m in free

7 Note that the previous, obsolete, guideline was
numbered as 7.5-02-01-5.
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field environment. This value could be
estimated in an anechoic chamber using gated
signals to avoid the effect of reflections, or in a
lake (or at sea) for very low frequencies. The
latter may be costly and difficult to obtain these
measurements. Recently, a novel method for
calibration has been proposed by Ward &
Robinson (2019) to calibrate devices at low
frequencies using a small chamber and a Laser
interferometer device, as presented in Figure 15.
It appears as another solution for measuring the
sensitivity with a relative low-cost apparatus
and it is able to calibrate the hydrophone system
down to 20 Hz as illustrated by Figure 16.

Figure 15. Device for low frequency (20-250 Hz)
calibration measurement developed by Ward & Robinson
(2019), here with a B&K 8103 hydrophone.

Calibration performed in a free field domain
requires the “perfect” knowledge of the distance
between the acoustic source and the
hydrophone. The determination of the acoustic
centre is an important parameter that could be
estimated by the time delay of the signal
between the source and the hydrophone. This
estimate could be done by correlating the two
signals (sine burst or sweep as used by Tani
et al., 2016a). A dedicated set up with particular
signals (based on acoustic Barker codes or
Schroeder codes) may also be used
(Boucheron, 2017). These techniques permit for
example, easier measurement of directivity by
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Figure 16. Calibration results obtained by Ward &
Robinson (2019). Measurements with the developed
technique in blue compared with manufacturer’s
calibration in orange.

5.2.1 Multiple sensors techniques

Recently, the use of several hydrophones to
perform measurements has been investigated by
several institutes. The aim of such measurement
is not to perform redundant measurements to
check the quality of the measurement but to
improve the quality by combining the different
signals acquired by the sensors and to enhance
the estimation.

Among the techniques found in the
literature, the array signal processing has been
used recently by Park et al (2016) with a 45-
hydrophone array, localized below the test
section, in an application in the Large Cavitation
tunnel at KRISO. Figure 17 presents a result
obtained by Parketal. for localization of
acoustic sources in a case of a propeller with
cavitation. 1ISO committee proposes a standard
for the array signal processing to localize the
noise source (1SO, 2019b).
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Figure 17. Localization of acoustic sources close to

propeller in a cavitation case performed by Park et al.
(2016).

Figure 18. Flush-mounted transducer set up used by
Foerth & Bosschers (2016).

Localization of sources may also be
performed with a flush-mounted pressure
transducer embedded on the model. Figure 18
presents such a configuration performed by
Foeth & Bosschers (2016).

A few transducers located in the hull directly
above the propeller can also be used to localize
incipient tip vortex cavitation noise in the
propeller disc. Kim et al. (2015) used a broad-
band matched field inversion technique to
process these measurements.

It has to be mentioned also that several
developments have been recently published in
the airborne domain with rotating sources using
microphones arrays. As an example, Alexander
et al. (2020) presented a study on the ingestion
of turbulence by a rotor and its consequences in
terms of noise radiation and directivity pattern.
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5.2.2 Denoising

When the measurement is disturbed by
pseudo-noise generated by a boundary layer
(typically when the hydrophone is flush
mounted in a wall or downstream on a model),
different authors have developed techniques to
correct the measurement from noise. All these
methods are based on measurements with
several hydrophones. The cross-spectral matrix
is then computed and may be “denoised” with
these techniques. Among all the techniques
proposed, the recent works from Hald (2017),
Gao et al. (2019), and Hald (2019) are promis-
ing. An application in a hydrodynamic domain
has been recently performed by Amailland et al.
(2018). Figure 19 presents the experimental
results obtained in this study. A known source is
introduced in the flow inside the test section of
the facility. From the raw measurement
(acoustic source + flow noise — in blue in Figure
19), the two denoising techniques tested give the
curves in grey and black for the estimation of the
source level (the reality being the red curve).

A recent study by Dinsenmeyer et al. (2020)
presents the development of a new technique
and a comparison with other denoising methods.

1 Pa [dB/Hz]

ref

XX ref

10log, (S N2 v

. . . . . . . .
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency [Hz]

Figure 19. Denoising results from Amailland et al (2018).
Raw measurement in blue, background noise in flow in
green, source level in red. Two denoising techniques
results (are given in grey and black).

8 A warping time function is a relationship that modifies
the reception time to mimic a situation with a source and
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5.2.3 Doppler Effect

When a given frequency emerges from the
spectra, the power measured is disturbed by the
Doppler Effect due to the rotation of the source
compared to the fixed hydrophone (Morse &
Ingard, 1968). Some features of this phenomena
have been more recently investigated by
Boucheron (2016). The position of the
hydrophone is an important parameter as well as
the nature of the source. Signal processing
techniques may be implemented to remove the
Doppler Effect. It is generally required if array
processing is intended to be used because the
frequency and phase are very important during
the combination. The use of a warping time
function® to perform the “dedopplerization” has
been investigated theoretically. A compre-
hensive knowledge of the environment seems to
be required to remove the Doppler effect
(Boucheron, 2020c).

5.2.4 Combined methods

In the last decade, several promising
approaches have been investigated by Felli
et al (2014, 2015). One method consists of

combining  direct pressure  fluctuations
measurements  with  flow  measurements.
Another method combines experimental

measurements of the 3D velocity field (obtained
with the Tomographic Particle Image
Velocimetry technique) and an acoustic analogy
as performed in an aeronautical domain, as
depicted by Figure 20.

Figure 20. Principle of the acoustic analogy use described
by Felli et al. (2015).

a sensor that do not move. See Baraniuk & Jones (1995)
or Feltane et al (2018).



5.3 Pressure measurements

In the prospect of future comparisons
between experimental and numerical studies (or
also with theoretical results), the measurement
of the overall pressure is important. This aspect
is particularly relevant when the aim of the
investigation is to measure the pressure field on
a body-surface, like a hull-plate, when impinged
by acoustic waves radiated by propellers. The
question is: “are pressure transducers able to
capture the overall pressure that includes
scattering effects too?”. In the attempt to answer
to this question, a particular focus on both
related and main effects is addressed in the
following. As shown throughout the paragraph,
this measurement must be performed jointly
with a calibration step and the control of each
step is important. The different steps required
and discussed hereafter are,

e Calibration of an acoustic device (source or
hydrophone)

e Measurement in free field

e Flush-mounted measurement
configuration)

e Transfer function measurement

e Measurement of an unknown source.

(wall

Free field

¥ -

Figure 21. Free field configuration.

The absolute “acoustic” pressure (i.e., the
pressure variation around the average pressure)
generated at a given distance d from the source
is assumed to be Po (Figure 21). This pressure

% These are pres = 1x10° Pa and Wrer = 6.67x10"° W. Note
that the constant C for airborne noise is computed using
Pref = 20x107® Pa and Wrer = 1x107%2 W. The value for Wre
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wave comes from the source and propagates in
a spherical way allowing the use of the
following equation available in free field:

with Lp the sound pressure level, Ly the
Acoustic Power Level of the source and C a
constant depending on the different propagation
medium characteristics and the reference chosen
for pressure prer and power Wy It could be
computed by (see Morse & Ingard, 1968)

C=10 loglO (pCWref) .

4'T[p?ef

)
With the classical references ® used in
underwater domain, C equals -11 dB.

In the presence of a wall, as described by
Figure 22, the incident acoustic wave is
reflected by the wall and generates another
wave, superimposed to the incident one.

Figure 22. Wall configuration.

At the wall, the pressure P that could be
measured is different from Po. The magnitude of
the reflected wave depends mainly on the
impedance and curvature of the wall. For the
case of infinite impedance and flat wall, the total
pressure is roughly twice the incidence

amplitude, P1 = 2 A.

for underwater noise has been computed so as to preserve
the same value of the constant C as in air.
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The calibration set up is described by Figure 23.

Figure 23. Calibration configuration.

The introduction of the transducer in the
acoustic field disturbs the free field propagation.
Locally, at the position of the transducer, a
reflexion wave is present and the same effect as
the one described in Figure 23 appears. The
pressure acquired by the transducer, P3 is then
different from Po. But the aim of such
measurement is precisely to adjust the whole
acquisition system to estimate the real acoustic
pressure that should be at the position of the
transducer without it. The output voltage
measured by the sensor, denoted V3 here, allows
computing the sensitivity of the sensor M
(expressed in Volt by Pascal) by

(6)

It is worth noticing that the pressure in the
last equation is the pressure in free field
(because the calibration assumes that the aim of
the sensor is measuring the free field, without
the presence of the sensor).

After this step of calibration, it is possible to
use the sensitivity of the sensor in the same
conditions to correct the measurement. The
correction step consists of dividing the voltage
measurement by the sensitivity to recover the
pressure, like described by the following
equation,

P3C= Po

Vs
i (7
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This correction step, namely known as
calibration, allows measuring the real free field
acoustic pressure in such environment.
However, it is generally not enough to correct a
measurement in a hydrodynamic facility
because the facility response (or the body-wall
in general) is not considered. To overcome this
problem, a last step is required inside the
environment. This is termed a transfer function
and is described by Figure 24 (see also Section
5.4 for a more detailed discussion on transfer
function). Let us assume for simplicity the
sensing membrane located directly on the
surface where pressure has to be measured.

Figure 24. Transfer function configuration

The transfer function uses a calibrated source at
a given position inside the environment. The
measurement given by the hydrophone P is
different from Po and P;. The difference
between Po and P> represents the transfer
function TF.

(8)

Ny
e
L

Figure 25. Measurement configuration.
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Figure 25 describes the measurement
configuration. The measured “raw” pressure P
does not equal nor Po neither P1 because the
pressure at the wall is the superposition of both
incident and reflection waves but it is also
disturbed by the acoustic response of the facility
(reverberation, modal behaviour, etc.). Conse-
quently, it takes account on distance and all the
environmental effects. Using this transfer
function corrects the measurement Vn, as long
as the location of the sources is the same in both

configuration ~ (Transfer ~ function  and
measurement set up).
|74
B = = 9

Note that most calibration data are evaluated (or
given by manufacturer) at a distance of one
meter. This implies that all the estimations made
are referenced to 1 meter. The distance plays an
important role in the free field and calibration
set-ups. The use of a transfer function as
described in  Figure 24 corrects the
measurements and makes the estimation directly
at one meter when it is used (because the
calibration source data are given at one meter).
Fortunately, experimental campaigns to
measure the noise emitted by a propeller for
example, has the objective to measure the power
spectral density (referred to 1 meter) and to
estimate this noise at full-scale (also referred to
1 meter). All these equations may also be
expressed in the decibel scale, which is
generally the most common way of use. The last
remark concerns the value of the absolute
pressure at the wall during a measurement Pm.
This real value is never estimated in the tests. It
requires the knowledge of both the calibration
data of the hydrophone and the measurement of
the transfer function.

5.4 Facility reverberation

The problem of facility reverberation was
already dealt with by the previous
Hydrodynamic Noise Committee, which
pointed out the importance of considering this
effect. In particular, as indicated in the latest
release of the guidelines, when noise is
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measured in model-scale test facilities, it has to
be kept in mind that the test sections do not
resemble a free-field environment. The
reflections by the walls cause interference
between pressure waves which depend on
wavelength (and therefore frequency) and lead
to acoustic modes in the test section at low
frequencies (see e.g., Boucheron et al., 2017;
and Hynninen et al., 2017). The frequency range
of this effect depends on the size of the test
section and is larger for the smaller size
cavitation tunnels, but the effect is clearly
visible for larger size facilities at low
frequencies also. The so-called Schroeder cut-
off frequency represents the limit below which
the measured noise is influenced mainly by the
acoustic modes of the facility while for higher
frequencies the diffuse domain exists where
statistical properties of the acoustic field hold. A
formulation for an acoustic measurement in a
tank, was given in Kuttruff (2009), while for
cavitation tunnel applications a formulation for
this cut-off frequency of a test section of infinite
length, with source and hydrophone located in
the test section, has been derived by
Boucheron (2019a, 2020a).

Demodulation technigques can be employed
to estimate the magnitude of each mode in the
bandwidth where the first modes appear
(Boucheron, 2019b). Due to the high number of
sensors required when the number of modes
increase, the technique is only practicable in a
small frequency bandwidth (typically just
beyond the first cut-off frequency). The addition
of the amplitude of all modes allows the
estimate of the whole acoustic field and the
acoustic power at each frequency. Figure 26
presents an example of the reconstructed
acoustic field estimated experimentally by this
technique at each of the three walls of the test
section of a cavitation tunnel. However, it is
shown that the boundary conditions are one of
the key points to ensure good performance of
these techniques. A method for the estimate of
the impedance of the test section walls has
recently been developed (Boucheron, 2020b)
and is promising.
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Figure 26. Acoustic field reconstruction by demodulation
technique in a test section (Boucheron, 2020b).

The effect of the reflections (or
reverberation) can be determined through
acoustic transfer function measurements using
for example, a sound source with known
characteristics put at specific relevant locations
in the test section (see Figure 27).

Sound
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Figure 27. Transfer function measurement set-up in
cavitation tunnel.

Examples of measuring the transfer function
can be found in Briangon et al. (2013), Lafeber
et al. (2015), Park et al. (2016,2018), Tani et al.
(20164a,b) and Tani et al. (2019Db).

According to the experiences gained during
the period of activity of the Specialist
Committee, the Model-Scale Measurements
Guidelines have been updated for what regards
the effects of facility reverberation; Many
different aspects are dealt with, such as:

e Characterisation of
including TVR

e Type of sound projector

Type of signal

e Position of projector

transmitting chain,
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e Testing conditions, including air content
Free surface effects
e Further general considerations

Details about these aspects may be found
directly in the guidelines and in the above-
mentioned references, while in this section some
further information is presented about some
specific topics.

For what regards the types of signal to be
used for the transfer function measurement,
many options have been suggested by various
authors and have been used in different
facilities:

Pure tones

White or pink noise

Chirps

Sweeps

Maximum length sequences (MLS)

Basically, the choice is related to the
capability of covering large frequency ranges
with a single measurement (thus preferring
wideband signals) and, in parallel to the need for
high signal-to-noise ratio (SNR). Considering
the latter, pure tones result in higher SNR, even
if they may tend to amplify the waviness of the
transfer function, amplifying local singularities.

Different post-processing techniques may be
applied to different signals. In Tani et al.
(2019b), the sweep signal is convolved with an
inverse filter to enhance SNR and to separate the
linear response of the system from the non-
linear distortions that stem from the use of
electronic transducers. This procedure may be
successfully used to extend the TF also to low
frequency ranges where SNR is very low. In
Figure 28 the resulting TF using pink noise and
a sine sweep (plus convolution with inverse
filter) are compared, showing differences at
lower frequencies, where the SNR is
considerably different, as shown in Figure 29.
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Figure 28. Comparison of transfer function obtained with
pink noise and sine sweep with linear deconvolution (Tani
etal., 2019a).
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Figure 29. Signal to noise ratio (SNR) in transfer function
measurements: pink noise vs sweep with linear
deconvolution (Tani et al., 2019b)

Further considerations may arise in the case
of a twin-screw ship. This specific topic is
discussed in Park et al. (2018), where different
approaches for the measurement of the transfer
function are reported, including the use of single
or twin projectors and the signal adopted.
Results reported are in favour of the use of a
non-deterministic signal (white noise, in the
specific case) in order to obtain more accurate
results. Although, differences with respect to
deterministic signals are anyway rather limited
(about 1 dB). In Figure 30 and Figure 31 the
effect of using either a non-deterministic or a
deterministic signal is shown, comparing the
transfer functions obtained with two different
ways for evaluating the transfer function (Type
1 and Type 2 in the figures). In Figure 31 a
larger (even if still limited) discrepancy between
the transfer functions is evident.
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Figure 30. Transfer function comparison with white noise
input (Park et al., 2018).
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Figure 31. Transfer function comparison with Linear
Frequency Modulation (LFM) input (Park et al., 2018).

Additionally, the transducer position is
important since it affects the transfer function.
Since cavitation is not generally present at a
unique position and the characteristics of the
transfer function may vary with position, it is
preferable to measure the transfer function using
multiple transducer positions and averaging the
results (Briangon etal., 2013; Tani et al.,
2019b). As a possible alternative to the use of
multiple positions, in Tani et al. (2019b) results
obtained with a rotating source are compared
with results at different positions of the
transducer, as shown in Figure 32.
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Figure 32. Measured transfer function with fixed and
rotating source, narrowband representation (Tani et al.,
2019b).

This approach seems promising; however, it
may pose practical problems and is more
complex, especially in the case where the signal
has to be emitted only in correspondence to a
specific range of angular positions if cavitation
phenomena are not present in the whole
propeller revolution. In this second case, the
relevant angular positions may arise from visual
observations or from source localisation
techniques.

The use of multiple positions and averaging
may also have the advantage of smoothening the
transfer function which otherwise tends to
present rather large hump and hollows. As an
example, this feature is evident in Figure 33
(Tani et al., 2019b). Humps and hollows appear
to be present in both the transfer function and in
the propeller radiated noise levels, which
present similar patterns, as expected. However,
they seem to be more pronounced in the first
case. This suggests that the frequency response
of the facility to the cavitation noise, even if
presenting similar features, is likely different
from the one measured with the electronic noise
source, in which the humps and hollows may be
amplified. The problem of smoothing is well
known in ocean acoustics (Harrison &
Harrison, 1995); this is further discussed, for the
case of model testing facilities, in Briangon et
al. (2013).

21

Specialist Committee on Hydrodynamic Noise

A 40
y
v 0dB

Sl 4 »
AR AT,
"ﬂ,’”ﬁ‘f 1

Transfer Function (dB]

Propeller Radiatec Noise Levels
Transfer Function

Propeller Source Levels
20Log(R)

Freauency [Hzl

Figure 33. Example of radiated noise levels, transfer
function and source levels (Tani et al., 2019b).

5.5 Tip-vortex scaling

Various publications have addressed the
effect of Reynolds number on the URN of tip-
vortex cavitation when performing model tests.
Scaling rules for the URN have been proposed
by Strasberg (1977), Baiter (1989), and Blake
(2017), where wvarious functions of the
cavitation number 6 and cavitation number at
inception o, are proposed. Oshima (1990,

1994) shows that high-frequency hull-pressure
levels caused by a propeller with a cavitating
vortex arising at the face of the propeller are
well predicted if the cavitation number in the
cavitation tunnel is selected smaller than the
cavitation number at full-scale. The ratio of the
model-scale and full-scale cavitation number is
written as the ratio of the corresponding
Reynolds number, Re, similar to the scaling rule
for cavitation inception by McCormick (1962),
o, | Re,

where subscript m corresponds to the model-
scale condition and s the full-scale condition.
Oshima (1990) shows that good agreement
between model-scale and full-scale noise levels
are obtained for n = 0.15 while near cavitation
inception a value n = 0.35 should be used. Park
& Seong (2017) present a relation to scale
model-test URN levels to full-scale that includes
a correction for the dissimilarity in Reynolds
number using the ratio of full-scale and model-
scale Reynolds number raised to a power 2.5 n
using n = 0.32. A similar correction was also
applied to frequencies. This correction method
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was used by Park et al. (2019) who showed that
a value of n = 0.1 gives best agreement between
sea trial data and model test results.

An alternative approach is proposed by
Bosschers (2018a, 2020). The similarity of
vortex cavity diameter is investigated using an
analytical formulation for the azimuthal velocity
distribution of a 2-D vortex, providing a
function, f, between ratio of vortex-cavity size,

r., and viscous core size, r,, and the ratio of the

1 Ty

cavitation number and the cavitation inception

number:
L (EJ_
r, lof

It was shown that the function f is independent

of the vortex strength when the Lamb-Oseen
vortex is used. Applying the function to model-
scale and full-scale conditions, and using the
relation between viscous core size and
cavitation inception for the Lamb-Oseen vortex,
results into

(11)

(oF

(5) -(5)(2] tHezkd

Through this relation, a cavitation number at
model-scale can be obtained from which the
non-dimensional cavity size at model-scale is
identical that at full-scale. It is then assumed that
the resulting URN levels are also similar.
Analysis of limiting situations show that near
inception, the cavitation number should be
adjusted according to the classical McCormick
scaling rule while for fully developed cavitation
the cavitation number at model-scale should be
identical to that at full-scale. If the required
change in cavitation number cannot be obtained
at model-scale, a semi-empirical correction is
applied to the URN levels that makes use of the
difference in relative vortex cavity size between
model-scale and full-scale. The result of
applying this correction procedure to the
experimental data of Oshima (1990) is shown in
Figure 34.

(12)
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Figure 34. Data of Oshima (1990) corrected by the tip-
vortex scaling method of Bosschers (2020).

56 Water quality

The influence of water quality, quantified
indirectly by dissolved gas level or directly as a
microbubble/nuclei population measurement,
has long been considered for its impact on the
inception and development of cavitation and its
scaling, and the associated flow/hull pressure
fluctuations and propagation of noise into the
surrounding environment (see for example,
Arndt & Keller, 1976; Lovik, 1981; Weiten-
dorf, 1981; Bark, 1985). It has been found that
nuclei populations can differ between facilities
for comparable dissolved gas levels and vary in
time within a particular facility (Weitendorf &
Tanger, 1999; Heinke et al., 2012). Some water
tunnels have been designed to control the nuclei
population independent of the dissolved gas
level (e.g., Briancon-Marjollet & Michel, 1990;
Khoo et al., 2020a) but in general this is not the
case.

With respect to hull pressure fluctuations
Johannsen (1998) reported that in the large
HYKAT facility a high dissolved oxygen
content (80% saturation) was required for good
agreement between model and full-scale results.
At a lower content of 40% the first peak of the
model hull pressure signal was substantially
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higher due to the absence of damping provided
by the free bubble population present at the
higher saturation level. Similarly, Heinke
(2003) and Bosschers & van Wijngaarden
(2012) have reported an improved full-scale
correlation of high harmonics with a greater gas
content (60% saturation rather than 30%).

Little has been published on the effect of
water quality on noise propagation in facilities
since the 80’s (e.g., Blake & Sevik, 1982).
Kamiriisa (2001) reported a very significant
reduction in sound level from a cavitating
propellor above 5 kHz with a variation in
dissolved gas level from 70-100%, but no
difference below 70%. The main/sole source of
recent work assessing the effect of water quality
on noise measurement at model-scale is that
undertaken by the group at the University of
Genoa (Tani et al.,, 2019b). In particular, a
possible method for qualitatively assessing the
presence of scattering effects is described,
despite only giving a rough indication. Possible
significant reductions in the sound level (up to
30dB at most influenced frequencies) are
reported in correspondence to worst conditions,
showing that this problem has to be considered
carefully, especially in facility where presence
of free traveling bubbles is more likely to occur.
Other than this work, when reported, studies
only  typically indicate that ITTC
recommendations are followed for dissolved gas
level and little other comment about water
quality is generally made.

Some recent works examining measurement
techniques and the influence of nuclei on
cavitation inception and nuclei dynamics in test
facilities is discussed in further detail below.

5.6.1 About measurements of water quality

Nuclei measurements, or as reported by
many authors, the measurement of the quality of
water is a crucial aspect regarding cavitation
inception. The objective of this measurement is
not to have a global overview of the water
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quality in the whole facility but more to estimate
the quality of water that is just upstream of a test
model, e.g., a propeller. Both the position and
the size of a nucleus has an important influence
on cavitation inception and development (Chen
et al., 2019; Rijsbergen & Beelen, 2019).

Different techniques have been developed in
the past that may be adapted to perform bubble
size and concentration measurements. We can
cite the cavitation susceptibility meter (see e.g.,
Lecoffre, 1987; Khoo et al., 2016; Khoo et al.,
2020a) that make the microbubble cavitate in a
Venturi device (see Figure 35). The relationship
between the critical radius of a bubble and the
pressure allow to compute a cumulative
distribution of a microbubble population by
modifying the flow rate in the Venturi.

Piezoceramic sensor
.
Q
—
— I 110

Pressure taps

Figure 35. Centerbody Susceptibility Meter schematic
principle (adapted from Khoo et al., 2020a).

This technique can measure very low
concentration and very small microbubbles but
is highly intrusive. It is not suitable for an
embedded technique on a whole model
dedicated to noise measurements but could be
used prior to the noise tests if the water quality
conditions are controlled in the facility.

To perform synchronous measurements with
noise, only optical techniques are currently
available:

- Shadowagraphy: this technique requires
the alignment between the light, the
measurement volume, and the camera.
Particular attention must be paid to the
design of the optic and the image
processing (see Boucheron et al., 2018).

- Phase Doppler Anemometry: this
technique could be efficient but requires
an optical design at fixed angles
(Boucheron et al., 2018). These angles
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are given by the refractive index of air
and water and could not be changed. If
the facility provides such angles, this
technique could be used efficiently.

- Holography: In-line holography (see
Lebrun et al., 2011) may also be used in

a small environment. The measurement
volume of this technique is very small
and the distance between the laser probe
and camera must be small.

- Defocus technique: this technique is
based on the light scattered by the
microbubble and measured with an out-
of-focus camera (see the principle
described in Figure 36). Note that there
is a range of differing acronyms?® used
for this same technique, but all are based
on the principle of obtaining an
interference pattern from a defocussed
optical path (Russell et al., 2020a).

Birvalski & Rijsbergen (2018a,b) used
this technique in a basin with the
estimation of both the size distribution
and the concentration. The latter is
difficult to obtain accurately because it is
highly dependent on the measurement of
the light power profile of the laser beam.
A recent study by Russell etal.
(2020a,b) details the calibration of the
defocus technique for both size and
concentration measurements and the
application in their tunnel. Ebert et al.
(2018) have presented an application of
such technique at full-scale in the North
Sea off Scotland.

10 Differing acronyms in use include:

IMI - Interferometric Mie Imaging, MSI - Mie
Scattering Imaging, GPD - Global Phase
Doppler, ILIDS - Interferometric Laser
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Figure 36. Principle of the defocus technique (from
Mées et al., 2010).

The accuracy of these techniques depends
on the optical arrangement and on the image
processing used. A comparative study for 3 of
them has been made in Boucheron et al. (2018)
exhibiting the spread of results obtained with the
same bubbles.

5.7 Uncertainties

The results of noise measurements are
usually expressed in decibels, as are the
uncertainty of the hydrophones and
measurement equipment. However, combining
uncertainties of components in the measurement
chain is not trivial as briefly shown in this
section.

The expanded uncertainty u;, expressed in

percentage, for a given confidence level implies
that the range of the signal with mean value x
is given for that confidence level by
[(1-u)x,(1+u;)x] . In decibels, the upper

range is given by

Imaging for Droplet Sizing, ILIT -
Interferometric Laser Imaging Technique, IPI -
Interferometric Particle Imaging
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AL, =20log,,[ (1+u;)x |—20log,, ],

=20log,, [1+u], &
and the lower range by
AL, =20log,,[x]-20log,,[ (1-u;)x], ”
=-20log,, [1-u;]-
For any given u;, we have AL, <AL, .
However, for small values of the

uncertainty, the expressions for the uncertainty
in decibels can be linearized which leads to

AL, =——In{1+u,
b In10 [2+u]
20 (15)
~——U Vu<xl
In10
and similarly
20
AL, ~——u 16
LY (16)

Hence, for small values of the uncertainty,
the upper range and lower range are practically
equal when expressed in decibels. Computing
the combined uncertainty then also becomes
straightforward:

20

AL, :m\/zi:uf :\/ZALﬁi (17)

Alternatively, we may also start with a
measurement in  which the (expanded)
uncertainty ALy is directly provided in decibels.
The upper and lower bounds, for a given
confidence level, are then given by,

If we insert the variable inside the logarithm,
we find,

AL +1
LU = 20 10g10 <x X [10 U/ZO] > (19)
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The Taylor expansion of the power function
10* gives (assuming that ALy is small)

LU = 20 10g10 (x
In(10)
20

X [1 T ALy ) (20)

We retrieve here the term expressed in
equations (15) and (16) available for small
uncertainties u, that demonstrates the
equivalence of the two approaches when the
values are small. Figure 37 presents the
relationship between the two situations,
assuming a normal distribution of data in linear
scale and a small value of the uncertainty u.

A

~“Normal distribution

X N
Normal distribution

Figure 37. Example of the distributions equivalence
between the linear and logarithmic scales, assuming a
normal distribution of data in linear scale and a small
value of the uncertainty.

Nevertheless, for higher values of the
uncertainty, the equivalence is not obtained
easily. In this particular case, the equations (15),
or (19) if expressed in decibel, cannot be
expanded. The equations for the transformation
between statistical variables (see for example
Papoulis, 2002) shows that one of the
distributions is not symmetrical. As an example,
Figure 38 presents the relationship between the
two distributions assuming a normal distribution
in the linear scale. In the logarithmic domain,
the distribution looks like Gumbel or Weibull
distribution. The upper AL*y and lower ALy
bounds are not equally spaced from the average
in the logarithmic domain.
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Figure 38. Example of a distribution modification
between the linear and logarithmic scales, assuming a
normal distribution of data in linear scale and large
uncertainties.

Therefore, the distribution of a parameter
around its mean value is of principal
importance, especially if large uncertainties
occur. Combination of uncertainties with
equation (17) assumed that data are normally
distributed. For small values of all uncertainties,
this equation is available. Otherwise, the
knowledge of distribution of signals/error of the
chain should be used and improve the estimate
of the final uncertainties for upper/lower bounds
that are not equal.

5.8 Review of HTF benchmark

In the last few years, a benchmarking
activity has been carried out by the Community
of Practice (CoP) “Noise” of the Hydro Testing
Forum  (https://www.hydrotestingforum.org/).
This followed from the HydroTesting Alliance
(European Network of Excellence) with the aim
of gaining insight into the key aspects
influencing the accuracy and reliability of URN
measurements at model-scale, evaluating the
impact of different experimental facilities and
test procedures on full-scale noise predictions.

A round-robin test programme, involving
different propeller scale factors and facility
types and dimensions, has been carried out. The
programme was carried out in cavitation tunnels
of small (UNIGE, NMRI, UNEW) and large
size (KRISO, SSPA), a free-surface cavitation
channel (INM) and a depressurised wave basin
(MARIN). The results of this activity are
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reported in various papers, such as Aktas et al.
(2016a), Hallander (2017), Lafeber & Lloyd
(2017), Sakamoto et al., (2017), Tani et al.
(2017), where tests in single facilities are
reported, while in Tani et al., (2020) the same
results are summarised and compared. In
Section 5.8.1 the testing campaign is briefly
outlined, while in Section 5.8.2 the main results
are summarised.

5.8.1 Presentation of the activity

The activity has been carried out using as test
case the five bladed fixed-pitch propeller model
(Figure 39) of the research vessel “The Princess
Royal”, belonging to Newcastle University and
used also in the EU project SONIC. Four
different models have been used during the
campaign, with diameters ranging from 214 to
250 mm.

Figure 39. Model-scale propeller (Tani et al, 2020).

The propeller was tested in open water
configuration and without shaft inclination (i.e.,
uniform inflow), with the aim of making the test
as simple as possible. In addition to this, tests
were also repeated with inclined shaft (5°) in
order to induce non-stationary cavitation. The
rather low angle considered did not result in
very large variations in terms of radiated noise
with respect to the results for 0° shaft
inclination, thus the focus in the published
articles is on the tests without shaft inclination.
The propeller was tested in pulling condition in
all cases, except by CNR-INM (pushing
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condition); this was due to an unexpected stop
of tests (linked to the COVID emergency),
which did not allow to fully complete the
campaign as expected.

For each shaft inclination, six different
operational conditions, resulting from two
different values of the advance coefficient and
three different values of the cavitation number,
were considered (see Table 2).

Table 2. Operational conditions (zero shaft inclination)

Loading

Conditio | J[] | %[
n ]
C1l 13.9
Cc2 0.4 8.1
C3 4.5
C4 13.9
C5 0.5 8.1
C6 4.5

This allowed to investigate considerably
different cavitation extents, ranging from
slightly after inception to fully developed tip
vortex and sheet cavitation, as reported in Figure
40 (observations at SSPA).

Figure 40. Cavitation extents at different conditions (Tani
et al, 2020)

Y inorder to compare all the results of the campaign,
noise spectra were scaled to a common condition in full-
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5.8.2 Summary of results

Figure 41. Cavitation extents at C1 condition for different
facilities (Tani et al, 2020).

Propeller cavitation typologies and extents
observed in the different facilities were fairly
similar. As an example, in Figure 41 the
observations for C1 condition in the different
facilities are reported. In this case, the main
difference is related to the extent of the sheet
cavitation towards the inner radii, ranging from
about 0.7R to about 0.8R.

Similar results were obtained also for other
conditions, where the most important difference
was the radial extent of cavitation (in particular
for condition C3); in C4 condition (near
inception) different tip vortex dimensions were
observed.

These differences have been ascribed to
different  possible  causes, i.e., small
discrepancies in the operational conditions
(thrust coefficient and cavitation number),
different development of boundary layer
(Reynolds number and turbulence stimulation),
freestream  turbulence, blade geometry
finishing, and water quality.

For what regards the noise measurements, in
Figure 42 and Figure 43, the results for
condition C1 and C3 respectively, in terms of
one-third octave spectra, are reported.!

scale, resembling one of the functioning conditions of
Princess Royal (Ds = 0.75 m, ns = 19.025 rps, ons = 1.06).
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Figure 42. Noise spectra at C1 condition for different
facilities (Tani et al, 2020).
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Figure 43. Noise spectra at C3 condition for different
facilities (Tani et al, 2020).

As it can be seen, a band of variation of
about 10dB of predicted noise levels is
observed on average, rising to about 20 dB for
condition C3 (similar results were obtained also
for condition C4).

Further analyses were devoted to specific
parts of the spectra, i.e., the hump (centre
frequency and level) and the high frequency part
(decay slope and average power content).

Considering the centre frequency of the
hump, the agreement observed was better than
that visible from noise spectra, with the range of
variation mainly below 100 Hz with few
exceptions.
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The agreement for correspondent peak level
was worse, even if common trends might be
found especially for conditions at J = 0.6 (C4-
C6), while for conditions C1-C3 trends varied
for different facilities. The spread in results was
in most cases of about 10 dB (lower than the
spread in the overall spectrum), except for
condition C4, which showed larger variation
due to incipient and intermittent cavitation.

Considering the high-frequency spectrum,
the decay ratio resulted between 10 and 20 dB
per decade, in good agreement with data on
cavitation noise available in the literature
(Ceccio & Brennen, 1991). However, the spread
of results was again appreciable, and it seemed
difficult to detect common trends.

Finally, considering the high frequency
power content, the trends (for each single
participant) agreed rather well with the observed
cavitation extent, with higher levels measured in
correspondence to higher propeller loading.
However, differences of 10 dB are again present
for all conditions, with higher discrepancies (up
to 20 dB) found for condition C4 and C3, where
minimum and maximum cavitation extents were
present.

As a whole, the results of this activity are
very interesting, providing an overview of the
different sources of discrepancy. Among them,
cavitation extent and cavitation dynamics,
together with facility reverberation, are the most
important ones.

Regarding cavitation extent and dynamics,
the differences were related both to a not correct
reproduction of the operational condition, in
terms of thrust coefficient and cavitation
number, and to water quality (nuclei content,
turbulence levels). The first issue, despite being
trivial, has to be considered carefully by each
facility; water quality issues are less easy to be
controlled, unless dedicated tools are available
in the facilities, however it is important to
collect as much data as possible in order to
understand their effect. Regarding reverb-
eration, not all facilities considered it in their
measurements; it is very important in the future
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that all facilities measure the transfer function in
accordance to the indications of the model-scale
guidelines.

Other possible sources of discrepancy, such
as model propeller geometry, bubble scattering,
propeller singing, unwanted phenomena on
structures inside the facility (e.g., hydrophone
supports, screens, etc.), are discussed in Tani
et al. (2020).

Overall, the HTF results underline that
improvements have to be made in the near future
and further investigations are needed in order to
get a further insight into all the sources of
discrepancy between different facilities, with
the aim of reducing them. The proposed
benchmark activity with the Nawigator ship (see
Section 7) represents an opportunity with this
aim, allowing to broaden the analysis and
involve an even larger number of facilities with
respect to those which participated to the HTF
round robin. In order to obtain the largest
amount of information, the experience of HTF,
considering in particular the difficulties
encountered, have to be considered carefully.

5.9 Validation studies

The accuracy of the model-scale
measurements can be determined from a
comparison between model-scale predictions
and full-scale noise measurements, as described
in the previous report of 28th ITTC specialist
committee on hydrodynamic noise. The
previous report addressed the importance of the
aspects to consider in the model test such as ship
wake field, propeller loading, cavitation extents
and dynamics, noise measurements, background
noise, propagation loss due to facility
reverberation, and scaling. The above aspects
are revisited in this report and some subjects
such as facility reverberation are dealt with in
detail.

The papers on the validation studies were
reviewed in the previous report. A few papers
have been published since the previous report in
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2017. Instead of reviewing the individual paper,
we summarized the recent validation studies in
accordance with categories pertinent to the
model-scale and the full-scale measurement
methods. Some of papers were already reviewed
in the report in 2017.

Ship type (full-scale):

Full-scale  underwater radiated noise
measurements were performed on various types
of ships and the results were compared to
model-scale predictions. Among the measured
ships, the recently built commercial ships were
also included.

Table 3. Review of validation studies of model-scale

noise measurements: Arranged according to ship type.
Validation studies

Lee et al. (2012)

Seol et al. (2015)

Ship type
Crude Oil Tanker

Product Carrier

Oil/Chemical Tani et al. (2016b), Li et al.
Tanker (2018)
LNG carrier Park et al. (2020)

Container Ship

3,600 TEY) ~ Kleinsorge etal. (2017)

Container Ship

(14000 TEU)  Farketal. (2020)

Combi-Freighter | Lloyd et al. (2018)

Aktas et al. (2016a), Gaggero
et al. (2016), Labefer &
Bosschers (2016), Tani etal.
(2019a)

Research vessel
(Princess Royal)

Research vessel

(Nawigator XXI) Traverso et al. (2017)

Cavitation extent observation (full-scale):

Full-scale cavitation extents were presented
in many papers, which were helpful for analysis
in validation studies. However, there were also
some cases Where full-scale noise was measured
without cavitation observation.
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Table 4. Review of validation studies of model-scale
noise measurements: Arranged according to full-scale
cavitation observations.

Full-scale Validation studies
cavitation
Aktas et al. (2016b), Seol et al. (2015),
Gaggero et al. (2016), Labefer &
Observed Bosschers (2016), Tani et al. (2016b),
Traverso et al. (2017), Li et al. (2018),
Lloyd et al. (2018), Tani et al. (2019a)
Not Lee et al. (2012), Kleinsorge et al.
observed (2017), Park et al. (2020)

Propagation loss correction (full-scale):

To compare the full-scale measurement with
the model-scale prediction, the measured full-
scale noise was converted to either the radiated
noise level (RNL) or the source level (SL) using
various propagation loss corrections.

Table 5. Review of validation studies of model-scale
noise measurements arranged according to correction for
propagation loss for the full-scale measurements.

Propagation loss

(full-scale) Validation studies

Lee et al. (2012), Seol et al.
(2015), Traverso et al. (2017),
Park et al. (2020)

Aktas et al. (2016b), Labefer
& Bosschers (2016), Tani
et al. (2019a)

Spherical spreading

Spherical spreading
& Lloyd mirror

Spherical spreading

& bottom reflection ~ -'0¥d etal. (2018)

Surface & bottom

reflection Kleinsorge et al. (2017)

Transmission loss
(measured)

Tani et al. (2016b), Li et al.
(2018)

Transmission loss

(calculated) Gaggero et al. (2016)
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Facility (model-scale):

Most of the model tests were performed in
the medium-size and the large cavitation
tunnels. The depressurized wave basin in
MARIN was also used for the model-scale noise
measurement.

Table 6. Review of validation studies of model-scale
noise measurements: Arranged according to facility.

Facility Validation studies
Large Lee et al. (2012), Seol et al. (2015),
cavitation Tani et al. (2016b), Li et al. (2018),
tunnel Park et al. (2020)
L Aktas et al. (2016b), Gaggero et al.
Mcea‘]\'/'i‘gt‘ig:]ze (2016), Tani etal.  (2016h)
tunnel Kleinsorge etal. (2017), Traverso

et al. (2017), Tani et al. (2019a)

Labefer & Bosschers (2016), Lloyd
et al. (2018)

Depressurized
wave basin

Ship wake field (model-scale):

The wake fields were generated using a
wake screen or a geometrically scaled model of
the ship. In general, the former was used in
medium-size cavitation tunnels, while the latter
was used in the large cavitation tunnels and the
depressurized model basin. Sometimes a hybrid
method using the wake screen and the dummy
body was used for the wake generation in the
medium-size cavitation tunnels.

Table 7. Review of validation studies of model-scale
noise measurements: Arranged according to simulation
method for wake field.

Ship wake Validation studies
Lee et al. (2012), Seol et al. (2015),
Large-scale = Labefer & Bosschers (2016), Tani
model et al. (2016b), Li et al. (2018), Lloyd

et al. (2018), Park et al. (2020)

Aktas et al. (2016b), Gaggero et al.
(2016), Tani et al. (2016b), Traverso
et al. (2017), Tani et al. (2019a)

Wake screen

Dummy .
body/wake Aktas et al. (2016b), Kleinsorge et al.
(2017)
screen
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Propeller loading (model-scale):

In the model-scale measurements, the
propeller loading was determined (or
prescribed) from the powering tests or from both
powering test and sea trial.

Table 8. Review of validation studies of model-scale
noise measurements: Arranged according to applied
propeller loading.

Prope_ller Validation studies
loading

Powerin Lee etal. (2012), Labefer & Bosschers
test g (2016), Tani etal. (2016), Traverso

et al. (2017), Li et al. (2018)
Powerin Aktas et al. (2016b), Seol et al. (2015),
test + Seg Gaggero et al. (2016), Kleinsorge et al.
trial (2017), Lloyd et al. (2018), Tani et al.

(2019a), Park et al. (2020)

Noise measurement (model-scale):

Propeller noise was mostly measured by
multiple hydrophones except for Lee et al.
(2012), Aktas et al. (2015b), and Lloyd et al.
(2018), in which single hydrophone was used.

Propagation loss correction (model-scale):

The propagation loss correction was applied
to the measured noise data in most of the
validation studies. For the correction, the
transfer function was measured or estimated
using the spherical spreading of acoustic wave
fields. A correction for the Lloyd mirror effect
was applied to the measurement data of the
Depressurized wave basin.
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Table 9. Review of validation studies of model-scale
noise measurements; Arranged according to applied
correction method for propagation loss in the model-scale
measurements.

Propagation loss

(model-scale) Validation studies

Seol et al. (2015), Gaggero et al.

Transfer function 16y Tani et al. (2016b), Tani

(measured) o o1 (2019a), Park et al. (2020)

Lee etal. (2012), Aktas etal.
Spherical (2016b), Traverso et al. (2017),
spreading Li et al. (2018), Tani et al.

(2016b),

Transfer function

& Spreading Kleinsorge et al. (2017)

Lloyd mirror &
spherical
spreading

Labefer & Bosschers (2016),
Lloyd et al. (2018)

Scaling method (model-scale):

Most of the validation studies adopted
ITTC’87 low frequency scaling method to
estimate the full-scale source level. However,
Labefer & Bosschers (2016) applied ITTC’87
high frequency scaling method to the model-
scale data. Park et al. (2020) and Lloyd et al.
(2018) investigated the effects of two ITTC’87
scaling methods on the scaled results.
According to their results, the low frequency
scaling showed the better correlation to the full-
scale measurements than the high frequency
scaling. Kleinsorge et al. (2017) investigated
both a correction factor for distance between
hydrophone and propeller assuming spherical
spreading and cylindrical spreading. The
spherical spreading correction showed best
performance for the low frequency range (f <
100 Hz) and the cylindrical spreading agreed
well with full-scale measurement for the high
frequency region (f > 100 Hz). Lee et al. (2012)
scaled the tip vortex cavitation noise and
compared the scaled results with the full-scale
measured data. According to their study,
McCormick exponents of 0.3 showed an
acceptable correlation with the full-scale
measurement.



Comparison of full-scale & model-scale:

Comparison of the full-scale measurement to
the model-scale prediction involves some
complexity such as machinery noise, which is
only included in the full-scale. It should also be
kept in mind that full-scale noise measurement
has considerable uncertainty. By simply
comparing the levels presented in validation
studies, it seems that model-scale tests can
predict full-scale noise levels within 5 to 10 dB.

This value of uncertainty is somehow lower
than the band of uncertainty reported as a result
of the round robin test carried out by Hydro
Testing Forum (HTF) members, as reported in
Section 5.6.2. That case is, however, different,
since an open water propeller was used instead
of a propeller operating in a wake field; Some
possible reasons for these discrepancies are
discussed in Section 5.6.2, showing areas that
need further study. It is believed that, starting
from that experience, the proposed benchmark
study by the Committee will allow to obtain a
deeper understanding.

6. COMPUTATIONAL PREDICTION

Some of the aspects on underwater noise
prediction methods are discussed in the
following sections, providing the state of the art
in each category. Specifically, Section 6.1
shows hydrodynamic  noise  prediction,
especially from propeller which is an important
source of noise. Among of several approaches in
Section 6.1, coupled CFD-FWHE technique is
picked up as most important numerical approach
and its guidelines for utilization are proposed in
Section 6.2. Section 6.3 presents structural born
noise as another important source of URN, and
finally the propagation of URN is shown in
Section 6.4.
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6.1 Hydrodynamic noise prediction

6.1.1 Empirical and Semi-empirical
methods

Overview. Continued from previous
committee (28th ITTC specialist committee on
hydrodynamic noise), several studies about
empirical and semi-empirical  prediction
methods have been observed. In addition to
continuous efforts using classical approaches,
adoption of data analysis technique has been
rising. Although some of these approaches show
fairly good results in the papers, careful
attention should be needed to their application
considering their modelling phenomena,
assumption, based data etc. A schematic view of
related phenomena and approach in prediction
of URN is shown in Figure 44. Appropriate
choice or combination of several methods might
be essentially important for reasonable
prediction, but no standard methodology has
been established up to the present moment.

bubble collapse
spectrum

Bubble dynamics
sheet(broad)
>

BEM, CFD+FWH _ all (tonal, broad)

CFD,
Lsm, Bubble dynamics
BEM, SRS
CFD —

RANS sheet(tonal), TVC
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(prediction

of wake) Wy

desi
(design) sheet (tonal)

BEM+FWH

empirical formula_sheet (broad), TVC

semi-empirical vortex model, DDM, Hybrid Method
TvC sheet(broad), TVC

empirical formula, data analysisapproach all

wake
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Cavitation nois
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non-cavitatingflow,  Cavitation shape
operating inception, vortex (macro)

propagation
' ear,
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Cavitation Type
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all: TVC, sheet and others (i.e. bubbleetc.)

Figure 44. Approaches for predicting hydrodynamic noise
from a propeller.

Continuing studies. As shown in previous
committee, various approaches using empirical
or/and semi-empirical methods have been
studied so far. In this committee’s period, there
have been some further developments of these
studies.

One is a combination of bubble dynamics
theory and RANS CFD calculation by Ando
et al. (2018). In this method, radiated noise from
sheet cavitation and TVC was predicted by
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theoretical method modelling bubble collapse of
free bubbles from cavitation. Mean initial size
of bubble was assumed directly as 2.5 mm, and
a normal distribution was adopted to bubble size
distribution. Based on these assumptions, the
number of bubbles was calculated from volume
of sheet cavitation predicted by URANS CFD
with cavitation model. For TVC, similar
assumption for bubble size was adopted and the
length of TVC is assumed as 1.5 D, (propeller
diameter), not based on CFD or other theoretical
methods but from observation in model test. The
predicted results with TVC showed better
agreement to corresponding model test results,
than the prediction without TVC.

Another study is by Bosschers (2018b). In
this study, a hump-shaped pattern for the noise
spectrum was assumed, and the centre
frequency and level of this hump was described
with an empirical model. This empirical model
was obtained using model-scale and full-scale
measured hull-pressure data, and described as a
function of cavity size, propeller diameter etc.
To obtain the cavity size, BEM calculation and
semi-empirical vortex strength model was
adopted. Even though this method models only
for TVC, the results showed some capability for
cases with sheet cavitation with adjustment of
the empirical parameters.

Both literatures mentioned in above show
relatively good agreement between prediction
and measurement, but careful attention should
be paid to the assumptions or database which are
essentially important to utilize these methods.

Adoption of data driven models. In addition
to continuous studies in utilizing empirical
knowledge and theoretical formulations or
calculations, adoption of data driven models has
appeared as new approach. This approach shows
some possibility to improve the capability of
empirical or/and semi-empirical methods.

A relative early study was a simple attempt
by Aktas (2016), in which URN levels in several
frequencies were modelled directly by Artificial
Neural Network (ANN). As input variables, 12
simple parameters including propeller geometry,

Specialist Committee on Hydrodynamic Noise

wake distribution and propeller operating
conditions were used, and model tests results of
series propeller were employed as training data.
In this study, physical knowledge was utilized
just in the choice of explanation variables, and
only data analysis technique was used for
creating prediction formulas. This simple
application of ANN left large discrepancy
between predictions and measurements.

Another approach was shown by Miglianti et
al. (2019a,b). In this study, machine learning
technique was adopted in following 2 ways. One
is called “Data Driven Model” (DDM), which
predicts URN directly using propeller geometry,
operating conditions, occurring cavitation type
etc. as input. Here the cavitation type might be
estimated by CFD or other kind of calculation.
The other way is called “Hybrid Model” (HM)
which uses semi-empirical model similar with
Bosschers (2018b), but a DDM approach was
also adopted to predict model coefficients in the
employed semi-empirical model. In both
approaches, URN spectrum was simplified
similar ~ with  Bosschers  (2018b), i.e.,
characteristic values like URN centre peak
frequency, level, etc. in hump-shaped pattern.
The predicted results showed a relatively good
agreement with measurements, especially in
HM the error in centre peek noise level was
within 5 dB. One additional interesting point
was that HM showed some capability even if the
input data for machine learning was only from
the outside of range of operating conditions (i.e.,
thrust coefficient and cavitation number). This
suggests the possibility of extrapolation of
prediction, which should be useful to estimate
the noise in the full-scale condition which is
difficult to represent in model-scale.

6.1.2 Potential flow methods

Cavitation-free conditions

a) Bernoulli-based Formulation

Potential flows methods have been largely
used in the past for the prediction of the noise
field generated by simplified sources of sound
like point-sources and vortices (Dowling &
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Ffowcs Williams, 1983; Howe, 2002). The
extension to non-cavitating propellers is
straightforward by  assuming  operating
conditions where the theory of irrotational,
inviscid, attached, incompressible three-
dimensional (3D) flows is able to capture the
flow-field features around lifting/thrusting
bodies (Kerwin, 1986; Carlton, 2018) and
applying the Bernoulli equation for the
prediction of the pressure signals in the fluid
medium. Undoubtedly, hydrodynamic solvers
based on the Boundary Element Method (BEM)
have been proven to be fast and accurate enough
in capturing the tonal noise sources localized on
the blades and in the flow flow-field
surrounding them, whenever the hydrodynamic
environment is governed by vorticity fields
exhibiting ordered vortex-flow patterns (see for
instance: Morino &  Gennaretti, 1992;
Gennaretti et al., 1997; Seol et al., 2002; Testa
et al., 2008; Salvatore et al., 2009b; and Greco
et al., 2014; just to cite a few). In this context,
hydrodynamic effects induced by the hull wake
(if present) may be fruitfully described by
RANSE (Reynolds Averaged Navier Stokes
Equation) computations yielding the main
features of the onset-flow incoming the
propeller disk, namely, the effective wake field
(Rijpkema et al., 2013).

However, investigations based on the
Bernoulli equation to compute the pressure
disturbance in the flow-field have shown their
weakness at the light of the recent advances on
propeller hydroacoustics (lanniello et al., 2013;
lanniello et al., 2014; lanniello and De
Bernardis, 2015; lanniello et al., 2015) proving
that non-cavitating propeller noise in open water
is an inherently nonlinear problem governed
(mainly) by the hydrodynamic sources of sound
in the flow-field around the propeller like vortex
released at the blade tip, vorticity, turbulence,
etc.., which can be very intense and persisting
around/downstream the propeller disk. Of
course, BEM hydrodynamics is able to capture
the noise contribution due to blade(s) kinematics
and pressure distribution upon the propeller,
including effects coming from the vorticity field
convected downstream. Nonetheless, all those
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hydrodynamic sources of sound due turbulence
and interaction among eddies spreading
downstream the propeller, are completely lost.
As shown in Testa et al. (2018b), for a marine
propeller in open water at high advancing ratio,
potential hydrodynamics is adequate to capture
the tonal sources of sound due to cyclic blade
passages and trailing vortices convected
downstream for observers placed in the near
field (0.75 diameters from the hub centre, along
the vertical direction), upstream and
downstream up to 0.5+1 diameter far from the
disk. Although turbulence-induced noise effects
are not captured by BEM coupled with the
Bernoulli approach, within this range the noise
signals carried out by the potential flow-based
approach seems to be a sort of mean noise signal
with respect to predictions based on the acoustic
analogy technique (Ffowcs Williams & Hawk-
ings, 1969). Moving downstream, propeller
hydroacoustics is not more dominated by
potential wake vorticity effects: important
vorticity contributions generated by complex
interactions among vortices may give rise to
stronger vortex structures inducing, in turns,
higher level of noise behind the disk. In addition,
the not modelled turbulent structures, evolving
in the wake, make the use of BEM
hydrodynamics data through the use of the
Bernoulli  equation inadequate for any
hydroacoustic investigation. The range of 0.5+1
diameter where the potential-flows based
methods may provide reasonable results in
terms of pressure pulses is expected to reduce
for higher blade(s) loads, more intense wake and
in the presence of non-uniform inflow to the
propeller disk. In fact, in these circumstances
the role assumed by the turbulent structures,
downstream the propeller disk, grows-up and
reduces the limits of applicability of potential
methods for hydroacoustic purposes. Note that
this approach based on BEM hydrodynamics
and the Bernoulli equation does not account for
the compressibility delays that, indeed, may
alter the overall noise features with respect to
prediction in which one assumes that all sources’
contributions overlap simultaneously at the
observer position. However, the low rotating
blade tip Mach number, typical of marine
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propellers, allows to account for an
instantaneous sound propagation because it does
not alter the resulting signal in a significant way,
at least within a distance of about 10 propeller
diameters from the hub (Testa et. al., 2008).

A field of applications where potential flows
methods are still accurate for hydroacoustic
purposes is in the near field (few diameters from
the propeller hub) where the tonal noise
components, associated to the blades and
vorticity convected downstream, may play an
important role. Acoustic scattering problems in
which hydro-borne propeller sound interacts
with the hull structure, being spread out into
reflected and diffracted noise components, fall
within this field of application. Details are found
in ITTC (2017a). The same considerations may
be also valid in the far field, if the acoustic
observers are far away from the propeller wake
and the rotor blades are subject to a velocity field
(due to blade-vortex interaction or high intense
wake hull) with high-frequency changes both in
time and space.

b) Ffowcs Williams & Hawkings Equation
Approach — Linear Acoustics

Several hydroacoustic studies found in
literature are based on the so-called hybrid
approach where noise sources and sound
radiation are investigated separately, with the
former evaluated by fluid-dynamic
computational tools (typically based on BEM)
and the latter predicted through a post-
processing step based on the use of acoustic
analogies. Among them, the Ffowcs Williams &
Hawkings Equation (FWHE) for impermeable
surfaces has been widely applied for the analysis
of rotating blade devices, by assuming that,
nonlinear terms (the so-called quadrupole noise)
can be neglected because of the low rotational
speed of the blade.

For instance, in Seol etal. (2002) a noise
prediction was carried out for a noncavitating
propeller with and without a duct, by coupling
the Farassat time-domain formulation 1A
(Farassat, 1981) to a hydrodynamic BEM solver
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based on a potential approach. The robustness of
the acoustic analogy and its advantages with
respect to a direct pressure estimation by the
Bernoulli equation were largely discussed in
Testa et.al. (2008) by pointing out the role
played by the numerical modeling of the
propeller wake. From a general standpoint not
depending on the CFD (Computational Fluid
Dynamics) solver used to detect the sources of
sound upon the blades, and for propellers in
open-water conditions, the assumption that
nonlinear terms can be neglected a priori has to
be carefully applied, both for the comments at
subsection a) and in view of the recent analytical
study addressed in lanniello (2016) on the
acoustic efficiency of rotating sources in open
water conditions, showing that the FWH surface
terms from multibladed propellers may vanish
underwater in a narrow region with relevant
nonlinear phenomena occurring rather far from
the body. In particular this paper shows that the
blade tip vortex persists in an extended region,
and, depending on both the operating conditions
and external flow, it is inevitably destined to
destabilize and break down, thus increasing the
vorticity and turbulence. In other words, the
flow nonlinear sources generated by the body
motion (and occurring rather far from it) soon
get the upper hand, and as a result the
hydroacoustic far field may be dominated by the
quadrupole term.

Differently, in behind-hull conditions the
validity of hydroacoustic predictions based on
the 1A Farassat Formulation is an open question
because no consensus emerges. Specifically, a
substantial margin of uncertainty on the role
played by an unsteady loading noise component
in case high unsteadiness of the tested operating
conditions, remains. Akin to the Bernoulli-
based approach, the 1A Farassat Formulation
may be well suited in case of acoustic scattering
problems in which hydro-borne propeller sound
interacts with the hull. This issue is widely
discussed in ITTC (2017).
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Cavitating propellers

¢) Bernoulli-based Formulation

Hydrodynamic cavitation concerns with the
formation and collapse of partial vacuums in a
liquid by a swiftly moving solid body. Under
well-defined physical conditions, cavitation can
occur in any hydrodynamic devices operating in
liquid when pressure drops below the saturated
vapor  pressure.  Acoustically  speaking,
cavitation is highly undesirable, as it induces
and impulsive sound and deeply modifies the
baseline acoustic signature of the propeller.
These effects are inherently related to the
spectrum of the high-energy radiated noise, that
exhibits a low frequency range, governed both
by tones (multiple of the blade passage
frequency) and broadband hump (due to the
large-scale cavity dynamics), and a higher
frequency broadband range due to the collapse
of vapor bubbles (Brennen, 1995). It is well
recognized that the factors causing pressure
fluctuation induced by a propeller are classified
into three primary parts: changes in the blade
loading, rotation of the blade thickness, and the
volume change of the propeller cavitation (ITTC,
2014, 2017a; Carlton, 2018). However, pressure
fluctuation due to changes in blade loading and
blade thickness are very small compared with
the pressure fluctuations caused by cavitation.

In principle the goal in the design of
hydrodynamic devices is to avoid cavitation;
however, few propellers in practice can operate
entirely without cavitation due to the non-
axisymmetric inflow or unsteady body motion.
The occurrence of cavitation makes the
detection of the sources of sound a very
complicated and partially unsolved problem. In
fact, the modern CFD is able to provide a
satisfactory estimation of cavitation patterns
(Salvatore et al., 2009a), but a reliable simul-
ation of important underlying phenomena
(especially those related to cavities collapsing
stage) is still far from being achieved. Such a
modelling uncertainty seems to be less critical
in case of a sheet cavitation, which frequently
occurs on conventional propellers operating in
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the hull wake field. It consists of a relatively thin
vapor region which typically forms at blade
leading edge, fluctuates in size in a limited
azimuth range and eventually collapses, always
remaining essentially attached to the blade
surface. Under the assumption that: i) cavitation
pockets remain attached to the blades surface
and ii) the collapse of the cavity, due to
condensation, does not imply violent implosions
so that vapor bubble evolves in a smooth way
(by progressively reducing its size up to
disappear), a potential-flow hydro-dynamics
analysis yields a reliable description of the
cavity dynamics in terms of inception, growth
and collapse (Knapp et al., 1970; Brown et al.,
1976; Franc et al., 2004; Salvatore et al., 2009a).

In the framework of unsteady propeller
cavitation tackled by 3D BEM hydrodynamics,
the correlation between flow-field induced
pressures and sheet cavitation pattern is
obtained by integrating nonlinear sheet cavity
models such those described in (Lee, 1987;
Kinnas & Fine, 1992; Kinnas & Pyo, 1999;
Salvatore & Esposito, 2001; Kinnas et al., 2003;
Salvatore et al., 2003; Bosschers 2018b,) with a
boundary integral methodology for the velocity
potential (Morino et al., 1975) where propeller
load-induced vorticity shedding is described by
a trailing wake alignment model. In this
approach, valid for leading edge cavitation
attached to the blade suction side (partial sheet
cavitation), the cavity trailing edge region is
modelled via a closed—cavity scheme and the
cavity shape is determined by a free—cavity
length iterative technique. An extension to
supercavitation is presented in (Young &
Kinnas, 2003). Pressure pulses in the fluid
medium is accomplished by means of the
Bernoulli theorem once the velocity potential
field is known (Gennaretti et al., 1997).

An approximated derivation to isolate the
pressure field induced by the unsteady
cavitation is obtained by noting that any cavity
sheet over the blade surface affects the potential
field through an additional source distribution
known in literature as cavity source sheet,
whose intensity is governed by the cavity
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dynamics (Salvatore & lanniello, 2003). Other
simplified approaches typically used to predict
the tonal noise induced by the occurrence of
sheet cavitation on the blade(s) surface rely on
the use of a monopole model where propeller
lifting surface methods are coupled to the
solution of the Rayleigh-Plesset equation for the
detection of the cavitation volume change
(Okamura & Asano, 1998).

d) The Ffowcs Williams & Hawkings
Equation Approach - Linear Acoustics

Unsteady  flows  generate  pressure
fluctuations that partially propagate as acoustic
waves throughout the fluid medium. Lighthill's
acoustic analogy (Lighthill, 1952) separates
sound generation mechanisms from propagation
phenomena by arranging the flow governing
equations in the form of a wave equation;
through the use of generalized functions theory,
and by embedding the exterior flow problem in
unbounded space, the most general form of the
Lighthill's acoustic analogy recasts into the
Ffowcs Williams & Hawkings equation
(FWHE). In sheet cavitating conditions, a
widely used approach followed in the literature
(see for instance: Salvatore & lanniello, 2003;
Seol et al., 2005; Seol, 2013; Testa et al., 2018a)
is to predict the noise field through the standard
Farassat 1A formulation (Farassat, 2007). This
is where: i) the pressure distribution upon blades
is provided by a suitable panel code coupled
with cavitation modelling such as those briefly
mentioned in Section 6.2.2; ii) the bubble
dynamics exhibits its noise effect through the
variation of the blade shape during a revolution
or by imposing suitable boundary conditions on
the blade surface assumed as a porous,
undeformable body. The two aspects represent
the radiated noise by thickness-like effects
(Testa et al., 2018a) and embody the current
state of the art in this field.

In Belibassakis & Politis (2019), a numeri-
cal model is developed for the prediction of
noise generated from cavitating or non-
cavitating marine propellers operating in
unsteady inflow conditions in the wake of the
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ship. The hydrodynamic part is analysed by a
velocity-based vortex lattice method, providing
the unsteady pressure on the blades and
cavitation data. The latter are subsequently used,
in conjunction with Farassat formulation, to
calculate acoustic radiation from moving
surfaces and predict the acoustic spectrum at a
distance of several diameters from the propeller,
representing the source of marine propeller
noise. An approximate model is derived,
exploiting information and integrated data
concerning the time history of blade sheet cavity
volume and the unsteady blade thrust. The latter
are used to calculate the monopole and dipole
forcing terms of the acoustic equation and
derive the propeller acoustic spectrum in the low
and moderate frequency band. Also, the
directivity characteristics of the propeller noise
are calculated, and the effect of nearby
boundaries on underwater noise propagation are
presented comparatively to the omnidirectional
source assumption. In particular, the effect of
the free surface as a pressure release boundary
(Lloyd mirror effect), and of the ship hull,
treated as hard and soft boundary, are illustrated.

In Lampe et al. (2019), interaction prob-
lems arising from the modelling of the dynamic
behaviour of the flexible P1356 marine
propeller are presented. The fluid domain is
simulated through a potential theory based on
BEM with an additional model to take into
account sheet cavitation. The structural part of
the problem is handled by a high-order finite
elements method. Information exchange
between the respective sub-problems is
managed by a separate coupling tool which
employs the Quasi-Newton Least-Squares
method to provide a stable and efficient
computation method. Acoustic evaluation is
performed in a postprocessing fashion using the
Ffowcs-Williams Hawkings equation.

In the presence other cavitating phenomena
localized in the flow field (bubble cavitation, tip
vortex cavitation, etc.) the use of BEM is
inadequate and the need of using a CFD solver
is mandatory. However, the development and
the assessment of reliable two-phase
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hydrodynamic solvers is well far to be achieved
yet, making the prediction of cavitating
propeller noise more a hydrodynamic issue than
a hydroacoustic one. A brief description on
relevant papers concerning the use of CFD
solvers to provide the input data to the FWHE
for cavitating propellers is found in ITTC
(2017a).

6.1.3 Hydroacoustics
Coupling

by CFD-FWHE

To capture noise induced by the nonlinear
sources of sound occurring during the operating
conditions for non-cavitating propellers, the
FWHE for permeable surfaces is very attractive
because no volume integration is needed.
Starting from the identification of the sources of
sound by high-fidelity CFD tools over a
fictitious porous surface S that embeds all
nonlinear flow effects and physical noise
sources, the permeable FWHE vyields the noise
signatures outside S by solving an
inhomogeneous wave equation through the
Green function technique. However, its
drawbacks are: i) the need of accurate CFD
simulations as Large Eddy Simulation (LES) or
Detached Eddy Simulation (DES) methods; i)
the occurrence of spurious signals when
vortical/turbulent eddies pass through the
downstream end of the control surface (hamely,
the end-cap problem); & iii) the need of a careful
placement of the porous surface whose
dimension must be tailored to enclose all the
noise sources. Finally, for CFD finite-volume
based solvers relying on the dual (or pseudo)
time-stepping approach (Merkle & Athavale,
2012) the need of computations capable to avoid
boundary conditions reflections is mandatory
(Poinsot & Lele, 1992).

The end-cap problem is caused by truncation
of the source terms at the integration boundary.
From a physical standpoint, it is strictly related
to the differences between acoustic and
hydrodynamic pressure distributions that the
FWHE describes (as an exact rearrangement of
the Navier-Stokes equations). When vortical
structures pass across the permeable surface, the
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integral formulation used to solve the FWHE
radiates the hydrodynamic pressure field across
it as sound waves, because the free space
Green's function technique is applied to solve
the FWH-P problem. By including the
(neglected) volume term, these contributions are
cancelled-out through the Lighthill's stress
tensor.

In view of these issues, the use of the FWHE
for permeable surfaces is widely applied. For
instance, in lanniello et al. (2014), the radiated
noise of a complete scaled ship model using
incompressible RANS simulation and the FW-
H analogy is computed. The direct volume
integration and permeable FW-H approach were
both used. For the direct volume integration, the
averaged contribution of the turbulent
fluctuating velocity components to the Lighthill
stress was also included. Different permeable
surfaces enveloping the whole ship were
studied. Good correlation between the acoustic
pressures and the RANS pressure signals were
obtained.

Lloyd et al. (2014), compared two different
numerical solvers (ReFRESCO with porous
FW-H and EXCALIBUR with Kirchhoff
formulation) for the two-bladed model propeller
(S6666) in open water condition. The main aim
of the study was to verify the FW-H application
and investigate the behaviour of the porous
surface. It was observed that FW-H results show
good agreement with the measurement by
underpredicting the first harmonic, whereas
Kirchhoff formulation gives slightly better
estimation to FW-H formulation.

Lloyd et al. (2015b), investigated the
propeller hydroacoustic performance using
RANS with porous FW-H equation in open
water condition. In their study, different grid
structure configurations were analysed in order
to examine its effects on propeller
hydrodynamic and hydroacoustic performance
using the steady simulations for the receivers
located at the propeller plane. The numerical
results showed that both unsteady FW-H and
RANS pressures seem to suffer from some
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numerical disturbances which are attributed to
sliding interface or pressure correction methods.

Lloyd et al. (2015a), also examined the
propeller hydroacoustic performance using
RANS with porous FW-H formulation for two
receivers located downstream with two different
CFD codes (ReFRESCO and OpenFoam). The
effects of the permeable surface closure on the
propeller hydroacoustic performance were
investigated. Testa et al. (2018b) examined the
INSEAN E779A propeller using BEM and DES
with a porous FW-H approach under uniform
flow and non-cavitating conditions. The main
aim of the study was to show the capabilities of
BEM for propeller underwater radiated noise
predictions. Due to the absence of capturing the
turbulence-induced noise effects, BEM only
provides acceptable results in the vicinity of the
propeller (0.5-1D) and hence only tonal
components can be predicted.

Lidtke et al. (2016), used URANS and the
FW-H analogy to compute the tonal blade
passage noise of the PPTC propeller and used
LES (Large Eddy Simulation) and the FW-H
analogy for the noise generated by a hydrofoil.
In this case cavitation occurrence is simulated
using the Schnerr-Sauer model. It was
concluded that RANS is unable to accurately
account for cavitation dynamics and the
associated noise.

Lidtke et al. (2019), investigated the
INSEAN E779A model propeller underwater
radiated noise under non-cavitating and
cavitating conditions in the presence of a
wakefield with RANS and FW-H analogy. This
systematic study might be the first study to test
the capabilities of FW-H approach in the
realistic configuration in the maritime field.
Therefore, the main aim was to understand the
definition of the porous surface as well as
important parameters such as time step and grid
resolution. The results showed that the porous
surface definition is important for reliable
acoustic simulations.

Li et al. (2018), used DDES (Delayed Det-
ached Eddy Simulation) and the permeable FW-
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H approach to compute the radiated noise of a
full-scale ship and compared the results with sea
trial measurements.

In Cianferra etal. (2019) a numerical
computation of the acoustic field generated by
an isolated marine propeller, in open water is
addressed. The propeller  considered
corresponds to a benchmark case, for which
fluid dynamic data are available in literature and
online. The fluid dynamic field, which
represents the source of noise, is reproduced
through a LES solver, the small scales of motion
are modeled through the dynamic Lagrangian
model and a wall-layer model allows to avoid
the resolution of the viscous sublayer. The
acoustic field is reconstructed by the Ffowcs
Williams and Hawkings equation, which is
composed of surface and volume terms
indicating  different  noise  generation
mechanisms. By isolating each term
contribution, the paper shows that the shaft
vortex constitutes a considerable source of low
frequencies noise.

6.2 Guidelines for Coupled CFD-FWHE

From the above cited literature works and
referring to some relevant papers on jet-noise
such as Mendez et al. (2009), Mendez et al.
(2013) and Shur et al. (2005) where the use of
the permeable FWHE is mature, some useful
suggestions may be proposed.

Among them the optimal FWH surface
location should be fairly tight around the rotor
disk and the wake convected downstream. This
would lead to calculating noise by information
(only) from the high-quality region of the
calculus domain.

Further, both the magnitude of Lighthill's
source term and placement of the
vorticity/turbulent field downstream the rotor
disk should be used as good indicator of
correctness of the FWH surface placement; a
basic test would be to check that sound is not
strongly dependent on the surface used, in terms
of diameter and length.



Finally, a warning is made on the common
use of open porous surface to overcome the end-
cap problem. For observers downstream,
omitting the closure disk from the permeable
FWHE seems to yield slightly better results than
closed surfaces, especially in terms of
waveform. Note that several correction
techniques have been proposed to alleviate this
issue. Among them, the exit-flux concept
introduced in Wang et al. (1996) has been
successfully extended in Nitzkorski & Mahesh
(2014) to the FWH methodology for the end-cap
correction of porous surfaces in the near field.

For the sake of clarity Figure 45 depicts a
sketch of marine propeller enclosed by a
permeable  closed  cylindrical  surface.
Accounting for the above criteria and looking at
the contour plot of the L2 norm of the Lighthill
stress  tensor  distribution inside  the
computational domain, the porous surface size
(length and width), as well as the placement of
closure-end are well suited to compute the noise
induced by the propeller, in that outside the
acoustic surface the noise sources are negligible,
and no vortices cut its boundaries.

0.0201389_0.0371072

Lighthll L2 0

Figure 45. Sketch of FWH-P porous surface and contour
of the L2 norm of Lighthill stress tensor.

6.3 Structural borne noise

The noise caused by vibrating machinery
onboard is called structural borne noise due to
the fact that the vibrations are transmitted
through the ship structure to the outer plating
and emit as noise to the underwater
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environment. The most significant machinery
noise sources are diesel engines and turbines,
generators, propulsion gearboxes, and large
pumps.

Any machinery will create both vibration
and airborne noise. Figure 46 shows three main
paths for noise generated by machinery (Spence
et al., 2007). The first structure born path relates
to the vibration excitation of machinery on the
ship structures through the couplings between
the source and the structure. The vibrations are
carried out through the entire hull. The low
frequencies are controlled by the hull resonance
modes which also affect the noise directivity
(Arveson & Vendittis, 2000).

The secondary structure born path is excited
by the airborne noise that impinges at the
compartment boundaries and excite structures to
vibrate. The vibrations then propagate to the
outer plating causing underwater noise. The
airborne path describes the noise that passes the
ship’s outer plating directly. The airborne path
applies when the compartment containing
machinery source is directly adjacent to the sea.
When the machinery is located in the
compartment next to the outer plating, the
second structure born path has less significance
than the airborne path. When the machinery is
in inner compartments the situation is vice
versa.

Airborne Radiated Noise

2nd Structureborne Path =~~~

/ /A"borne Path \
/ ”:.’t‘Dlesel Engme ,'
3

! AL
Ship Structure

First Structureborne Path

Figure 46. Main paths of structural born noise. Figure
taken from Spence et al. (2007).
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The source levels of vibrations in diesel
engines usually scale as (power/weight)? (Fisher
& Brown, 2005). The heavy low speed diesels
have therefore lower source levels compared to
medium speed engines. However, medium
speed engines can be resiliently mounted which
decrease their noise excitation level to water.
Other well-known treatments to decrease
structural born noise levels are to mount single
or multiple items on a common floating deck,
use hull decoupling materials, cladding
treatments in machinery spaces, machinery
enclosures, and flexible piping solutions. Air
bubbling layers used to decrease flow friction
under the hull also decrease the structural born
underwater noise from the ship at a wide range
of frequencies.

Vibroacoustic models are used to predict the
structural born noise from ships. The models
have been developed in other application areas
and used for ships by specialist for dedicated
purposes. Only few papers exist in open
literature on vibroacoustics for underwater noise
from ships.

At low frequencies, say up to 100 Hz
depending on the size and complicity of the
structure, the vibrations are first solved
deterministic by FE method. The acoustic
radiation is then solved by boundary element
method (BEM) using the FEM solution as a
forced response boundary condition. The two-
step method is significantly less expensive
computationally than a strongly coupled FEM-
BEM solution.

At high frequencies from 500 Hz upwards,
depending on the structure, the vibration
behaviour is random. A statistical approach to
model the vibrations on a structure is then a
feasible choice. Statistical Energy Analysis
(SEA) employs statistical descriptions of system
components in order to simplify the analysis of
complicated vibroacoustic problems (Lyon &
De Jong, 1995).

In the frequencies between the feasible
frequency limits for pure FEM and SEA
approaches, a hybrid FEM/SEA approach can
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be utilized. FE and SEA subsystems are created
for the structure. The FE part can be a larger
system or a local junction between two SEA
subsystems. The coupling of the FE and SEA
methods are described in detail for example in
Shorter & Langley (2005a,b).

Not many papers are available in the open
literature about underwater structural born noise
from ships. Zhang et al. (2019) have published
a study where they compared different radiation
modelling methods for structural born noise of
an oil tanker. They compared different acoustic
radiation models at low and mid-frequencies
with the FE method, namely BEM, infinite
element method IFEM, and automatic matching
layer AML. The latter two ones require volume
mesh for the external acoustic field. All three
methods gave relatively similar results, but the
authors concluded that the FE-BEM hybrid
model is the most suitable one for engineering
purposes due to the lowest computational effort
and robustness. The authors also studied the
directivity of the noise at 50 m depth. The far
field was reached at a radius of about half of the
ship length around the vessel.

6.4 Noise propagation

Noise propagation models are used to
predict propagation loss due to surface and
bottom reflections, bathymetry, and celerity
profile. Propagation loss models were discussed
in detail already in the report of the 28" ITTC
specialist committee on hydrodynamic noise
and are not repeated here.

NPL (Wang etal, 2014) reviewed the
existing acoustic propagation models, see Table
10. The parabolic equation solution and the
normal mode solution represent the most
appropriate model choice at lower frequencies,
for high frequency computations ray tracing or
energy flux models are generally used.
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Table 10. Review of propagation models (Wang et al,
2014)

Shallow water -
low frequency

Normal mode

Shallow water -
high frequency

Deep water -
low frequency

Deep water -
high frequency

Ray theory Ray theory Ray theory

Normal mode Normal mode

Wave number Wave number
integration
Parabolic

equation

Wave number
integration
Parabolic
equation

Wave number
integration
Parabolic
equation

integration

Energy flux Energy flux Energy flux Energy flux

Green —suitable; Amber — suitable with limitations; Red — not suitable or applicable

Within the project JOMOPANS (the
Interreg Joint Monitoring Programme for
Ambient Noise North Sea), a wide range of
acoustic propagation model implementations
from the JOMOPANS project partners are
verified by means of a comparison of the output
for two well defined benchmark scenarios based
on the modelling scenarios developed for the
Weston Memorial Workshop (Binnerts et al,
2019). The model types considered are based on
energy-flux integration, analytical and
numerical mode solvers, parabolic equation
range step integration, ray tracking and
wavenumber integration. Recommendations on
the use of these models are given and limitations
are discussed. The acoustic metric considered is
the depth-averaged sound pressure level in one-
third octave (base 10) bands from 10 Hz to 20
kHz. The results show that the majority of the
tested models are in agreement for a range
independent  shallow water environment
providing a reliable benchmark solution for the
future verification of other propagation models.
The observed agreement gives confidence that
these models are correctly configured and able
to provide numerically correct solutions. For a
range-dependent environment however, a
significant uncertainty remains. The solutions
provided in this paper can be used as a reference
to select the optimal compromise between
reducing the computational complexity and
increasing the model precision for the
propagation of sound in shallow water.

Noise propagation models are commonly
used for noise mapping. Typically, the modelled
ranges are more than 10 km. For example, Cho
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etal. (2018) have modelled noise maps in
Korean waters by combining empirical formula
for source levels of ships, AIS data for shipping
density, and propagation modelling. The
transmission loss was calculated by a range-
dependent ray-based propagation model. The
authors found that the highest uncertainty in
their calculation was the empirical model
predicting the source level of ships. Halliday et
al. (2017) simulated a region affected by
underwater noise of a vessel in the western
Canadian Arctic in order to estimate the
potential impacts of underwater noise to whales.
The source level was measured in the sea area
and transmission loss was calculated by
propagation models. A coupled normal modes
model for a range-dependent environment (for
frequencies between 50 Hz and 1.5 kHz), and a
ray trace model (for frequencies between 1.5
and 24 kHz) were used in the study.

Propagation modelling can be used to
predict transmission loss also at distances
relevant in noise trials. Especially, the effect of
shallow water on noise source level analyses can
be estimated with propagation models. The
Bureau Veritas (2014) URN rule notifications
suggest as the first option to calculate the
transmission loss at the noise trials at low
frequencies (<1000 Hz) using a range
independent wave integration model, and at
higher frequencies (>1000Hz) a range
dependent ray trace-based model. One may also
use other models if appropriate validation
references are available.

Kozaczka & Grelowska (2018) have studied
noise propagation in shallow water of about 20
meters using the normal mode theory. The
authors have investigated the transmission loss
at distances from 100 to 10 000 meters from the
source. The paper investigates transmission loss
at frequencies between 200 and 1000 Hz, and
with different bottom sediment types. The
bathymetry in the sea area was flat. The effect
of shallow water on noise propagation is clearly
seen in the simulations.

Sipilda etal. (2019) measured the prop-
agation loss from noise measurements of an
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icebreaker. The noise measurements were
repeated at varying by-pass distances of the ship
and the measurement location. The propagation
loss was calculated from the measurements. The
water depth was about 25 meters in the
measurement area. There was a slope in the
seabed between the ship route and the
measurement location. The propagation loss
was also calculated using a range dependent
parabolic equation model. Figure 47 shows
comparison of geometrical transmission loss at
a range of frequencies determined from the
measurements and simulations. The two
approaches show similar behavior for the
transmission loss. The paper also studies the
effect of different bottom sediment type and
seabed slope on the transmission loss in shallow
water.

—e— Measurements
Simulations

25t
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Figure 47. Measured and calculated propagation loss
factor X , with propagation loss defined as X logio R, at
different frequencies determined for a distance of about
150 m. Figure taken from Sipild et al. (2019).

Gaggero et al. (2016) calculated the trans-
mission loss in shallow water to compare the
model test results of noise emitting from a
marine propeller to full-scale results. The
conclusion was that careful determination of
transfer ~ function in  model-scale and
transmission loss in full-scale is required to
make comparisons of source level at different
scales. However, more data is needed to gain
further confidence on the procedures and on the
complex mechanisms of cavitating propeller
noise generation.
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7. BENCHMARKING (MV)

The Specialist Committee on Hydrodynamic
Noise of the 29" ITTC was tasked to identify a
benchmarking case for model-scale underwater
radiated noise (URN) measurements. The
requirements for the test-case were that:

a. full-scale underwater radiated noise
measurements are available.

b. it is a representative merchant vessel.

C. the geometry and measurement data can
be shared with the whole ITTC
community.

In the present paragraph, the proposed
candidate ship is presented, reporting the
reasons for the choice (Section 7.1). In order to
setup the test matrix, two activities have been
carried out, i.e., a questionnaire among a list of
possible participants and some calculations
carried out by members of the Committee; the
results of both activities are summarised
(Section 7.2). Finally, the complete structure of
the proposed benchmark activity is described
(Section 7.3).

7.1 Proposed candidate ship

A review of possible benchmark cases for
model-scale noise measurements has been
carried out by the Committee in order to propose
a suitable candidate. The most relevant cases
considered are summarised in the following:

- Olympus (AQUO Project) — Coastal
Tanker - L =116.9 m — Displacement 13250 t —
Speed 14 kn — 1 CPP (D = 4.80 m): geometries
not available to all participants, only separate
agreements (ref.: Johansson et al, 2015; Tani et
al, 2016b)

- Nawigator (EFFORT and AQUO
Projects) — Research Vessel — L = 60.3 m —
Displacement 1150 t — Speed 13 kn — 1 CPP (D
= 2.26 m) (Ref.: Gaggero et al, 2016)

- Princess Royal (SONIC Project) -
Research Vessel (catamaran) — L = 18. 9 m —
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Displacement 40 t — Speed 20 kn — 2 FPP (D =
0.75 m) (ref.: Aktas et al., 2016Db)

- Princess Royal (SONIC Project)
propeller in open water conditions (Hydro
Testing Forum test case) (ref.: Aktas etal.,
2016a; Hallander, 2017; Lafeber & Lloyd, 2017;
Sakamoto et al., 2017; Tani et al., 2017; Tani
et al., 2020)

- Other cases were also considered, but
they were either lacking URN data (REGAL
used in LR CFD workshop), had noise measured
with hull mounted transducers only (Seiun
Maru), or URN measurements and geometries
could not be made publicly available (Combi-
Freighter)

Among the above mentioned cases, the
research vessel Nawigator XXI has been
selected, since it is the only case for which
hull/propeller geometries and measurement data
in full-scale can be shared with the ITTC
Community. Moreover, Nawigator has a hull
form and a propeller geometry that is
representative of a merchant vessel. Therefore,
despite its relatively small size, this ship is
considered the best candidate for the benchmark
activity.

In the following, a brief outline of the ship
characteristics and the measurements available
in full-scale is reported.

7.1.1 Ship characteristics

In Figure 48 a photograph of the ship is
reported, while main ship characteristics are
listed below.
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Figure 48. Nawigator XXI Research Vessel.

e Ship name: Nawigator XXI

Type / Year of building: Research Vessel
built in 1998

Owner: Maritime University of Szczecin
Length overall: 60.3 m (LOS)

Beam: 10.5m

Draft: 3.15m

Displacement: about 1150 t

Speed: 13 kn (max)

Propulsion plant and other machineries
characteristics are listed below:

e 1 Controllable Pitch Propeller (CPP), D =
2.26 m, P/D(design) = 0.942, 4 blades

e Main Engine: SULZER Cegielski 8520D (4
stroke, 8 cyl L) resilient mounted, 1120 kW,
900 RPM, reduction rate: 3.75

e Auxiliary Engines: Caterpillar SR4: (4
stroke, 8 cyl L) resilient mounted, 2 x 240
kW + 1 x 85 kW, 1500 RPM

e Bow thruster: 110 kW, abt. 500 RPM

(propeller)

7.1.2 Full-scale measurement campaign

URN measurements at sea have been carried
out during the EU-FP7 AQUO project; the
campaign took place in the Baltic Sea and the
following data were recorded:

Power, rpm, pitch, speed over ground
Cavitation observations

Vibrations

URN

Pressure pulses
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Measurements have been performed at one
ship draught (namely, 3.2 m at stern, 3.15 m at
bow), mainly varying pitch at constant RPM (8
different pitch settings); in addition to this, in
correspondence to one pitch setting two
different propeller RPM have been considered
(navigation and maximum)

It has to be kept in mind that the
measurement ~ campaign  presents  some
shortcomings. In particular, information on
blade pitch angle is only obtained from the
bridge, thus there is some uncertainty on the
exact value. Moreover, cavitation photographs
using hull windows are available, but the quality
is not enough to capture correctly the cavity
extents. Finally, the URN measurements have
been performed in shallow (24 m) water,
requiring the use of a computational method to
convert the radiated noise levels to source
levels.

For what regards possible conditions of
interest, considering the whole set of
measurements, the signal to background noise
ratio of the URN measurements is acceptable at
maximum speed condition (maximum RPM)
and for the conditions with lowest pitch tested.
Model tests carried out during the AQUO
project (propeller at UNIGE cavitation tunnel
behind wake screen) suggest that in
correspondence to maximum speed condition
attached tip-vortex cavitation is present, plus
very limited sheet cavity at tip, as reported in
Figure 49; in correspondence to the lower pitch
condition pressure side cavitation is present (tip
vortex, vortex from sheet face and pressure side
sheet cavitation)
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Figure 49. Cavitation observations at UNIGE cavitation
tunnel (max. speed condition) (Gaggero et al., 2016).
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Figure 50. Model-scale vs Full-scale measurements
(Gaggero et al., 2016).

Notwithstanding  the  above-mentioned
shortcomings, a good agreement between model
tests and sea trials has been obtained, as reported
in Figure 50. Therefore, the Committee
considered it worthwhile to proceed with this
candidate, keeping in mind that comparison
between results of different cavitation test
facilities is an important aspect of the
benchmarking study.

7.2 Definition of the test matrix

In the following paragraphs, the results of
the questionnaire and numerical calculations
conducted by the Committee with the aim of
defining the most suitable test matrix for the
benchmarking activity are summarised.
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7.2.1 Questionnaire

A questionnaire was circulated among
possible participants to the benchmark activity,
in order to get an insight into the number of
facilities interested and the extent of their
possible involvement in terms of number and
complexity of tests.

The questionnaire obtained 20 answers, with
19 facilities confirming their interest in the
benchmark activity. The Committee considers
this result very encouraging in view of the
forthcoming activity, with a large interest spread

basically over the entire model testing
community.
In particular, two conditions ? were

indicated as “mandatory”, as follows:

e Condition A: 79% pitch and max shaft rate
(860 RPM) / full-scale data available

e Condition B: 79% pitch, identical propeller
loading (thrust coefficient value) as
Condition A, but reduced cavitation number
in order to enlarge sheet cavitation extent
(together with tip—vortex cavitation) / no
full-scale data available.

In addition to this, participants were asked to
indicate their possible interest on different
additional tests (e.g., at lower pitch®, with
reduced propeller loading, in different wakes).

Among the participants which provided a
positive response, the following answers to
specific questions were given:

e 100% agreed with the
“mandatory” conditions.

e 12 participants (63%) expressed interest in
carrying out tests at reduced pitch; among
these, 3 participants indicated the interest on
the use of one additional pitch, 3 on two
additional pitches, only one was in favour of

more than two additional pitches; moreover,

proposed

2 For both conditions, tests have to be carried out
reproducing ship wake (directly with models or with wake
screens).
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some participants proposed to use CPP
model and not different FPP models in order
to limit costs.

e 17 participants (89%) expressed interest in
carrying out tests at constant pitch and
reduced Kr; this kind of test of course does
not reproduce the same phenomenon but has
the advantage of investigating pressure side
phenomena with low additional cost.

e 12 participants (63%) expressed interest in
carrying out tests in open water condition;
among these, all participants indicated
interest in tests without shaft inclination, 6
participants indicated interest in
investigating inclined shaft conditions
(about 4° plus an higher inclination, with
variable values); 1 participant indicated
interest in testing propeller in pulling and
pushing condition.

e Among facilities which use wake screens to
reproduce the ship wake, 8 participants
(42% of the total, 73% of facilities using
wake screens) expressed interest in
reproducing in addition to the full-scale
wake also the model-scale wake.

Further possible interesting investigations
suggested by some participants included the
possibility to use the smart dummy concept
(Schuiling etal., 2011), to also measure
propeller-induced hull-pressure fluctuations,
and to increase the number of conditions in
order to investigate tip vortex - sheet cavitation
interactions.

Finally, considering all the participants
(including the single negative answer), 58%
confirmed to have an established procedure to
determine the facility transfer function; this
result confirms that this practice is becoming
widespread, despite further efforts are still
needed in order to make it a standard procedure
for almost all facilities.

13 Considering that a new propeller model for each
additional pitch angle has to be manufactured to avoid
uncertainties in the pitch setting.
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The results of the questionnaire have been
utilised in order to propose the conditions for the
benchmark activity.

7.2.2 Numerical calculations
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Figure 51. Cavitation predictions @ condition Al with
RANS code (courtesy of CSSRC).

In order to establish the conditions for the
benchmarking activity, a series of numerical
calculations have been carried out. In particular,
Marin and UNIGE used BEM potential codes
and CSSRC used a RANS code. The results of
these calculation have been used to decide
further conditions with respect to those tested at
full-scale, reducing and increasing load to
stimulate pressure side cavitation and increase
suction side cavitation extent respectively.
Moreover, calculations allowed to suggest a
condition with very limited cavitation (slightly
below inception) at rather large cavitation
number.

Specialist Committee on Hydrodynamic Noise

In Figure 51 and Figure 52 results in
correspondence to condition Al only are
reported. Numerical results confirm the
expected extent of cavitation reported in Figure
49, with lower extent predicted by RANS
calculations and higher extent predicted by
BEM calculations.
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Figure 52. Cavitation predictions @ condition Al with
BEM code (courtesy of UNIGE).

7.3 Proposed benchmark

Considering the results of the questionnaire
and of the numerical calculations, the
Committee proposes the following conditions
for the benchmark activity, as summarised in
Table 11.
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Table 11. Proposed test-conditions for the Nawigator
XXI benchmarking studies.

Condition | P/ID | Kt | on Type
(tip)

A1l 0.91 | 0.22 | 2.79 | Mandatory

A2 091 | 0.26 | 2.79

A3 091 1022 | 4.2

A4 0.91 | 0.08 | 2.79 | Suggested

B1®® 0.464 | 0.08 | 3.58 | Additional
(lower
pitch)

C1 0.91 | 0.22 | 2.79 | Additional
(uniform
C2 091 | 0.26 | 2.79 | flow, no

shaft
C3 0.91 | 0.22 | 4.07 inclination)

C4 0.91 | 0.08 | 2.79

D1 0.91 | 0.22 | 2.79 | Additional
(uniform
D2 091 1026|279 | flow, 8°

shaft
D3 0.91 | 0.22 | 4.07 inclination)

D4 0.91 | 0.08 | 2.79

El 0.91 | 0.22 | 2.79 | Additional

(wake
E2 0.91 | 0.26 | 2.79 | sensitivity

study)

E3 0.91 | 0.22 | 4.07

E4 0.91 | 0.08 | 2.79

4 For this condition full-scale measurements are
available; propeller revolution rate at full-scale was 230
RPM, with a correspondent o (shart) = 3.09
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The test-conditions consist of:

e  Three “mandatory” conditions (condition A
indicated above, named Al, condition A2
obtained with higher loading at constant
cavitation number, condition A3 with
reduced cavitation, near inception)

e One “suggested” condition (condition A4
with reduced loading at fixed pitch)

e Possible “additional conditions™, such as:
- tests at reduced pitch (31% in order to
have reference full-scale tests), with a
dedicated FPP model  (condition B1)

- tests in open water: basic tests with no
shaft inclination (conditions C1-C4) plus
additional tests at large shaft inclination,
suggested value 8° (conditions D1-D4)

- for smaller facilities using wake screens,
additional tests with model-scale wake
(conditions E1-E4

The tests must be performed according to
normal procedures by all participants. For
conditions Al-A4 and Bl the complete hull
model or smart dummy will be used for larger
facilities, dummy models or wake screens for
smaller facilities. In the case of wake screens,
the full-scale wake will be reproduced. For
conditions E1-E4 (smaller facilities only), the
model-scale wake will be reproduced.

Some further remarks must be considered
when the benchmarking activity will be
undertaken:

e in correspondence to lower pitch (condition
B1), possible further conditions might be
tested.

e for cases “C”, “D”, “E”, all conditions
proposed for case “A” are -currently
reproduced in the table, however the number
of tests could be reduced.

15 For this condition full-scale measurements are
available; propeller revolution rate at full-scale was 203
RPM, with a correspondent o (sharty = 3.96
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8. SUMMARY AND CONCLUSIONS

The conclusions of the 29" Specialist
Committee on Hydrodynamic Noise are
presented here, ordered by the Terms of
Reference.

1. An outline of the ITTC model-scale
guidelines has been submitted to the IMO by
the ITTC secretary in December 2017
without input from the Specialist
Committee. The URN of shipping has until
the moment of writing not been on the
agenda of IMO MEPC meetings, even
though a submission by Canada, Australia
and the US, supported by the EU, asked for
action. Therefore, the Specialist Committee
did not consider another submission by the
ITTC to be of value to the community within
IMO.

2. Some progress on full-scale URN
measurement procedures has been made,
with an ISO regulation for shallow water
noise measurements still in development. At
present, a total of six classification societies
have rules on URN emission with URN
limits, some of which include procedures for
the noise measurement in shallow water.
Within the EU several URN monitoring
programs have started in order to measure
the present ambient noise levels in European
waters needed for compliance with the Good
Environmental Status. Some Canadian
harbours have introduced measures to
promote quieting ships which has resulted
into an increase of the number of ships that
hold an URN class.

3. A review of the recent published literature
on model-scale noise measurements has
been made in the areas of

Facility reverberation: It appears that in the
last years sufficient information has become
available to measure and apply transfer
functions. The Committee thus recommends
that the determination of facility transfer
functions becomes mandatory if the source
level is to be determined. It should be noted
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that some issues are still present which need
to be further studied.

Tip-vortex scaling: Methods to account for
the effect of Reynolds number on vortex
cavity size and on the underwater radiated
noise in model tests are proposed in the
literature but further validation studies are
required.

Water quality: There is a general
acknowledgement of the significance of
water quality on cavitation behaviour and
noise propagation, but this is generally not
quantified. There is ongoing interest in the
further development and application of,
particularly optical based, techniques for the
measurement of nuclei size distribution.

Measurement techniques: Further progress
has been made with respect to transducer
calibration and in the use of pressure
sensors, hydrophone arrays and dedicated
signal processing techniques. Adding
uncertainties in decibels of a measurement
chain for noise measurements should be
done with care.

Benchmarking activity (HTF round robin
test for a propeller in open water):
Discrepancies between different facilities
can be as high as 10 dB.

Validation studies for propellers operating
behind a ship hull: It is found that full-scale
noise levels can be predicted within 5 to
10 dB by model-scale tests.

Progress on computational prediction
methods has been made, especially in
modelling  cavitation and turbulence
structures in the flow field. Guidelines to
couple CFD with FWHE are given to
capture the relevant noise sources and to
omit spurious noise in the simulations.
Semi-empirical models predict noise from
different cavitation patterns so appropriate
combination of models is needed to deal
with the whole spectrum of URN. Data
driven models seem a promising option for
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cavitation noise predictions but should be
applied carefully. Vibroacoustic models are
used to predict the structure born noise from
ships. The models are used by specialists for
dedicated purposes and there is a limited
number of papers in open literature. The
models have matured from other application
areas. Propagation loss models give more
insight to propagation loss at different
frequencies in shallow water (and in deep
water). The approach seems promising and
is recommended by Bureau Veritas for noise
measurement analyses in shallow water. The
propagation loss models are not yet widely
used for ship source level determination but
are more commonly used for noise mapping.

. A review of possible benchmark cases for
model-scale noise measurements has been
carried out. Among them, the research
vessel Nawigator XXI (considered during
AQUO project) has been selected. As
requested, hull/propeller geometries and
measurements data in full-scale can be
shared with the ITTC Community.
Nawigator XXI ship has a hullform and
propeller geometry that is representative of
a merchant vessel, despite having a small
size (L = 60.3 m — Displacement 1150 t).
The ship has a maximum speed of about 13
kn and is equipped with 1 CPP (D = 2.26 m).

A proposal for test conditions to be
considered is presented by the Specialist
Committee, considering also the results of a
questionnaire among potential participants
to the benchmarking activity and of ad hoc
numerical calculations. The proposed
conditions include minimal required tests
corresponding to maximum speed at sea
trials plus conditions with increased and
decreased suction side cavitation and a
condition with pressure side cavitation.

The guideline 7.5-02-01-05 for model-scale
noise measurements has been updated,
particularly with regards to facility
reverberation and the facility transfer
function describing the relation between
acoustic source levels and measured

50

Q.
The

Specialist Committee on Hydrodynamic Noise

radiated noise levels. New methods to
account for the Reynolds number scaling of
tip-vortex cavitation have been described.
Note that guideline 7.5-02-01-05 has been
renumbered to 7.5-02-03-03.9.

The guideline 7.5-04-04-01 for full-scale
noise measurements has been updated,
particularly with regards to class rules on
URN and corrections for the Lloyd-mirror
effect.

RECOMMENDATIONS

29th  Specialist ~Committee  on

Hydrodynamic Noise recommends adopting the
following guidelines:

ITTC guideline 7.5-02-01-05: Model-Scale
Propeller Cavitation Noise Measurements.

ITTC guideline 7.5-04-04-01: Underwater
Noise from Ships, Full-Scale Measure-
ments.

The recommendations for future work are:

To organize the proposed round-robin test
case.

Further monitor and investigate specific
aspects of model-scale noise measurements
including reverberation, tip vortex scaling,
water quality and the effect on uncertainty.

Continue monitoring progress on shipping
noise measurement procedures for shallow
water and regulations as developed by 1SO,
classification societies and regulatory
agencies.

Continue monitoring progress on ship noise
prediction by computational methods with
emphasis on the prediction of cavitation
noise using CFD methods and methods such
as data driven models and machine learning
techniques, and noise  propagation
modelling, especially for shallow waters.
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Appendix A: Review of rules on full-scale noise measurements
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than 20 cm off bottom
adjustment Deep: none
Nurmber of 6 port + 6 starboard, 2 at
passes 1 port + 1 starboard each of 3 CPA distances 2 port + 2 starboard 2 port + 2 starboard 2 port + 2 starboard 1 port + 1starborad 2 port + 2 starboard 2 port + 2 starboard
ey Commercial vessels:10
Hz to 50 kHz
10 Hz to 100 kHz 10 Hz to 50 kHz 10 Hz to 40 kHz 10 Hz to 100 kHz ’ 10 Hz to 50 kHz 10 Hz to 20 / 50 kHz IRED ISl
range Research vessels: 10 (depending on grade)
Hz to 100, 000 Hz
Vst Transit 80% MCR According b fhe contract E{W'Cﬁ“s’h%% ’V"CRh
esse ccording to the contrac esearch vessels: Transit 85% MCR 11 knots(L>50
Quiet Cruise: 11 knots for { specifications o, by Not specified knots; Seismic vessels 5 ranst } nols{L>60m), not specified not specified
speed L>50 m;8 knots for L<560 default, at NCR. knots; DP mode: 40% Quiet 3.1 m/s +0.0084L | 8 knots (L<60m)
(o nominal load
Measurement ] RNL(part 1)
RNL (modified) RNL RNL MSL RNL(modified) RNL RNL
Result type MSL(part2)

L= Overall ship length; h= Water depth; RNL= Radiated Noise Level; MSL= Monopole Source Level; MCR= Maximum Continuous Rating
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