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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Propeller cavitation is the major noise source in commercial ships. The propeller cavitation noise can be
assessed by experimental and/or numerical methods in propeller design stage. The numerical methods,
such as computational fluid dynamics (CFD) or empirical formulae, might be a good alternative to
propeller cavitation noise evaluations. However, the model tests are still used widely for research on
propeller cavitation noise.

The objective of the model test is to reduce the propeller noise in ship design by evaluating propeller
cavitation noise characteristics at the design phase. Localizing the noise sources in the design stage,
as yell as predicting its noise levels, might be very helpful. ISO 20233-1 addresses the p:Ediction of

propeller noise levels. In order to specify the location of noise source, visual observation of chvitation is
the|most practical way in view of spatial resolution and efficiency, as the main source pfhydrodynamic
noige in merchant ship is cavitation. In addition to this observation, noise source localizatior technique
usig hydrophone array is under development for verifying the observed noise.géurce locat]onlll. Thus
thid document devotes to the source localization method as a new part of(a model test method for
propeller cavitation noise evaluation in ship design.

The estimation methods of the propeller noise via model tests were widely studied for a lorjg time and
can|be used in the shipbuilding industry nowadays. However, the, nioise source localizatign is easily
accopmplished by cavitation observation. This document also serveSito provide an example df protocols
for pcoustic localization which is a relatively new research area.
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Ships and marine technology — Model test method for
propeller cavitation noise evaluation in ship design —

Part 2:
Noise source localization

1
Thi

focyising mainly on the noise source localization.

The
loc3
and
NOis

the

professing of the measured data. Finally, a method to visualiz€ and to interpret the results is
2 |Normative references

The following documents are referred to in the text in such a way that some or all of th
conptitutes requirements of this document. Fox dated references, only the edition cited 3
undated references, the latest edition of the referenced document (including any amendmen
[SO| 20233-1:2018, Ships and marine techinology — Model test method for propeller cavit
evaluation in ship design — Part 1: Sourée level estimation

3 |Terms and definitions

For|the purposes of this docwment, the following terms and definitions apply.

[SOland [EC maintaintérminological databases for use in standardization at the following adg
— |ISO Online byowsing platform: available at https://www.iso.org/obp

— |IEC Eleefropedia: available at http://www.electropedia.org/

3.1

acoustic centre

posl , ] H . 4 1 o .

Scope

5 document specifies a model test method for propeller cavitation noise evaluation in s

procedure comprises the model test set-up, noise measurements, data processing

lization. The target noise source being propeller cavitation, this dociiment describes the|
conditions to reproduce the cavitation patterns of the ship, which.isthe same as in ISO 2(
e measurements are performed using a hydrophone array for the source localizations.
instrumentation of the hydrophone array is also addresséd,”as well as a suitable a

hip design,

hind source
test set-up
233-1.The
Therefore,
ray signal
presented.

Pir content
pplies. For
[s) applies.

ntion noise

dresses:

Note 1 to entry: The acoustic centre is the centre of the expected cavitation extent.

3.2

background noise
noise from all sources other than the source under test

©IS
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3.3

hydrophone

underwater electro-acoustic transducer
underwater microphone

device to measure acoustic pressure, including any signal conditioning electronics such as pre- or
charge amplifiers either within or exterior to it

Note 1 to entry: Piezoelectric hydrophones are usually used for the measurement of underwater sound pressure
in a test facility.

3.4

noise souice

noise-gene

rating mechanism or object

Note 1 to enftry: For the purposes of this document, the main noise source is the propeller cavitation:

3.5

propeller
imaginary
centre line

3.6

reference
sound pre
acoustic cq

plane
plane orthogonal to the shaft centre line and including the intersection (point) of the s
and generator line

field
csure field that is measured using a virtual source located at a given position, i.e.
ntre

Note 1 to enftry: The reference field is used to calibrate the hydrophone-array.

3.7
virtual so

rce

artificial spund source of which the transmitting poweris known a priori

4 Mode

In order t
reproduce

1 test setup and conditions

haft

the

evaluate the propeller cavitation noise performance via model tests, it is importanft to

accurately the noise soureces, i.e. the cavitation patterns, based on the similarity 1

between the model and the ship. Accuracy in reproducing the noise sources is required for the n

source loc§
ISO 20233-

5 Noisqg

5.1 Hyd

lization as well as for-the’source level estimation. The test setup and conditions describe
1:2018, Clause 4, shall-be applied to the model test for the noise source localization.

measurement instrumentation

Ffophone array

QWS
bise
d in

5.1.1 Ge

neral

In order to localize the noise source, i.e. to find the position where the most probable noise occurs, the
use of a special device to enable noise measurement with high directivity is required. The hydrophone
array is the typical device for that purpose.

5.1.2 Hydrophone

Recommended specifications of the hydrophones are listed in Table 1.

The hydrophones should be individually calibrated before the test and periodically (typically every
12 months), either with respect to the manufacturer’s calibration reference, e.g. by using a hydrophone
calibrator, or in accordance with IEC 60565[21.

© ISO 2019 - All rights reserved
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Table 1 — Recommended specifications of the hydrophones

Receiving sensitivity -220 dBre 1 V/uPa or higher
Frequency range 1 Hz to 100 kHz or wider
Directivity Omni-directional
Operating static pressure 40 atm to 100 atm

5.1.

3 Array types

For the noise source localization, various types of hydrophone arrays can be used. The typical array

typ
per
effe

Ad

bs are listed in Table 2[3l. Especially in the propeller cavitation model tests, from

ctiveness.

psign method of hydrophone array patterns can be found in Annex A for information.

Table 2 — Hydrophone array types

practical

spective it is recommended to use a 2-dimensional array, considering the performance.anpd the cost-

— uniform line array
1-Dimenonal array
— nested line array

— uniform linear planearray
— nested linear plane array
2-Dimenonal array — circular-typed array

— spiral-typed array

— random array

3-Dimenonal array —volume array

51
For

Thd

hydirophone arrays can be\ecated in the acoustic chamber below the test section. They can h

out
can

Reg
the
as

4  Array setup
the noise source localizationja single array or multiple arrays can be used.

arrays can be variously,hounted, depending on the test facility. For the cavitation

bide of the walls (otwindows) or be flushed to walls (or windows). For the towing tank,
be located inside-the basin.

ardless of thé mounting method, however, the hydrophone should be installed in orde
effects of flow and vibration on the hydrophones and to avoid unwanted acoustic phend
esonanee due to the mounting and the hydrophone setups.

5.1

funnel, the
e mounted
the arrays

" to reduce
mena such

5-0 Array calibration

When calibrating the hydrophone as recommended in 5.1.1, it should be confirmed that the hydrophone
is correctly positioned in the array. In addition, it should be checked that the array localizes the correct
virtual source position during the reference field measurement as described in 6.3.

5.2

Data acquisition

5.2.1 General

Data acquisition is performed using analogue-digital converters (A/D). 5.2.2 to 5.2.6 should be

con

©IS

sidered for the A/D converter.
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5.2.2 Sampling frequency

The sampling frequency should satisfy the Nyquist-Shannon sampling theorem, i.e. it should be at least
twice the highest frequency under test. If possible, it is recommended to be over four times the highest
frequency.

5.2.3 Resolution

The A/D converter should have more than 12-bit resolution. 16-bit resolution is recommended.

5 2 4 S = =2 £ Jliiaal la 1 1
nkun y ICI VI Z4AaUIUIT TUT TITUIUpPIcT LHHAdIITITCT oallipililg

The numbér of channels corresponds to the number of hydrophones and the data should be sampled
simultanequsly for entire channels.

5.2.5 Filtering

In order to| prevent the data aliasing, the low-pass filter should be applied before A/D converting. [The
cut-off frequency should be set to the highest frequency at least.

5.2.6 Acpuisition time

The measyrement time corresponding to 1 000 rotations of the prepeller is recommended in ofder
to have sufficient data for the analysis. The acquisition time, ofswhich specific value depends on|the
shaft rotatiional speed, would be a few tens of seconds in a cavitation tunnel and around 200 s |n a
depressurized towing tank.

6 Nois¢ measurement procedure

6.1 Propeller cavitation noise measurement

Propeller davitation noise should be measuped in accordance with ISO 20233-1:2018, 4.1 and 4.2, by
using the roise measurement instrumentation of Clause 5.

6.2 Background noise measurement

The background noise comestmainly from the propeller drive system, the tunnel operation or towing
carriage, the water flow, theymeasurement chain, etc. To check if there exists any other noise soyrce
than the target noise, i.e; the cavitating propeller, the background noise should be measured.

The background noise'shall be measured in the absence of the propeller cavitation (propeller repldced
by a dumnpy boss:or increase of tunnel pressure to suppress cavitation) but with all other operating
conditionsfas sinvilarly as possible. Both procedures to measure background noise have specific prosjand
cons. The increase of tunnel pressure allows to keep the propeller load condition, K3/K;, and to defect
propeller r%mmmmr at
least reduces the cavitation from the wake screen and/or appendages of the ship model, which should be
included in the background noise if it exists. Although the cavitation of the propeller is removed by doing
so, the propeller-induced noise can be localized due to the flow around propeller blades. The replacement

of the propeller by a dummy boss keeps the same air content but changes the load of the propeller drive
system. Thus, it would alter mechanical noise characteristics from the propeller drive system.

The background noise can be measured before or after measuring the cavitation noise of the propeller.

6.3 Reference field measurement

When the noise is measured in model test facilities, it should be noted that the situation differs from
the free-field environment. For the cavitation tunnels, the test section including acoustic chamber is

4 © IS0 2019 - All rights reserved
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enclosed by the tunnel walls. The influence of multiple reflections due to the walls should be considered.
For facilities with a free surface, the influence of this free surface on the noise measurements should
be assessed as well. The hydrophone setups would also cause reflections depending on the mounting
methods which cannot be easily known a priori.

In order to validate the localization results under the influence of these reflections, an acoustic
calibration can be made using a known virtual source which is located at a given acoustic centre.

For the reference field measurement, the propeller is replaced by a virtual source. The underwater
transducer, which converts the electrical input to the pressure signal with its own transmitting voltage
response (TVR), can be used as the virtual source. The source strength of the virtual source can be
calqulated directly from the known input signal in voltage and the TVR. The input signa

gen
Nnoi

erated using a function generator and is amplified, if necessary. Broadband signals“suc
e and linearly frequency modulated signal can be used as the input signal.

Duiling the reference field measurements, the air contents should be approxintately the s

pro

7

7.1

7.1

peller cavitation noise measurement.

Post processing
Array signal processing

1 Bartlett processor

The signal model, which is the main assumption for the array signal processing, is given in A

Cro
sim
sou

5s-correlating the measured field with the replica leads to the Bartlett processor that ev]
filarity between structures of two acoustic fields. If the positions of the virtual source
'ce coincide, the processor shows the highest correlation value, since the measured f

and) the replica field vector should be similar. To incorporate the broadband nature of th

cav

tation noise, an incoherent broadband processor is given as follows:

o ( ):Nié (r,rs,a) )C(r,w].)wB (r,fs,a)j)

is usually
h as white

hme as the

nnex B.

hluates the
and actual
ield vector
e propeller

(D

(2)

and
H r +
i R0 1 [oteatea
r 2
“H(r, S,w)H D(r,)
whére

©IS

C isthe cross-spectral data matrix;
wjg is the weight vector of the Bartlett processor;
w* refers to the transpose of the complex vector w;

r is the receiver position;
; isacandidate source position;

w isthe angular frequency to be included in the processing;

02019 - All rights reserved
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g s
D s
lall is

() s

7.1.2 M\L processor

The incohsg

MV (‘

where C-1

The MV pr|
noise pow
It can achi
noise ratio

position, and the discrepancy between the measured signal and the replica can degrade its performa

significant]

7.1.3 Ot

Other prod
used for th

7.2 Graphical display of the output

Although t
slices. A sli
or Formulad
Therefore,

It is reconj
coordinate

7.3 Spat

e array signal processing.

3-2:2019(E)

the number of frequencies;
the replica field vector defined in Annex B;

the measured noise field vector;

the L, norm of a vector a;

the expected value of b.

rent broadband processor using the minimum variance (MV) processor is givemas‘folloy
1 Nf 1 -1
Ly L + (0 - >
S)—NfZ(wB(r,rs,wj)C (r,a)j)wb,(r,rs,a)j)) ,
j=1

s the inverse matrix of C. See Formulae (1) and (2) for the explanation of the symbols.

bcessor has both pros and cons at the same time. It is optinddm in the sense that the ouf
br is minimized subject to the constraint that the signalbe undistorted by the proceq
bve the best localization performance under the idealiconditions, such as a large signal
(SNR) and without mismatch. However, the sourcéof errors, such as an inaccurate ai

y.
her option for the processors

essors such as the eigenvector processor and MUSIC (Multiple Signal Classification)4l ca

he processor output cdn be visualized by 3-D display, it is practical to show them by
ce, which is referred(to as an ambiguity surface, represents the output values of Formuldg
| (3). Each grid pointin the ambiguity surface corresponds to the candidate source posif]
areas of high certelation can suggest true source positions.

mended that at least three orthogonal slices (X-, Y-, and Z-directions) which include
showing the highest correlation be presented in the report.

ial resolution

yS:

(3)

put
SOT.
-to-
ray
nce

N be

(1)

ion.

the

The spatial resolution is one of the main parameters to evaluate the array performance. However,
predicting the spatial resolution analytically is not easy since it depends on the parameters such as
source-array configuration, frequency bands, environmental complexity, and the signal-to-noise ratio.
The spatial resolution can be evaluated by the half power beam width (HPBW), which is defined by the

distance between the candidate points (f's), where @(f's)/fb(rs) =0,5. For simplicity’s sake, a

monopole source is assumed when evaluating the spatial resolution by the numerical simulation or

direct mea

surement using a virtual source.
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Annex A
(informative)

Hydrophone array design method

Hydrophone array patterns can be designed using an optimization technique. The design process
comprises—the—classification—of design parameters—thedefinitionof an—objective funection and the
optlmization of the design parameters. The design parameters should be defined in accordanice with the
array types given in Table 2. The objective function should be defined in order to consider the mainlobe
beamwidth and the maximum sidelobe level, simultaneously. A global optimization-technique such as
thelsimulated annealing[>] and the genetic algorithml(él can be applied to find the-optimum parameters.
Finally, the peak sidelobe level and the mainlobe beamwidth of optimum arrayS-should be ahalysed for
validation.

© IS0 2019 - All rights reserved 7
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The acoustic data measured from a rotatlng propeller comprlses 51gnals of interest propagated from

Annex B
(informative)

Signal model for array signal processing

face

e is
the
source sig al s(t) through the medium can be expressed by convolution With an impulse response [h(t)
in a linear fime-invariant systemlZl;
d(r,t)Es(rs,t)*h(r,rg,t)+n(r,t) (B.1)
where
r is|the receiver position;
r, is|the source position;
n(t) isfthe additional noise signal;
*  rdfers to the convolution operator.
If more soyrces exist, the corresponding terms can be\simply added to Formula (B.1). Applying Foufrier
transform fto Formula (B.1), the frequency domain-expression for the angular frequency w becomefs as
Formula (HB.2):
D(r,0)=S(ry,0)H(r,r;,0)+N(r,0) (B.2)
where H(r,|r, w) is the transfer function from the source r to the receiver r.
The transfpr function can be obtained by the direct measurementl8! or the numerical simulation. [The
estimated transfer function isalled the replica field.
For an array of M receivers, the measured noise field at all receiver points can be expressed by veftor
~ A~ ~ T
T L . .
D=[D1 ,D}, --,DM] > Similarly, we can construct a replica field vector H =[H1 JH>2 ,---,HM} .
Assuming § source is located at r, the transfer function of the tunnel can be modelled as:
1@ r,r,0
r,rs,a) 2‘4’( r,rg,m)e k(rrs o) (B.3)

Formula (B.3) represents multiple arrivals with different amplitudes A and phases .
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