INIC

INTERNATIONAL
TOWING TANK
CONFERENCE

ITTC — Recommended
Procedures and Guidelines

7.5-02
-03-03.9
Page 1 of 26

Model-Scale Propeller Cavitation Noise Effective Date | Revision

Measurements

2021 02

ITTC Quality System Manual

Guideline

Recommended Procedures and Guidelines

Model-Scale Propeller Cavitation Noise Measurements

7.5
7.5-03
7.5-03-03

7.5-03-03.9

Process Control
Propulsion

Cavitation

Model-Scale Propeller Cavitation Noise Measurements

Disclaimer

All the information in ITTC Recommended Procedures and Guidelines is published in good faith. Neither ITTC
nor committee members provide any warranties about the completeness, reliability, accuracy or otherwise of this
information. Given the technical evolution, the ITTC Recommended Procedures and Guidelines are checked reg-
ularly by the relevant committee and updated when necessary. It is therefore important to always use the latest

version.

Any action you take upon the information you find in the ITTC Recommended Procedures and Guidelines is
strictly at your own responsibility. Neither ITTC nor committee members shall be liable for any losses and/or
damages whatsoever in connection with the use of information available in the ITTC Recommended Procedures

and Guidelines.

Edited /Updated Approved

Specialist Committee on Hydrodynamic noise

of the 29" ITTC

29" ITTC 2021

Date 05/2020

Date 06/2021




: ITTC — Recommended 3-35—00329
I I Ii Procedures and Guidelines Page 2 of 26
INTERNATIONAL Model-Scale Propeller Cavitation Noise | Effective Date | Revision
TOWING TANK 2021 02
CONFERENCE Measurements
Table of Contents
L PURPOSE OF THE GUIDELINE 3 2.6.3 Typeofsignal........cccoerennnnnenn. 13
o T T T T 2.6.4 Position of projector ................... 13
2. MODEL-SCALE EXPERIMENTS ON 2.6.5 Testing conditions, including air
PROPELLER CAVITATION NOISE 3 CONEENE ..o 13
2.1 TSt SEt-Up ......oooverrrrvieierrererieisnnee 4 2.6.6 Free surface effects .......ccsveve 14
2.1.1 Propeller model........c..cccocvvevvrvnnens 4 2.6.7 Further general considerations.... 14
2.1.2 Wake generation ............cccceevennne. 4 2.7 Other Items ..., 14
2.1.3 Hydrophones...........cccccoevvveenrannn, 5 2.7.1 Air contents, cavitation nuclei and
2.2 Test ConditionS.......cccccevvveveverveiennnnn, 6 272 Icaf\llltatlon S:i?'“iatlon """""""" 12
22.1 Propeller loading condition........ 6 .7.2 Influence of blockage .................
2.2.2 Cavitation number.............ccoue.ee.. 6 SCALING METHODS ...oooiii 16
2.3 Overall Instrumentation ................... 7 3.1 General Scaling Method ................. 16
231 Introduction.: """"""""""""""""" ! 3.2 Scaling Method of the Spectrum
2.3.2 Test preparation ...........ccccovvvrvennen. 8 Tonal Frequencies .........ccoceeeveanee. 17
2.4 Background Noise Measurements....8 3.3 Scaling Method of Tip Vortex
25 Data Acquisition and Processing '''''' 8 Cavitation .......coovveevveeiieee e 18
2.5.1 Measured quantity and presentatiog REVIEW OF PARAMETERS. ... . 19
252 Data acquisition system and 4.1 Parameters to be Taken into Accou;g
frequency analysis.........ccc.ceevenen. e
2.5.3 Correction for background noise 10 UNCERTAINTY AND VALIDATION
2.5.4 Distance normalisation ............... 10— 19
2.6 Acoustic Transfer Function of 5.1 Sources of Uncertainty and
Facility ...coooveeieeee e, 11 Variability ......cccooovviiiiiece, 19
2.6.1 Characterisation of transmitting 5.2 Uncertainty Analysis............c......... 20
chain, including TVR................. 12
5.3 Benchmark TestS........cccccevverviinnnnen, 21

2.6.2 Type of sound projector.............. 12



2 ITTC — Recommended o
I I Ii Procedures and Guidelines Page 3 of 26
INTERNATIONAL Model-Scale Propeller Cavitation Noise | Effective Date | Revision
TOWING TANK
CONFERENCE Measurements 2021 02
Model-Scale Propeller Cavitation Noise Measurements
e 7.5-04-04-01: Underwater Noise from

1. PURPOSE OF THE GUIDELINE

The purpose of the guideline is to ensure
consistent and reliable noise measurement re-
sults of cavitating propellers in model-scale fa-
cilities. The noise measurements are usually
performed in order to predict the full-scale
acoustic source level of the cavitating propeller
with respect to the underwater radiated noise for
a wide range of frequencies.

The guideline focuses on propeller cavita-
tion noise measurements but is also applicable
for noise due to other forms of cavitation such
as e.g. rudder cavitation. Noise measurements to
determine the acoustic source strength of the
propeller for non-cavitating flow are not de-
scribed by this guideline.

Note that in 2020 the identification number
of the ITTC guideline on Model-Scale Propeller
Cavitation Noise Measurement has changed
from 7.5-02-01-05 to 7.5-02-03-03.9.

Due to the focus on propeller cavitation
noise, other ITTC procedures and guidelines re-
lated to model tests involving cavitating propel-
lers are relevant as well. In particular, the fol-
lowing procedures and guidelines are of im-
portance:

e 7.5-02-03-03.1:
Tests

e 7.5-02-03-03.3: Cavitation Induced Pressure
Fluctuations, Model Scale Experiments

e 7.5-02-03-02.5: Experimental Wake Scaling
Methods

e 7.5-02-03-03.2: Description of Cavitation
Appearances

Model-Scale Cavitation

Ships. Full-Scale Measurements.

The difference between hull-pressure fluctu-
ation measurements and noise measurements is
that pressure fluctuations are typically measured
on the ship hull in order to investigate the risk
for inboard noise and vibration. The pressures
are measured in the low frequency range (be-
tween 1% and 5™ to 20" blade rate frequency).
Noise measurements are typically performed up
to high frequencies (e.g. 100 kHz model scale)
with the goal of determining the source levels
for the far field underwater radiated noise.

Additional information on noise measure-
ments can be found in the ITTC Proceedings and
final reports by the 27", 28" and 29" Specialist
Committee on Hydrodynamic Noise (2014,
2017, 2020). The 2014 and 2017 reports also re-
view the responses of surveys on both full-scale
and model-scale noise measurements.

2. MODEL-SCALE EXPERIMENTS ON
PROPELLER CAVITATION NOISE

Model-scale experiments involving noise
measurements of cavitating propellers are usu-
ally performed using one or more hydrophones
mounted in the test facility in which the propel-
ler is tested. Test facilities vary between variable
pressure water tunnels and circulating water
channels with a free surface in the test-section to
a depressurized towing tank. The water tunnel
and channel will both be referred to in this doc-
ument as a cavitation tunnel.

Whereas the propeller is always tested at ge-
osim conditions, the ship model, generating the
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wake field in which the propeller operates, may
deviate from geometric similarity.

2.1 Test Set-Up

2.1.1 Propeller model

The size of a model propeller should be de-
termined, within the capacity constraint of the
test facilities and within an acceptable range of
test-section blockage, to achieve the highest
possible Reynolds number. A high Reynolds
number is beneficial in achieving turbulent flow
on hull and propeller, and for the inception of
cavitation. The accuracy of the propeller geom-
etry should be according to ITTC procedure 7.5-
01-02-02:2005 which specifies that the offsets
of the blade sections should be in the range
+ 0.05 mm with the typical propeller diameter
used for cavitation tests in the range between
180 and 300 mm. Model propeller blades are
usually made of strong aluminium alloys or
brass. Special care on manufacturing accuracy is
needed in order to avoid cavitation occurrence
sooner than expected. A thrust to disc area load-
ing of about 4 kPa/blade is a useful upper limit
value for strength considerations. For a control-
lable pitch propeller, it is also very important to
set the pitch within 0.5% of the design pitch.

2.1.2 Wake generation

The propeller operates in the wake of the
ship hull which leads to load variations of the
propeller blade. These load variations lead to
cavitation inception and cavitation dynamics
which give rise to cavitation noise. It is the load
variation that needs to be correctly modelled in
the cavitation test facility, which is accom-
plished by applying the correct wake field.

Relevant scaling parameters for the ship
wake are the Reynolds number and the Froude
number. The dependency on the Froude number
is related to the influence of the free surface
wave height on the wake field which can be im-
portant for some types of ships and for ships in
ballast condition but in general the influence is
small. The Froude similarity also gives a similar
vertical gradient of the cavitation number as at
full-scale which is further discussed in Section
2.2.2. The most important scaling parameter is
the Reynolds number which determines the
thickness of the boundary layer and the for-
mation of vortices on the ship hull. However,
similarity of Reynolds number cannot be ob-
tained in model test for practical reasons. In or-
der to minimize Reynolds scale effects, the
product of ship model length and tunnel speed
should be as high as possible.

In large cavitation test facilities, the current
practice is to test the propellers with the com-
plete hull geometrically scaled. However, there
is also the possibility to use a modified hull ge-
ometry to make the wake field at the propeller
plane closely resemble the full-scale wake. It
can be useful on twin screw ship for which the
blades in the upper position are working in the
ship hull boundary layer because the boundary
layer thickness relative to the propeller diameter
at model scale is different than at full scale. For
single screw ships it is especially the aft part of
the hull lines that determines the propeller in-
flow. This part can also be modified in order to
generate a wake field that closely resembles the
full-scale wake field.

The accuracy of the ship model should be ac-
cording to ITTC procedure 7.5-01-01-01. In
general, the model is also used for resistance and
propulsion tests, but it should be noted that the
model in the cavitation facility is typically tested
at higher velocities and that the loading will
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therefore be higher. The model shall be
equipped with all appendages and turbulence
stimulators that may influence the propeller in-
flow. If observation windows or borescopes are
used for cavitation observation, they should not
influence the propeller inflow. The recom-
mended value for the maximum blockage of the
ship model in the test-section is about 20%.

In smaller cavitation tunnels, one may use
wire screens, possibly in combination with
dummy models. The reference wake field is in
general the nominal wake field measured in a
towing tank, but it is recommended to use the
full-scale nominal wake field obtained by ex-
trapolating the model-scale wake field or by us-
ing CFD. More information on wake scaling
methods can be found in the 26" ITTC proceed-
ings of the Specialist Committee on Scaling of
Wake Field (2011). For the generation of the
wake field, the following cases can be distin-
guished:

e A wire screen mesh is typically applied in
tunnels with small test-sections and is a suit-
able and practical method when the axial ve-
locity distribution is to be generated. They
are not effective in simulating the tangential
and radial velocity distribution. Disad-
vantage of wire screen meshes is that they
may vibrate and cavitate which increases the
background noise.

e A dummy model possibly in combination
with wire screens is typically applied in me-
dium size test-sections.

e For twin screw ships, the inclined shaft,
brackets and bossing can be mounted in
small to medium size test-sections. Attention
should be paid to vortex formation at the
bossing where the shaft protrudes the hull as
this vortex may enter the propeller plane

For all cases it is recommended to include
the (stern) appendages, i.e. rudder and struts, if
present, at the correct location. The quality of
the generated wake with respect to the target
wake should be assessed using wake field meas-
urements. Depending on the configuration one
may measure the axial velocity component only,
the axial and tangential velocity component or
all three velocity components.

2.1.3 Hydrophones

Usually commercially available hydro-
phones of piezoelectric type are used for meas-
urement of underwater sound pressure levels in
a test facility. The sensitivity should be as high
as possible but is a compromise of the dimen-
sions and the usable frequency range. A built-in
integrated preamplifier is advantageous to re-
duce electronic noise of the measurement chain.
Depending on the integration situation, either
flush mounted or omni-directional type of hy-
drophone shall be used. The usable frequency
range starts from about 1 Hz and the upper limit
is at tens of kHz or even above 100 kHz. The
maximum operating pressure for most of the hy-
drophones varies between 40 and 100 atm
which is in excess of that required for model test
facilities. Little information is available on the
minimum operating pressure, which is mainly
obtained by practical experience of specific hy-
drophones at the operating conditions of the test
facility.

The sensitivity of the hydrophones shall be
periodically calibrated with respect to the man-
ufacturer’s reference, e.g. by use of a hydro-
phone calibrator.

In the facility, at least one hydrophone
should be located at the propeller plane. Addi-
tional hydrophone positions up- and down-
stream, as well as abeam, should be included if
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feasible to augment acoustic testing. Hydro-
phones should preferably be installed in one of
the following ways:

e In a large or medium sized chamber with
acoustic treatment below the test section
Outside of the walls or windows

Flush to walls or windows

To arake in the flow

Inside the basin

The stand-off distance to a window or wall
should be at least 0.2 m and is typically in the
range from 0.3 mto 1 m.

Hydrophone arrays enable noise measure-
ments with high directivity to scan the model to
identify local noise source regions and should be
used if permitted by facility capabilities and
testing budget.

2.2 Test Conditions

In a cavitation tunnel/towing tank facility,
the model test conditions should satisfy the
same propeller working conditions as predicted
for the full-scale ship. The two basic parameters
of a propeller operating conditions are:

e Propeller loading Kr
e Cavitation number o

2.2.1 Propeller loading condition

The propeller loading at the predicted full
scale Kt or Kq (thrust (T) or torque (Q) identity)
is obtained through the kinematic condition for
J = Va/(nD). Here, Va = propeller speed of ad-
vance, D = propeller diameter (m), n = rota-
tional speed (1/s), Kt = T/(pn?D*), and Kq =
Q/(pn?D®) where p is the fluid density.

Usual practice in a cavitation tunnel is to sat-
isfy the thrust or torque identity by varying the
revolution speed of the propeller at a given flow
speed at which the hull wake has been measured.

2.2.2 Cavitation number

The facility pressure needs to be adjusted to
obtain the correct full scale cavitation number
o= (po -pv)/(1/2pV?rer); Where po = total static
pressure consisting of atmospheric pressure plus
submergence depth pressure taken to a reference
location on the propeller blade, py is the vapour
pressure and with the reference velocity Vi
taken as Va, nD or znD. The reference submerg-
ence depth used in the calculation of the cavita-
tion number is usually taken at a point approxi-
mating the centre of the expected cavitation ex-
tent. This point is usually in the upper part of the
disk, such as 0.7R, 0.8R or 0.9R above the pro-
peller centreline although the propeller centre-
line is also used for cases with e.g. high shaft
inclination where the maximum cavitation ex-
tent is occurring at 90 or 270 deg. If the refer-
ence velocity is based on the revolution speed n,
there is then no need for the free-stream flow
speed to be representative of the ship speed. This
Is very convenient for cavitation tests and espe-
cially for dummy hull type testing configura-
tions.

Inclusion of the effect of stern wave heights
can be determined based on discussions with
customers and/or experience of the model basin.

For Froude-scaled cavitation testing in a fa-
cility with a free surface, such as a depressurized
towing tank or a free surface circulating water
channel, the results of a Froude scaled powering
test in a towing basin may be used directly to set
the propeller RPM and ship speed for the vari-
ous operating conditions of the experiment. It is
noted that the usual procedure for scaling model
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powering results to full-scale is based on satis-
fying the thrust loading coefficient at full-scale
Reynolds number, which is equivalent to a
thrust identity approach.

It is recommended to perform additional
tests with off-design load conditions to check
the sensitivity of the noise measurements to
changes in operational setting.

If the noise is dominated by tip-vortex cavi-
tation, reduction of the cavitation number may
be applied to correct for the Reynolds number
scale effect on the inception of vortex cavitation.
Such a reduction of the cavitation number is re-
quired if the vortex does not cavitate in the
model test whereas, for example based on a cav-
itation inception test, a cavitating vortex is ex-
pected at full scale. This topic is further dis-
cussed in Section 3.3.

Noise measurements shall be supported by
additional investigations like cavitation obser-
vation, cavitation inception and/or hull pressure
pulse measurement.

2.3 Overall Instrumentation

2.3.1 Introduction

The requirements for measurements and in-
strumentation for noise testing fall into two
main groups. The following lists identify the pa-
rameters to be measured and give special notes
about the instrumentation [in brackets].

Basic Test Measurements

Parameters that are ‘required’ to be meas-
ured include:

o facility flow velocity Vg,
e facility static pressure p;

e propeller thrust and torque T, Q;
o propeller rotational speed n;

e water temperature t;

e air or oxygen saturation index .

In the category of ‘recommended’ falls

e Cavitation nuclei number and size distribu-
tions. The recommended technique is based
on defocused imaging due to its non-intru-
sive and adaptability advantages (see the re-
port of the 29" ITTC Specialist Committee
on Hydrodynamic Noise, 2020), but other
techniques (as shadowgraphy, cavitation
susceptibility meter, Phase Doppler Ane-
mometry) can also be used if available.

Sound Pressure Measurements

Parameters that are ‘required’ to be meas-
ured include:

e time series or narrow band spectra of the un-
derwater sound pressure;
e cavitation observations.

The category of ‘recommended’ includes

¢ video observations showing the dynamic be-
haviour of the cavitation;

e control pulses per shaft rotation for data
sampling [shaft encoder device with mini-
mum number of pulses per rotation
= 5*(highest blade rate harmonic) *(blade
number)];

e vibration characteristics of ship hull, propel-
ler shaft and facility walls.

To get quantitative information on the uncer-
tainty of the measurements it is recommended to
investigate the change in noise levels for small
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variations in thrust coefficient (typically 5%)
and cavitation number (typically 10%).

2.3.2 Test preparation

As part of the preparation and set-up of the
test, the following (calibration) tests should be
performed:

e For the thrust and torque dynamometer, load
response calibrations should be carried out
with applied loads, and also long-term sta-
bility of the calibrated data needs to be con-
firmed.

e The torsional or lateral vibrations of the
model propeller shaft may have an influence
on the background noise. Attention should
be paid to the vibration level of the shaft at
each test condition.

e Hydrophones should be calibrated within an
established time period prior to the test.

e The acoustic transfer function of the facility
should be determined if it is considered to
significantly affect the noise measurements,
see Section 2.6.

2.4 Background Noise Measurements

To check the quality of the noise measure-
ments, i.e. of the cavitating propeller, the contri-
bution of facility dependent noise — the propeller
drive system, the tunnel operation or towing car-
riage, the water flow, the measurement chain
etc. - should be determined. This so-called back-
ground noise shall be measured in absence of the
propeller cavitation — by replacing the propeller
by a bare hub or by increasing the tunnel pres-
sure until cavitation is fully suppressed - but
with all other operating conditions as similar as
possible. These operating conditions are:

e shaft rotational speed n;

facility speed Vyqc;

e Qas content a,

o either

0 Propeller thrust T or torque Q ;
0 Tunnel pressure p (bare hub).

Both procedures to measure background
noise have specific pros and cons. The increase
of tunnel pressure allows to keep the propeller
load condition Kt and to detect propeller non-
cavitating noise (e.g. propeller singing) but
changes the gas content which may influence
the sound transmission. The replacement of the
propeller by a bare hub keeps the same gas con-
tent but changes the load of the propeller drive
system which may change the noise due to the
drive train. The test report should state clearly
which procedure has been adopted.

If flush-mounted hydrophones or pressure
transducers are used in the tunnel wall or ship
hull, the contributions of the vibration of the
wall or hull to the noise measurements needs to
be assessed as part of the background noise
measurements. The influence of hull vibrations
on hull mounted pressure transducers is dis-
cussed in ITTC guideline 7.5-02-03-03.3.

Background noise shall be measured for
every noise test condition.

2.5 Data Acquisition and Processing

2.5.1 Measured quantity and presentation

The principal measured property of noise is
the time varying acoustic pressure p(t) at a loca-
tion. The measurement of acoustic pressure that
is conventionally reported is the root mean
square (rms) of a pressure:
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In the context of noise assessment, the
Sound Pressure Level (SPL) is the fundamental
quantity of sound pressure, and it is defined in
terms of a pressure ratio as follows®:

SPL =10 loglo(ﬁrzms/pgef) (2.2)

where p,.r is the reference pressure, typically
chosen as 1 pPa for water.

Noise is usually represented by a spectrum cal-
culated from the sound pressure signal of a hy-
drophone p(t). Nowadays, the spectral represen-
tation of a sound pressure signal p(t) is com-
puted through an FFT, resulting in for instance
the Power Spectral Density function
¢pp (f, Af), for a given centre frequency f and
for a frequency bandwidth Af, i.e. defined for

[f — Az—f;f + Az—f] Among the various represen-

tations of the Sound Pressure Level SPL(f,4f),
the most frequently used are:

e the Sound Pressure spectral density Level
The unit of SPL is then dB re 1uPa?/Hz.
SPL(f,Af) = 10 - logy, (W) (2.3)

ref
e the Sound Pressure power spectrum Level
for a constant or proportional bandwidth (1/3
octave band level). The unit of SPL is then
dB re 1uPa?. The relation between power
spectrum and power spectral density is given

by

! Note that 1SO standard 18405 :2017 on
Acoustic Terminology uses the symbol L, to

log,o(Af) (2.4)

It is then required to state clearly what type
of SPL representation is used when reporting on
propeller noise measurements, for instance by
giving the band width Af in the subscript. The
power spectrum in 1/3 octave band level can be
given as SPLy3 [dB re 1uPa?].

2.5.2 Data acquisition system and frequency
analysis

The data acquisition system mostly includes
the transducer, pre- or charge amplifier, filters
and A/D board. Figure 1 shows a signal flow
chart to illustrate the elements in a simple noise
measurement.

A/D board o < Results
Transform
Hydrophone

Figure 1: The signal flow chart of an acoustic meas-
urement

The frequency range of the measurement is
usually determined by the characteristics of the
hydrophone and the A/D board. However, the
reverberation in the cavitation tunnel should be
considered as well as it may determine the lower
frequency limit as discussed in Section 2.5.5.

The upper limit of the frequency range is di-
rectly related to the sampling frequency
(Nyquist criteria):

fa<% (2.5)

denote SPL in equations. In this document, ac-
ronyms were kept in equations for ease of read-
ing. The 1ISO symbols are given in Table 4.2.
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where fy is the upper limit of the frequency
range and fs is the sampling frequency. An anti-
aliasing filter should be used to avoid any influ-
ence of signals with frequency above f5. An ac-
quisition period of greater than 20 seconds is
recommended in order to have sufficient data
for the analysis.

One of the most common techniques to pro-
cess the p(t) signal is to use the periodogram
technique along with a window function using
Welch’s method of averaging modified spectro-
grams (Welch, 1967). The resulting spectrum is
a time-averaged power spectrum or power spec-
tral density. For noise signatures with tonal con-
tent, power spectra analysed in very narrow
bandwidths (i.e. 0.1 Hz) are common for lower
frequencies, whereas for higher frequencies
band widths of 1 Hz to 10 Hz are used. These
narrowband spectra are strongly recommended
if background noise sources need to be identi-
fied. The presentation of the power spectrum
should include the applied averaging time, fre-
quency band width and window function.

2.5.3 Correction for background noise

The measured cavitation noise levels may
include background noise of the test set-up and
the facility. The background noise should there-
fore be measured as described in Section 2.4. A
correction to the measured model noise levels
can be made using the difference, ASPL, be-
tween the pressure levels which is defined as

ASPL = SPLg,, —
52
SPL,=10 logy, (”;;1—“) (2.6)

where SPLs+n is the sound pressure level of the
model noise measurement, and SPL, is the
sound pressure level of the associated back-
ground noise measurement. If ASPL is greater

than 10 dB then no adjustments are necessary.
On the contrary, if ASPL is less than 3 dB then
measurements are dominated by background
noise and cannot be used. These background
dominated noise levels can however be inter-
preted as an upper limit of the model-scale cav-
itation noise levels and — if properly indicated —
can be presented as such. Finally, if 3 dB <
ASPL <10 dB, adjustment on measurements are
required and the following expression can be
used:

(SPLs+n/ )
SPL, = 10 logy, [10 10) —

10(SPLTL/10)] (27)

The background noise corrected spectral lev-
els are required for the presentation of the data.

If the noise measurements contain contribu-
tions due to, for example, vibrations of a specific
element in or outside the facility, the measure-
ments can be corrected by subtracting the coher-
ent part of the noise with the vibrations of the
element (Bendat & Piersol, 2011).

2.5.4 Distance normalisation

As the measured noise levels heavily depend
on the distance between the noise source and the
measurement transducer, a distance normalisa-
tion is usually applied. The sound pressure level
corrected according to spherical spreading loss
defines the Radiated Noise Level (RNL):

RNL = SPL + 20 - log10< ) (2.8)

r
Tref

where r is the distance between the acoustic
source and the hydrophone location in meters
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and 7. the reference distance of 1 m. The cor-
rection term is the propagation loss by spherical
spreading, Nsph.

The centre of the acoustic source for model pro-
pellers is usually considered to be at the shaft
centre, at 0.7R above the shaft centre or the cen-
tre location of the cavity collapse. The location
of the acoustic centre should be given. The RNL
of cavitation noise is preferably expressed in
one-third-octave band levels as dB re 1uPa? m?
which can be referred to as RNLys.

2.6 Acoustic Transfer Function of Facility

When the noise is measured in model-scale
test facilities, we should keep in mind that the
test sections do not resemble a free-field envi-
ronment. The reflections by the walls cause in-
terference between pressure waves which de-
pend on wave length (and therefore frequency)
and lead to acoustic modes in the test section at
low frequencies (see e.g. Boucheron et al.,
2017). The frequency range of this effect de-
pends 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 effect of the reflections (or reverbera-
tion) can be determined through acoustic trans-
fer function measurements using e.g. a sound
source with known characteristics put at specific
relevant locations in the test section, see Figure
2.

Wall
hydrophone

Figure 2: Transfer function measurement set-up in
cavitation tunnel

The theoretical model on which such proce-
dure is based is quite simple, as reported in Fig-
ure 3 (Tani et al., 2016). The target system is
schematized as a single input — single output
system, for which the output (in our case the hy-
drophone measurement) is a deterministic func-
tion of the input (the propeller noise in cavita-
tion tests, or the noise emitted by the transducer
in calibration tests).

mput x(t) “Black Box™ L, output ()
h(t) >+

Figure 3: Scheme of input/output system (Tani et
al., 2016b).

Under the hypotheses of linearity and time-
invariance, the output y(t) of the system may be
obtained by means of the convolution between
the input signal x(t) and the impulse response
of the system h(t) plus the noise n(t):

y(t) = x(t) & h(t) + n(t) (2.9)

Considering only the steady response of the
system and avoiding inclusion of information on
the phase at different frequencies, the Transfer



2 ITTC — Recommended o
I I Ii Procedures and Guidelines Page 12 of 26
INTERNATIONAL Model-Scale Propeller Cavitation Noise | Effective Date | Revision
TOWING TANK
CONFERENCE Measurements 2021 02
Function may be evaluated as the ratio between .. _ _,q ./ (L) (2.12)
the power spectral densities of the output and in- 10 Tref '

put signals, which leads, in logarithmic repre-
sentation, to the following equation:
TF = SPL,—SL, (2.10)

The input and output signals in the specific
case are represented by the signal emitted by the
source, defined as source level?, and the sound
pressure level perceived by the hydrophone, re-
spectively. As an alternative, the power spec-
trum of the impulse response h(t) may be used.
The determination of the source level SLy re-
quires special attention. Often is determined
from the applied voltage and the Transmitting
Voltage Response (TVR®) of the acoustic
source. The unit of TF is dB re 1m?.

The transfer function is used to obtain the
Source Strength Level (SL) from the net noise
level SPLs, previously evaluated considering the
total noise level and the background noise level:
SL = SPL, — TF (2.11)

The SL is preferably expressed in one-third-
octave band levels as SLu/s [dB re 1uPa?m?).

If a transfer function is available, the dis-
tance normalisation of the propeller noise meas-
urements (Section 2.5.4) is not required for it is
accounted for in the transfer function.

Note that in free-field conditions, the trans-
fer function equals:

2 The source level is defined as the sound pres-
sure level at a distance of 1 m from the source
placed in a infinite uniform lossless medium
(1SO18405:2017).

% The TVR is defined as the output sound pres-
sure level at 1 m from the sound source per 1V
input voltage as function of frequency.

Examples of measuring the transfer function
of Equation (11) can be found in Briancon et al.
(2013), Lafeber etal. (2015), and Park et al.
(2016), while Tani etal. (2016a,b) and Tani
et al. (2019) make use of the impulse response.
Some specific points of attention are discussed
next.

2.6.1 Characterisation of transmitting chain,
including TVR

The basis of the procedure is the availability
of a suitable transducer. Normally, the emitting
characteristics of the transducer are provided by
manufacturers* for open field conditions. How-
ever, these TVR data may cover a frequency
range smaller than required and dedicated tests
might be necessary, for instance to extend the
TVR to lower frequencies. As an alternative, the
TVR may be extrapolated (e.g. if too low SNR
is present). The TVR of the transducer should be
checked on a regular basis.

2.6.2 Type of sound projector

The type of transducer may affect the trans-
fer function; particularly important characteris-

* It is worth mentioning that sources are cali-
brated for free field conditions. In a closed en-
vironment the source creates an acoustic field
which affects in return the behaviour of the
source itself. This effect is likely to be small,
but this has not been investigated.
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tics of the transducer are its dimensions, di-
rectivity and linearity®. Smaller transducers are
preferred, with the aim of adopting not too large
dimensions compared to the cavitation extent on
the propeller; this requirement may be problem-
atic at lower frequencies, for which larger trans-
ducers are needed in order to maintain a suffi-
cient SNR.

The transducer adopted should be as omni-
directional as possible; as an example, piston
type transducers could be problematic, espe-
cially when facility dimensions are limited. The
directionality of the piston type transducer is re-
lated to the ratio of piston size and wave length.

Finally, the linearity of the transducer re-
sponse to the input signal should be checked by
means of repeat tests at different input voltages.

2.6.3 Type of signal

The signals used to drive the transducer can
be pure tones, white or pink noise, chirps,
sweeps, or maximum length sequences (MLS).
Wideband signals are definitely preferred to
pure tones, since a wider frequency range band
is covered by a single measurement, reducing
time demand. Tones allow to obtain a higher
SNR.

In the twin screw ship case requiring two
sound sources, a non-deterministic signal, such
as white noise, is preferred in order to obtain
more accurate results (Park et al., 2018). In all
cases, it is recommended to use signals allowing
to obtain a SNR higher than 10 dB.

® Note that the transducer also has a certain re-
sponse time with respect to the input signal.

2.6.4 Position of projector

The transducer position is important since it
affects the transfer function. It is normally near
the position of the main noise source, i.e. where
the collapse of cavitation occurs; for single
screw ships this is usually in proximity of the
propeller tip at top dead centre.

Generally, cavitation is not present at a
unique position and characteristics of the trans-
fer function may vary with position, the transfer
function should be obtained from the average of
measurements for multiple transducer positions
(Briancon et al., 2013; Tani et al., 2019). This
averaging also has the advantage of smoothen-
ing the transfer function which otherwise may
present rather large humps and hollows. As an
indication, 5-10 positions should be adopted if
the whole propeller disc is considered. In case a
smaller angular range is of interest, the number
of measurements could be reduced. It is recom-
mended to adopt at least 3 positions, in order to
check the variability of the transfer function and
the necessity of additional measurements.

2.6.5 Testing conditions, including air con-
tent

Transfer functions are normally measured
with water at rest and without depressurizing the
facility. These conditions differ from cavitation
tests, in which also traveling (cavitation) bub-
bles may influence the noise transmission. The
influence of such effects is not well known and
should be further investigated in order to de-
velop dedicated procedures. Blake & Sevik

This is a second order effect, which could af-
fect initial transients when performing meas-
urements.
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(1982) proposed acoustic monitoring ap- 3T
proaches to cope with this problem, but the in- [ = T Hz (2.13)

fluence of such effects is still not well known
and should be further investigated in order to de-
velop dedicated procedures.

2.6.6 Free surface effects

A free surface, if present, also affects rever-
beration and the effect on the noise measure-
ments should be assessed and, if necessary, cor-
rected for with an acoustic calibration test, see
for instance Lafeber et al. (2015). In general, the
free surface gives a reduction of the measured
noise levels at low frequencies where the influ-
ence increases with decreasing frequency
(Lloyd mirror effect).

2.6.7 Further general considerations

The procedure for measuring the Transfer
Function makes use of deterministic signals and
fixed sound source locations. However, cavita-
tion noise at high frequencies is better approxi-
mated by a distribution of uncorrelated sources,
thus being a random process. Therefore, some of
the wavy patterns in the transfer function are not
observed in propeller noise spectra and smooth-
ening of the transfer function should be applied
as discussed above.

An order of magnitude of the frequency limit
for diffusivity in the facility should be deter-
mined when performing noise measurements.
The so-called Schroeder cut-off frequency rep-
resents this limit between the frequency domain
influenced mainly by the acoustic modes of the
facility and between the diffuse domain where
statistical properties of the acoustic field holds.

For an acoustic measurement in a tank, this
Schroeder frequency, given in Kuttruff (2009),
should be computed with

with Tg, the reverberation decay time which is
the time interval for noise levels to decay by 60
dB, V the volume of the tank and co the water
celerity.

In particular, for cavitation tunnel applica-
tions the noise field is dominated by the early
reflections by the nearby test-section walls and
the volume of the test-section or tunnel is less
relevant. A formulation for this cut-off fre-
guency of a test-section of infinite length, with
source and hydrophone located in the test-sec-
tion, has been derived by Boucheron (2019):

EDT c2

f=a Hz, (2.14)
with EDT the Early Decay Time (the time re-
quired for the noise level to decay by 60 dB from
the initial level, usually obtained from a 10 dB
decay in the measurements) measured in the test
section of area S. Parameter « is a constant de-
pending on the test section shape and equals
0.272 for rectangular test section and 0.651 for
a circular one. This frequency limit is generally
of the order of a few kHz in cavitation tunnels.

Generally, it is found that the problem of re-
verberation in test facilities should be further in-
vestigated in order to enhance transfer function
measurement procedures and define suitable
post-processing techniques.

2.7 Other Items

This section deals with some other items that
need to be taken into account when performing
noise measurements but for which no concrete
guidelines are available due to lack of published
dedicated systematic test data. Instead, the best
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practice experience of the specific test facility is
to be used.

2.7.1 Air contents, cavitation nuclei and cavi-
tation stabilization

It is generally accepted that testing at rela-
tively high air content, implying a larger popu-
lation of nuclei, in a water tunnel facility reduces
the tensile strength and improves the correlation
of model and full-scale results. When there are
insufficient concentrations of nuclei, all forms
of cavitation behave intermittently and will
therefore produce non-periodic pressure read-
ings at model-scale.

Whereas the dissolved gas content (or dis-
solved oxygen content) can easily be measured,
the measurement of the nuclei concentration is
much more complicated. A short review on this
topic is provided in the Report of the 29" Spe-
cialist Committee on Hydrodynamic Noise
(2020). The relation between air content (usu-
ally expressed as percentage saturation rate) and
nuclei is dependent on the facility (23 ITTC
specialist committee on Water Quality and Cav-
itation, 2002).

Hence, the optimum air content for a given
cavitation facility should be determined by long-
established experience. To enhance the con-
sistency of measurement results, it is recom-
mended that the tensile strength of the water in
the facility should be checked periodically.

In the case of water tunnels where the nuclei
content is monitored by measuring the air con-
tent, the air content is typically between 30%
and 70% of the saturation rate at atmospheric
pressure. Alternatively, in water tunnels where
the nuclei content is monitored independently of
the air content, the air content is of the order of

30% of the saturation rate at atmospheric pres-
sure. In atowing tank electrolysis can be applied
to supply nuclei. In that case, the air content is
of the order of 30% of the gas content at atmos-
pheric pressure saturation.

Cavitation on the model propeller blade is
sometimes stabilized by applying (sand grain)
roughness on the leading edge. However, care
has to be taken that the grain size depends on
Reynolds number to minimize the change in
cavitation inception speed (21% Report of the
ITTC Propulsor Committee, 1996).

As already mentioned, excessive levels of air
content may create tiny air bubbles in great
quantities, deteriorating the visibility inside the
tunnel and introducing a damping effect on the
measured high-frequency sound pressure levels.
Also, the assessment of the transfer function re-
alized at zero speed and atmospheric pressure
might not be representative of the sound propa-
gation at high air content, especially in the high
frequency range.

2.7.2 Influence of blockage

Blockage will affect the flow field in the tun-
nel and the interference among the propeller,
hull and wall of the tunnel. For noise measure-
ments, a propeller as large as possible should be
used in order to increase the Reynolds number.
However, the effect of blockage on noise meas-
urements has not, as yet, been accurately inves-
tigated. Systematic studies on this effect will be
needed, and it is recommended that each facility
gains experience by comparing the results for
different size propellers.

For closed-jet type cavitation tunnels, a
blockage of less than 20% of the test section size
is recommended. If the propeller operating con-
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ditions are based on the Kt and ¢ with the refer- 5 _ ns  [os (3.1)
ence flow speed as the rotational speed and if the fm  nm Alom '

ship wake is well simulated, then the blockage
effect is no longer an issue.

3. SCALING METHODS

3.1 General Scaling Method

Scaling procedures are available to obtain
full-scale noise levels of a cavitating propeller
tested at model-scale. Published comparisons
between model-scale and full-scale (e.g.Lev-
kovskii, 1968; Bjorheden & Astrom, 1977,
Lovik, 1981; Bark, 1985, Tani et al., 2016, etc.),
show differences which may however not nec-
essarily be due to the scaling procedure. For in-
stance, the cavitation dynamics may not be sim-
ilar due to differences in the ship wake field, nu-
clei content, gas content or differences in Reyn-
olds number. Also, the correction for the rever-
berant environment of the model tests is a po-
tential source of error. Finally, there is an uncer-
tainty involved in the measured full-scale noise
levels as well, especially due to the propagation
loss. Also, the full-scale noise levels can be in-
fluenced by noise sources other than cavitation
such as machinery equipment.

A prediction of the full-scale noise levels can
be made using scaling laws recommended by
the Cavitation Committee of the 18th ITTC
(1987). These laws concern only differences in
dimensions and operating conditions of the
model and full-scale propellers and therefore do
not correct for reverberation or dissimilarity in
cavitation pattern and dynamics.

The frequency scaling between model scale
and full scale is given by

and the increase in Sound Pressure Levels from
model to full scale is given by:

ASPL =
o\ (1 \* [ nsDs \Y [ Ds\?
2010g,[(z2) () G5) o) 2
In the above, the subscripts s and m refer to
full-scale and model-scale, respectively. The

cavitation number uses nD as the reference
speed.

In general, two sets of parameters (w, X, Y, z)
can be distinguished that depend on the varia-
tion of the acoustic efficiency. Levkovskii
(1968) has derived a noise scaling formula in
which the acoustic efficiency is a constant that
is assumed to be valid for high frequencies. Al-
ternatively, if the acoustic efficiency varies lin-
early with Mach number, the scaling relation as
presented by Strasberg (1977) (and e.g., Bark,
1985) is obtained. This formulation can also be
derived from the (incompressible) Rayleigh-
Plesset equation and is therefore assumed to be
valid for low frequencies. Unfortunately, no in-
formation is available for the specific frequency
range of both models.

The exponents for equation (3.2) are given
in Table 1 for proportional bandwidth (power
spectrum) and Table 2 for constant bandwidth
(power spectrum or power density spectrum).

Table 1: Exponents for noise scaling valid for pro-
portional bandwidth

formulation w X y z

"high frequency’ 05 |10 |15 |10

‘low frequency’ 10 |10 |20 |10
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Table 2: Exponents for noise scaling valid for con-
stant bandwidth

formulation w X y z

’high frequency’ 025 (10 |10 |15

‘low frequency’ 075 |10 |15 |15

Both formulations are in use in the ITTC
community with the majority using the ‘low fre-
quency’ formulation as shown in the results of
the questionnaire presented by the Specialist
committee on Hydrodynamic Noise of the 27"
ITTC (2014). Some members use slightly differ-
ent values than given above.

The scaling formula should only be applied
to the background noise corrected cavitation
noise spectrum. The scaling should not be ap-
plied for frequency ranges where the back-
ground noise is higher than the radiated noise,
see Figure 4.

Propeller Noise spectrum and Bare hub propeller Noise spectrum
at same operating conditions (V, n)

blade rate
freq. lines

I namm

«-+==Bacground noise

— Propeller Noise

band

10 100 1000 10 000 100 000

Frequency (Hz)

Figure 4: Relevant frequency range for scaling

3.2 Scaling Method of the Spectrum Tonal
Frequencies

Although the scaling method is generally ap-
plied to the whole spectrum, it is recommended

to analyse the peak levels at the harmonic fre-
quencies of the blade rate frequency with care.
It is noted that the low-frequency noise scaling
formulation in proportional band width is con-
sistent with the scaling of hull pressure tonals at
the blade passage frequency and its harmonics
(Bark, 1985). This indicates that the formulation
for proportional band width has a correct scaling
of tonal noise components. However, the noise
at the blade passage frequency also contains a
contribution from the non-cavitating blade that
is of dipole nature. The model-scale measure-
ments should therefore be made in the acoustic
far field. In addition, the facility noise transfer
function should be taken into account due to the
low frequencies of these tonals.

In conclusion, it is recommended to also
consider the blade passage frequencies when
presenting cavitation noise in proportional (1/3
octave) band levels and to be careful with pre-
senting scaled tonals in narrowband data. More
research and validation studies are required on
this topic.

Moreover, the Doppler effect due to the ro-
tating noise source disturbs the spectrum. It ap-
pears when a static hydrophone is measuring the
noise from a moving source. This affects mainly
the different tonals associated to the blade pas-
sage frequency. Artificial peaks appear on each
side of the tonals frequency fionas at frequencies
fionals £ N fror. Their magnitudes are generally
lower than the main peak at fionais, with the dif-
ference depending on the geometrical configu-
ration, see for example, Boucheron (2016). This
could produce some error in estimating the real
level. Comparison between different hydro-
phones could be a suitable way to discriminate
this effect.
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3.3 Scaling Method of Tip Vortex Cavitation

In order to accurately predict the radiated
noise of a propeller, it is important that the cav-
itation extents and dynamics in the model-scale
test are similar to those at full-scale. This re-
quires the correct wake field, propeller loading,
and cavitation number as discussed in Section 2.
For tip vortex cavitation an additional scale ef-
fect should be considered that is related to the
Reynolds number.

For the inception of vortex cavitation, one
traditionally scales the cavitation inception
number a; using some form of the equation pre-
sented by McCormick (1962):

Gis = (R—e)n (3.3)

Oim Rem

in which subscript s corresponds to full-scale,
subscript m corresponds to model-scale, and Re
corresponds to the Reynolds number of the pro-
peller. The exponent n was found to vary mostly
in the range of 0.3-0.5 and is attributed to test
facility differences, range of tested Reynolds
number, and variation of water quality (see the
report of the Cavitation Committee of the 21st
ITTC, 1996). Shen et al. (2009) present a for-
mulation for n that depends on Reynolds num-
ber.

In a model test the inception of vortex cavi-
tation is delayed due to the lower Reynolds
number. If the model test does not show a vortex
cavity, it is strongly recommended to perform a
cavitation inception test (see also ITTC proce-
dure 7.5-02-03-03.1), to check if vortex cavita-
tion will occur on the propeller at full-scale.

For the noise measurements of an (isolated)
cavitating tip vortex the cavitation number may
need to be reduced in the model tests to take the
delay in cavitation inception (oi) into account. A

theoretical analysis by Bosschers (2018) has
shown that similar vortex cavity diameters are
obtained near inception when the model scale
cavitation number is set such that the ratio

\Jo; —a/a; at model-scale is identical to full-
scale. Whereas, for a fully developed cavitating
vortex the effect of the Reynolds number on vor-
tex cavity size becomes small and the cavitation
number in the model test can be selected identi-
cal to full-scale. Formulations to prescribe the
cavitation number for conditions in between
these two limiting conditions are also given.

Scaling methods for the radiated noise of
vortex cavitation accounting for differences in
cavitation number between model test and full-
scale have been proposed by Park & Seong
(2017) and Bosschers (2018). Both methods
show an improvement of the model test predic-
tions of full-scale noise levels. Further research
and validation studies are required to develop an
established procedure for this scale effect.

Note that the cavitation number at model-
scale can only be reduced for isolated vortex
cavitation, see Figure 5, and it should not lead to
the appearance of other cavitation patterns such
as sheet or bubble cavitation that typically gen-
erate more noise than vortex cavitation. For sit-
uations where for instance sheet cavitation oc-
curs before vortex cavitation at model-scale, see
Figure 6, there is a speed regime in which the
cavitation pattern cannot be reproduced at
model-scale.
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Figure 5: Cavitation inception diagram with iso-
lated vortex cavitation at model-scale.
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Figure 6: Cavitation inception diagram with no iso-
lated vortex cavitation at model-scale

4. REVIEW OF PARAMETERS

4.1 Parameters to be Taken into Account

Parameters that need to be considered during
noise measurements are basically the same as
for cavitation tests (ITTC Procedure 7.5-02-03-
03.1) and pressure fluctuations tests (ITTC Pro-
cedure 7.5-02-03-03.3). The parameters can be

categorized into "required data" and "recom-
mended data™ (section 2.3). If the latter is taken
into account, the reliability and the quality of the
measurements will be considerably improved.
The review of parameters is given in Table 3.

The checklist of parameters and their de-
rived parameters is presented in Table 4. The ta-
ble also includes the definition of SPL, RNL and
SL.

The recommended values for some parame-
ters are given in Table 5.

5. UNCERTAINTY AND VALIDATION

5.1 Sources of Uncertainty and Variability

Usually the main sources of uncertainty in
noise measurement of cavitating propellers are
due to hydrodynamic phenomena introduced by
approximations made in a model test. The hy-
drodynamic phenomena result in lack of simi-
larity between model and full-scale cavitation
and its noise, a fact implying that analysis and
interpretation of model results become complex
and can result in uncertainties which are diffi-
cult to quantify. It is noted that while the terms
variability, repeatability, and error are used
somewhat synonymously, they can mean differ-
ent aspects of results in a final level of uncer-
tainty. Itis further noted, but not expanded upon,
that in uncertainty analysis a distinction is made
between Type A uncertainty, which is uncer-
tainty evaluated by statistical analysis of a series
of observations and Type B uncertainty which is
evaluated by non-statistical methods (ITTC pro-
cedure 7.5-02-01-01).

Obviously, all sources of uncertainty are re-
quired to be estimated and weighted in some
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way. Among the standard uncertainties those re-
lated to instrumentation can be reduced, simply
by giving priority to a professional selection and
operation of modern measuring systems. The
uncertainties from the measurement chain have
to be added to the uncertainties emanating from
the hydrodynamic approximations. Examples of
uncertainties related to hydrodynamics and hy-
droacoustics are:

e Uncertainty in the velocity distribution of
the ship wake field. The uncertainty arises
due to differences in Reynolds number and
the method of wake generation in the test.

e Uncertainty in the specification of the load-
ing condition (cavitation number and ad-
vance coefficient or mean thrust coefficient).
The source of this uncertainty is the propul-
sion test or an equivalent for the determina-
tion of the loading condition.

e Uncertainty in simulating the correct cavita-
tion extents and dynamics due to influence
of differences in wake field, cavitation in-
ception and gas content. Differences in cav-
itation inception may be caused by the nuclei
content or, in case of vortex cavitation, dif-
ference in Reynolds number. The applica-
tion or non-application of surface roughness
to stimulate cavitation inception also should
be taken into account in the uncertainty of
cavitation extents. The cavitation extents
and dynamics should be reported using
sketches, photographs or video recordings.

e Uncertainty in obtaining the correct back-
ground noise level of the propeller test due
to change of facility pressure or change of
bearing loading by replacing the propeller by
a bare hub.

e Uncertainties in the scaling formula for cav-
itation noise. Two formulations are available
giving slightly different results and pub-
lished scaling formula for tip-vortex cavita-
tion require further validation.

e Uncertainties in the transfer function to con-
vert the measured noise level in the cavita-
tion test facility to source levels.

The most critical aspects of the cavitation
noise measurements are the ship wake genera-
tion and the cavitation dynamics. Both depend
on the type of ship and cavitation on the propel-
ler and the error may therefore vary between
projects. It is therefore important to critically re-
view the potential uncertainties for each project
separately. At low frequencies, the noise trans-
fer function of the facility can significantly in-
fluence the source levels and can therefore also
become a critical aspect.

An engineering way to handle the hydrody-
namically based uncertainties which are often
difficult to derive or estimate, is to consider key
input data, loading conditions etc., not as exact
numbers but the nominal numbers, say +/- 5 or
10% variation, as a guess. Performing the tests
and the sensitivity of the results for input uncer-
tainties can be estimated. With such assump-
tions the output error can also be estimated, and
the risk of a certain design can be evaluated.

It is recommended to estimate the reproduc-
ibility and uncertainty of the scaling procedure,
in for instance a research type project, by per-
forming the model tests for at least two different
propeller rotation rates.

5.2 Uncertainty Analysis

Customers should be informed of the uncer-
tainty assessment methodology used and which
uncertainties can be expected for the tests. The
uncertainty assessment methodology should in-
form about:

e measurement systems.
e sources of uncertainty considered.
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e actual data uncertainty estimates.

The uncertainty analysis should be done in
accordance with the ISO/JCGM Guide to the ex-
pression of Uncertainty in Measurements
(GUM) JCGM100:2008, JCGM 104:2009 (In-
troduction to GUM), JCGM200:2012 (Interna-
tional vocabulary of metrology — basic and gen-
eral concepts and associated terms (VIM)), and
ITTC procedure 7.5-02—01-01, Guide to the ex-
pression of uncertainty in experimental hydro-
dynamics.

It is remarked that for a given uncertainty in
decibels a distinction should be made for the un-
certainty in percentage for the upper bound and
for the lower bound, but for small values of un-
certainty this difference is negligible. The com-
bined uncertainty L in decibels from uncorre-
lated sources Ly; in decibels can be computed
according to

Lye = JxL; (5.1)

From the questionnaire launched during the
28" ITTC, the primary sources of uncertainties
are the instability of cavitation (especially if op-
erating conditions are close to inception point),
the ship wake field, and the noise scaling. The
uncertainty levels for the model-scale test re-
sults were estimated as 3 to 5 dB, and the uncer-
tainty levels for the noise scaling procedure
were also estimated as 3 to 5 dB®. This results
into a combined uncertainty of the full-scale
noise prediction of 4.2 to 7.1 db.

® These numbers are average values of the esti-
mates as given by the respondents of the ques-

5.3 Benchmark Tests

The following benchmark tests related to
noise measurements have been reported in ITTC
proceedings:

Comparative Noise Measurements with the
Sydney Express Propeller Model (16"
ITTC, 1981, pp.447-453)

Comparative Noise Measurement with the Syd-
ney Express Propeller Model (171" ITTC,
1984, pp.255-256)

Comparative Noise Measurements with the
Sydney Express Propeller Model (18"
ITTC, 1987, pp. 210-211)

More recently, a round robin test has been
performed with a propeller in uniform inflow, of
which the geometry is publicly available:

1. Tani, G., Viviani, M., et al. Round Robin
test on radiated noise of a cavitating pro-
peller. Sixth International Symposium
on Marine Propellers, Rome, Italy, 2019

Candidates for benchmark tests of a propel-
ler operating in a ship wake field are proposed
in the Report of the Specialist Committee on
Hydrodynamic Noise of 29" ITTC, 2020.

The comparison between data of full-scale
noise measurements and data of extrapolated
model-scale cavitation noise measurements
should preferably be performed using source
levels for both datasets. This in order to exclude
the effect of propagation which is notably dif-
ferent for the two measurements.

tionnaire and were not based on actual measure-
ments. They may therefore be interpreted as ex-
panded uncertainties for 95% confidence level.
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Table 3: Review of parameters to be taken into account
Required Recommended
General infor- | ¢ Type of ship e Ship main particulars
mat_lon e Engine power, RPM and ship speed | e Propeller geometry data (Section,
(Ship, propeller | o Propeller main particulars Pitch, Chord distribution, etc.)
operating con- | ¢  Shaft immersion o Propeller design conditions
ditions) e Tip clearance e Drawing of stern shape including
arrangement of appendages
Model propel- | e Facility flow velocity including wake | ¢ Detailed inspection of blade geom-
ler  operating distributions etry
conditions o Facility static pressure ¢ Intrinsic unsteadiness of facility

e Propeller thrust and torque
e Propeller RPM

e Pressure drop through test section
e Level of turbulence upstream pro-
peller

Water quality

e Water temperature
e Air/oxygen content as % saturation
rate

e Tensile strength of the water
e Nuclei size distribution

Instrumentation

e Review of data acquisition system

e Type, sensitivity and locations of hy-
drophone(s)

e Type and settings of amplifier and fil-
ters

e Shaft encoder
e Type, sensitivity and locations of
accelerometers

Measurement
and analysis

e Facility Transfer functions if source
level is to be determined

e Measuring period and data analysis
procedure

e Bare hub background noise or back-
ground noise without cavitation com-
pared to noise levels with cavitation

e Underwater source (or radiated noise)
levels in 1/3 octave bands (corrected
for background noise, facility transfer
function, and scale effects)

e Cavitation observations

e Vibration characteristics of ship
hull, propeller shaft and facility

e Narrowband received sound pres-
sure levels

e High speed video observations of
cavitation dynamics

e Inception test of vortex cavitation




: ITTC — Recommended v
I I Ii Procedures and Guidelines Page 25 of 26
INTERNATIONAL Model-Scale Propeller Cavitation Noise | Effective Date | Revision
TOWING TANK 2021 02
CONFERENCE Measurements
Table 4: Checklist of parameters
Basic measured data Derived parameters
7
Symbol, unit le%/inOI and Relation
Representative  static , = Dstaticref ~ PV
pressure at reference plgt““”ef Cavitation number | o [-] 2P Vier
point (shaft, 0.7-0.9R) [Pa] Vyer = Va,nD, nD
Propeller rotational n [rps]
speed P
T
Propeller thrust T [N Thrust coefficient Ky [- Ky =
p [ ] T [] T pnz D4_
- Q
Propeller torque Nm Torque coefficient K, [- Ky = ——
p q Q [Nm] q o [] 0 = naps
. Apparent advance Veac
Facility speed Viac [M/s] coefficient Ja -] Ja =
Water temperature T[°C] Vapor pressure pv [Pa]
Sound Pressure Ly s bop= | ar
(spectral density) | [dBre 1uPa? |10logy, % D,
Level, SPL /Hz] 1 uPa
Sound Pressure L Ly ,
Sound pressure prms [Pa] (power spectrum) P Prms(f, Af
Level, SPL [dB re 1uPa®] | = 10log;o —Pzef
Radiated Noise Lgn _
Level, RNL [dB re 1puPa?m? Lew = Lp + Nopn
Ls -7 _
Source Level, SL [dB re 1y1Pa?m? Lsg=1L,—TF
. NSph =
Distance hydrophone to Propagat'lon loss Ngpn 72
. r[m] by spherical 10 logio (5
acoustic centre - [dB re 1m?] Tref
spreading
Tref = 1m
Facility Transfer func- | TF Facility propaga- Nrp Now = —TF
tion [dB re 1m?] |tion loss [dB re 1m?] TE
Air/Oxygen Content a [%]
Nuclei content n 3[number
/cm?]

" Symbols for acoustic quantities are, if defined in these documents, taken from ISO standards
17208-2:2016 and 18405:2017. Note that L,,, Lgy, and Lg are usually defined in 1/3 octave band
levels.
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Table 5: Recommendations for Parameters
Recommended COMMENTS /

Parameter values CITATION WHERE REC-

OMMENDED

Pressure adjustment
(cavitation number)

Location of cavity collapse

e.g. 0.7 ~ 0.9 R, top dead centre
Use of rotational speed and pro-
peller diameter as the reference
velocity for cavitation number

ITTC 2002 Pressure Fluct.
Com.

Blockage

Less than 20 % of test section
size

For wire screen, blockage is for
propeller disk area. For dummy
hull or full hull, blockage is the
fullest section of the hull.

Number of revolutions of model
propeller

As high as possible in accord-
ance with tunnel speed

ITTC 1996 Cav. Com.

Minimum Reynolds-number

Minimum value of 0.5 million
based on the blade chord length
at 0.7 R

ITTC 2002 Pressure Fluct.
Com.

Air content / nuclei
Distribution

According to the facility experi-
ence.

Values of total air content or
Oxygen content should be men-
tioned

ITTC 1984

ITTC 1996 Cav. Com.

ITTC 2002 Pressure Fluct.
Com.

ITTC 2002 Water Quality and
Cavitation

Background noise of the facility
and driving train

>10 dB below cavitation noise
level

Model propeller diameter

> 200 mm

ITTC 2002 Pressure Fluct.
Com.
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