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1 INTRODUCTION

In the framework of the European project Hydro Testing Alliance (HTA), INSEAN is leader of the subtask
1.1. and Task 3 of the Joint Research Project (JRP) 10. Specifically, the topics of the tasks are as follows:

- Task 1.1: ”Hydrophone set-up, data acquisition and processing”. Under the task “Noise
measurement at model scale”, this subtask concerns a review of typical test setup and specification
of instrumentation, transducers, data acquisition hardware and procedures. These aspects are dealt
with is two sections, organized as follows:

a) Review of transducers and measurement set-ups of participants, including limitations and
experiences;
b) Review of either the setup for noise measurements using noise cancellation techniques and
signal processing techniques for noise cancellation to reduce the facility background noise.
In a) some hydrophone and pressure transducer models, as typically used for noise measurement in
the JRP10 organizations, are reviewed and compared. Section b) is focused on techniques which
aims at correcting the contribution of the “unwanted noise sources” (e.g. background noise of the
facility, possible reverberation of the test section, noise from the ship model mechanical
transmission).

- Task 3: ” Hydrodynamic aspects influencing cavitation noise”. This task involves a review and
analysis of the flow topologies involved in the acoustic emission in both cavitating and non-
cavitating conditions. Specifically, the task concentrates on two aspects mainly:

a) Hydrodynamic aspects influencing the non-cavitation noise;
b) Hydrodynamic aspects influencing the cavitation noise.

2 BACKGROUND

Noise measurements at model scale are still the most reliable tool to estimate cavitation noise in the design
stage and to avoid subsequent problems concerning hull vibrations and exceeding radiated underwater
noise level limits at full scale.

In this regard, the latest generation of large cavitation testing facilities allows the performance of those
tests in the realistic three-dimensional wake field of complete ship models. Of course, either the kind and
the characteristics of the facilities require that special features like e.g. high Reynolds numbers or free
surface effects have to be addressed.

Noise measurements at model scale are typically performed in facilities with strong background noise and
reverberant test sections. Furthermore, background noise is introduced by the ship model mechanical
transmission. The extraction of each “spurious” contribution from the overall noise levels is a difficult task,
instead it is possible to correct for the contribution of the unwanted sources by adopting noise cancellation
techniques.



3 SUBTASK 11: REVIEW OF THE INSTRUMENTATION AND
MEASUREMENT SET-UPS FOR NOISE MEASUREMENTS AT MODEL
SCALE

The following section reports a review of either instrumentation and set ups that are typically used from the
organizations involved in the JRP 10 of the European Hydro Testing Alliance. The review is organized in
two sub-sections, as follows:

- 3.1. Instrumentation for noise measurements. Different models of noise measurement pressure
transducers and hydrophones currently used in the JRP10 organizations are here reviewed and
compared.

- 3.2. Set ups for noise measurements. A description of facilities, set ups and test procedures
currently adopted for acoustic measurements at model scale is here addressed.

3.1 Instrumentation for noise measurements

Detailed technical information and comparison among different models of pressure transducers and
hydrophones are the subject of this part. The reviewed instrumentation covers the pressure transducer and
hydrophone models currently used by HSVA, CNR-INSEAN, MARIN and NEWCASTLE UNIVERSITY
for model scale noise measurements.

The reviewed instrumentation is listed in Table 1.

Hydrophones Pressure transducers
Briiel & Kjaer 8103 PCB 103M49
Briel & Kjer 8104 PCB 106B51

Briel & Kjeer 8105
Briel & Kjeer 8106
Reson TC4014
Reson TC4032
Elac Nautic KE2

Table 1. Reviewed hydrophone and pressure transducer models

ICP pressure transducers (i.e. PCB models) were included in the review because commonly used from one
of the JRP10 organizations (i.e.CNR-INSEAN) to identify the location of the noise sources. In this regard
the uni-directional directivity pattern of pressure sensors makes them suitable for this kind of application.
For the sake of this review and comparison exercise, the main characteristics of the sensors (i.e.
hydrophones and pressure transducers) are represented in tabulations and graphical representations.

3.1.1 Hydrophone and pressure transducer models

An overview of the overall (nominal) characteristics of the hydrophone and pressure transducer models is
described hereinafter.

1. Briel & Kjeer 8103. The B&K 8103 is a small-size, high-sensitivity transducer suitable for making
absolute sound measurements over the frequency range 0.1Hz to 180 kHz and with a receiving



sensitivity of =211 dB re 1V/uPa. It has a high sensitivity relative to its size and good all-round
characteristics, which make it generally applicable either to laboratory and industrial. Type 8103
has high frequency response that makes it useful for cavitation measurements.

. Briel & Kjear 8104. The B&K 8104 is a wide-range standard measuring transducer for making
absolute sound measurements over the frequency range 0.1Hz to 120 kHz with a receiving
sensitivity of —205 dB re 1V/uPa. It can also be used as a sound transmitter (projector) which
makes it ideal for calibration purposes by the reciprocity, calibrated-projector and comparison
methods.

. Briel & Kjear 8105. The B&K 8105 is a small, spherical transducer for making absolute sound
measurements over the frequency range 0.1Hz to 160 kHz with a receiving sensitivity of —205 dB
re 1V/pPa. It is rugged, being capable of withstanding pressures of up to 10" Pa (100 atm; 1000 m
ocean depth). This hydrophone has excellent directional characteristics: at 100 kHz, it is
omnidirectional over 360° in the x-y (radial) plane and 270° in the x-z (axial) plane.

. Briel & Kjear 8106. The B&K 8106 is a wide-range, general-purpose transducer for making
absolute sound measurements over the frequency range 7Hz to 80 kHz with a receiving sensitivity
of —173dB re 1V/u Pa. The hydrophone is capable of withstanding high static pressure, the
operational upper limit being 10 Pa (100 atm.; 1000 m ocean depth). A built-in high-quality, thick-
film, low-noise, 10 dB preamplifier provides signal conditioning for transmission over long
underwater cables. The preamplifier features a 7Hz high-pass filter and an insert-voltage calibration
facility, but does not allow the hydrophone to be used as a projector. An integrated watertight
connector allows quick disconnection of the cable and makes replacement and storage very easy.

. Reson TC4014. The Reson TC4014 is a wide range spherical transducer which offers a wide usable
frequency range with excellent omnidirectional characteristics in all planes. The overall receiving
characteristics makes the Reson TC4014 ideal for making absolute sound measurements up to 480
kHz with a receiving sensitivity of —186dB re 1V/ u Pa. The wide frequency range of the transducer
makes it suitable for calibration purposes, particularly in the high frequencies. In addition, the
Reson TC4014 incorporates a low-noise 26 db preamplifier that provides signal conditioning for
transmission through long underwater cables. The transducer is provided with differential output
that is advantageous when long cables are used in an electrically noisy environment. The transducer
can be also used in single-ended mode.

. Reson TC4032. The Reson TC4032 is a general purpose hydrophone which offers a high
sensitivity (i.e. —170dB re 1V/u Pa), low noise and a usable frequency range up to 120 kHz.
Similarly to the TC4014 model, the Reson TC4014 incorporates a low-noise 10 db preamplifier that
is capable of driving long cables of more than 1000 m and is provided with differential output that
is useful when long cables are used in an electrically noisy environment. Similarly to the TC4014
model, the transducer can be also used in single ended mode.

. Elac Nautic KE2. The Elac Nautik KE2 is a ceramic transducer designed for use in passive sound
locators. Its frequency range extends from 40Hz to 30KHz. The ceramic is mounted in a metal
housing protected against contact with water by means of a rubber coating. The two-conductor
cable is longitudinally watertight.

. PCB 103 and 106 series. The PCB Series 106 and 103 are ICP (Integrated Circuit Piezoelectric)
pressure transducers and, thus, are best suited for detecting and measuring dynamic pressure
phenomena. With very rapid response times (i.e. <25us the 103 series and <9us the 106 series),
these sensors allow accurately measure fast transient pressures, such as surges, spikes, pulsations,
and noise. Since piezoelectric pressure sensors, the PCB 103 and 106 transducers are AC coupled
devices and, thus, they ignore any ambient, static pressure or very slow pressure change (i.e.
sensitivity of 250 mV/psi the 103 series (103M49) and 1000 mV/psi the 106 series (106B51)). This



property provides these sensors with the unique ability to monitor low level dynamic pressures
while being subjected to a high static background pressure level. For this reason, these sensors can
be categorized as microphones. Series 103 has a smaller sensitive area than Series 103 (i.e. &= 3.18
mm for Series 103 and &= 11.05 mm for Series 106), and, thus, are suitable for measurements in
which high spatial resolution is required. With no moving parts and solid state construction, the
durability of these sensors is unsurpassed by any other type of pressure sensor.

3.1.2 Geometrical characteristics

The overall geometrical characteristics of the transducers under review are documented in Tables 2 and 3.
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Pressure transducers
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Table 3. Geometrical features of the reviewed pressure transducers

* Geometry is represented both in inches and millimiters (among brackets).




3.1.3 Frequency response of the hydrophone models

The typical frequency responses of the hydrophone and pressure sensor models under review are shown in
Table 4. The abscissa and ordinate axes represent the frequency in kHz and the corresponding receiving

sensitivity in dB re 1V/uPa @ 1m. Figure 1 show a comparative analysis about the maximum operative
frequency.
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Table 4. Frequency response of the reviewed hydrophones and pressure transducers
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3.1.4 Directivity patterns and sensitivity

Typical directivity patterns of the hydrophones in water are shown in Table 5. These polar directivity
patterns are typically measured in free-field conditions achieved by means of gating techniques in a water
tank. The method requires a standard hydrophone as a projector and the unknown hydrophone as the
receiver whose polar directivity pattern is to be determined.

The polar diagrams in Table 5 show the direction of the receiver respecting to the projector along the
azimuth in degrees and the corresponding receiving sensitivity along the radius in dB re 1V/uPa @ 1m.
Figure 2 shows the nominal sensitivity’ of the hydrophones.

" The sensitivity of a hydrophone is given by the minimum input signal S; required to produce a specified signal-to-noise S/N
ratio at the output port of the receiver and is defined as the mean noise power at the input port of the receiver times the minimum
required signal-to-noise ratio at the output of the receiver:

S, = k(T + T.0) B-22
N

o

where

S; = sensitivity [W]

k = Boltzmann's constant

T, = equivalent noise temperature in [K] of the source (e.g. antenna) at the input of the receiver
T,x = equivalent noise temperature in [K] of the receiver referred to the input of the receiver
BT: bandwidth [Hz]

o

Ny= Required SNR at output [-]

Because receive sensitivity indicates how faint an input signal can be to be successfully received by the receiver, the lower
power level, the better. Lower power for a given S/N ratio means better sensitivity since the receiver's contribution is smaller.


http://en.wikipedia.org/wiki/Boltzmann%27s_constant
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Figure 2. Nominal values of the sensitivity of the hydrophone models

3.1.5 Operating ranges

Values of both the operating temperature range and the maximum operating depth of the reviewed

transducers are shown in Figg. 3 and 4 respectively.
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3.2 Review of the experimental set ups

The following section reports a review of the experimental set ups and the test procedures used in the
organizations involved in the JRP 10 of the European Hydro Testing Alliance community.

3.2.1 HYKAT HSVA.

HYKAT is a closed-jet cavitation tunnel with a horizontal top branch including the test section (L x B x H
=11m x 2.8m x 1.6m) as well as the acoustic chamber and a bottom branch submerged in a trench (Figure
5). Numerous acoustic treatment features enable low background noise (Friesh, 1994).

An aeration and de-aeration system allows to operate the tunnel with defined gas content required for noise
measurements. More details of HYKAT and test section can be found in the website of HSVA. In the test
section of HYKAT the model propeller operates in the realistic three-dimensional wake, at high Reynolds
number. The ship model penetrates the test section cover at the designed water line and is completely
flooded during cavitation and noise tests (Figure 6).

HYKAT-HSVA

Test section (m®):
2.80 (W) x 1.60 (D) x
11.00 (L)

Test section
maximum speed
(m/s): 12.6 m/s

Max. & min. abs.
pressures: 2.5 bar,
0.15 bar

3.2.1.1 Noise measurement procedures

For cavitation noise measurements a flush mounted hydrophone (i.e. KE 2) is used in the model hull close
to the propeller and one omnidirectional hydrophone (i.e. RESON TC 4032) in the anechoic acoustic
chamber (Figure 5) below the test section, separated by large acoustically transparent windows (Figure 7).
The latter hydrophone is located just below the propeller at the distance of about 2.5m - varying slightly
with the model draught - but considered to be in the acoustic far field for frequencies above 1kHz.

Both hydrophone signals are recorded simultaneously and converted into spectra by a commercial dual
channel signal analyzer, appropriately equipped for antialiasing, windowing and averaging procedures
(Figure 8).

The model noise measurements are performed in third octave bandwidth and narrowband (800 lines) in the
frequency range 1-100kHz.

Noise components acquired by the far field hydrophone can be traced back to the propeller through the
analysis of the signal recorded by the flush mounted hydrophone.




The contribution of the background noise is measured in absence of the propeller, setting the same
operating conditions in terms of thrust coefficient, cavitation number, rotational speed, flow speed, static
pressure and gas content.

The noise contributions correlated to the propeller and the tunnel drive system, the flow noise and the
electronic noise of the measurement chain are checked separately.

The signal to noise ratio of propeller cavitation noise to the background noise amounts typically from 10
dB to 30 dB.

Figure 7. HYKAT-HSVA: view of the test section



Test section of HYKAT

a

e H

= Acoustic chamber
—
—
—
—
—

Hydrophone hydrophone

ALLALLLL

/]
v
; Flat mounted
v
/
7
v

AL LR LY

|

— LA LLALLASLLA BA

Dual Channel FFT analyzer

Hydrophone
charge amplifier

i :

Prses o

e ———
( )
Presentation of results
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3.2.1.2 Experiences and challenges

A list of practical information related to noise tests in the HYKAT cavitation tunnel is reported as follows:

At lower frequencies (i.e. f<1kHz) the signal to noise ratio decreases below 10dB and, therefore,
this range is excluded from further analysis.

At low static tunnel pressure the relative gas content (oxygen saturation index) increases above
100% and causes a large amount of free air bubbles that affect the measured noise levels.

During cavitation inception tests, cavitation phenomena sometimes occur at model hull and/or
appendages. This effect is easily detectable but difficult to be located, sometimes.

In contrast to full scale, there is no free surface at the waterline during the noise tests.

The main background noise contribution is given by the propeller drive system (dynamometers).
This contribution is difficult to be mitigated significantly.

In case of significant contributions of vortex cavitation and sheet cavitation, noise scaling has to be
done in a different way for the two phenomena.

In 1989 HSVA installed an array of up to seven hydrophones of type B&K 8105 in the anechoic
acoustic chamber for directed and scanning noise measurements. In spite of the specification for
this type of hydrophone indicates the water tightness up to 1000m (see Appendix A), all



hydrophones experienced a malfunction after about five years and the hydrophone cables were
significantly swollen. B&K stated that they do not guarantee for the long term water tightness and
that diffusion of water molecules through the rubber material could not be avoided at all. Unlike the
B&K 8105, the hydrophones of type RESON TC4032 are used since about 15 years without any
problem. Frequent calibrations do not indicate any change of the hydrophone performance.

3.2.2 Depressurized towing tank of MARIN.

The Depressurized Towing Tank of MARIN (DTT) has the capability to carry out noise measurements for
cavitating propellers. The facility has a towing carriage that allows to test up to the maximum speed of
8m/s both in atmospheric and low pressure conditions. For the sake to reduce the high background noise
levels of the regular towing carriage, the facility was equipped with a silent towing carriage. This is a
lightweight carriage composed of truss bars, driven by a geared belt suspended between two frames: one
frame was attached to the tank wall whereas the other frame, which included the driving engine, was
attached to the regular towing carriage which remained static. The weight of the towing carriage excluding
the towing legs is 750 Kg. The velocity variation of the carriage with a large size model (i.e. 3650 kg) is
smaller than 1% up to a velocity of 3.5 m/s within an effective constant speed run length of 15m. Figure 9
gives an example of the measured noise levels in the tank. The noise of the silent towing carriage is more
than 10 db below the measured flow noise levels for frequencies above 1kHz. The remaining noise levels
of the silent towing carriage are caused by air borne transmission of the noise due to the driving engine and
gearing wheels. The towing carriage was used only for noise measurements at atmospheric pressure. In
2012 the Depressurized Towing Tank will be renamed to 'Depressurized Wave Basin' due to the
installation of wake makers.

DTT of MARIN

Tank dimensions: 240m (L) x
irame

Air lock frame _ _ _
—~ Towing carriage maximum
arbo g lain frame speed: 8 m/s

Observation module

PRRSSAre CaD * | Minimum abs. pressure in the

facility: 25-40 mbar.

Model size: 2 -12 m in length,
Max prop. Diam. 0.4 m.

3.2.2.1 Noise measurement procedures

The location of hydrophones in the Depressurized Towing Tank for the radiated noise measurements of
cavitating propellers was investigated by van der Kooij and de Bruijn (1984). The hydrophones are
mounted on a pylon that is located on the bottom of the basin. The towing carriage with ship model and
propellers is then passing over the hydrophones. The location is shown in figure 10.




One hydrophone is located just below the course line of the ship at the depth of 2 m while the other
hydrophone is located abeam at the depth of about 1 m and at the horizontal distance of about 2.2 m from
the center line of the basin. A photograph of the beam hydrophone is presented in Figure 11.

110 —r—r—— ———— .
100 _:__:__:_:__:_:_:_:___ silent carriage + model
: : : : : : :: —— Silent carriage only
OF--=-5-"T7777" " background noise -
I I T A I

i 15—

2
Lp [dB re 1 uPa</Hz]

frequency [Hz]

Figure 10. Underwater sound in DTT-MARIN at the towing speed of 3.5 m/s when the silent carriage is
towing the scale model hull (blue line). The green line gives the noise of the carriage without model at the
same speed and the red line gives the background noise in the tank.
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Figure 11. DTT-MARIN: location of hydrophones in the Depressurized Towing Tank.

Figure 12: The beam hydrophone pole with the ZP84 hydrophone



The hydrophones were developed by the Physics Laboratory TNO and are denominated ZP-84 (Figure 12).
These hydrophones show to perform well in depressurized conditions in contrary to other hydrophones
such as Bruel and Kjaer 8103, in which air was experienced to penetrate at low pressure. The ZP84
hydrophones have been recently replaced by hydrophones of type RESON TC4014.

Issues related with the location of the hydrophones are:

- Hydrophones should be in the acoustic far field of the cavitating propeller, hence, at a sufficient
large distance. The minimum distance is estimated at 1.5 m.

- The direct sound field should be predominant over the reverberant sound field. Measurements have
shown that the difference between these two sound fields is in the order of 10 dB for the center
hydrophone in the frequency range above 100 Hz. For the hydrophone that is located abeam, the
difference is in the order of 5 dB for the frequency range between 100 Hz and 1 kHz and in the
order of 10 dB for frequencies above 1 kHz. The 10 dB difference implies that the contribution of
the reverberant sound field to the measured sound field is negligible. Results of the hydrophone
located abeam are only analyzed for frequencies above 1 kHz.

- For very low frequencies the available measurement time as the model passes a hydrophone
becomes too short. Typical measurement duration time is several seconds.

- Hydrophones should be sufficiently close to cavitating propellers such that the radiated noise field
IS much stronger than the background noise field. The background noise field consists of the noise
generated by the towing carriage (mainly transferred through the basin walls) and the noise
generated by the propeller driving train.

Alternative hydrophone locations have been used in the past as well:

- For the acoustic determination of cavitation inception, the standard location of the hydrophones
shown in figure 10 gave insufficient signal to noise ratio. Instead, for these type of measurements,
the hydrophones are mounted in the ship hull directly above the propeller. Due to the close
proximity to the cavitation, the signal to noise ratio is increased. Main issue with this location is
that the measured noise levels cannot directly be scaled to equivalent noise levels at full scale in the
far field. Furthermore, the hydrophones should be located inside a block of Perspex to avoid the
measurement of flow noise (i.e. pressure fluctuations of the turbulent boundary layer).

- For the measurement of two phase flow noise, use has been made of an acoustic antenna designed
and operated by TNO, see De Jong et al (2009). The antenna consists of 15 B&K 8103
hydrophones. The antenna could only be operated for atmospheric conditions and is therefore not
suited for the measurement of cavitation noise. The antenna was attached to the wall of the basin.
During this project the special designed ‘silent towing carriage’ was used as well.

3.2.3 Emerson cavitation tunnel of UNEW

The Emerson Cavitation Tunnel is a large closed circuit depressurized tunnel. The tunnel has a rectangular
measuring section of 3.10 m x 1.22 m x 0.81 m and a contraction ratio of 4.271:1. The ECT contains 60
tonnes of water -including a 1% sodium nitrate as a rust inhibitor- that is circulated in the tunnel by using a
300 kw DC motor driving a four-bladed-impeller with a diameter of 1.4 m. The maximum attainable water
speed in the measuring section is 6.5m/s but this can be increased up to 9 m/s with a specially designed and
manufactured new insert (with the insert the size of the test section reduces to 3.10 x 0.81 x 0.81m). More
details of the ECT can be found in Atlar (2011).
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3.2.3.1 Noise measurement procedures

ECT have two B7K 8103 miniature hydrophones and one 8105 hydrophone. The 8103 hydrophones are
usually housed in a water filled, thick walled steel cylinder which is usually placed on the 30mm thick
Plexiglass window of the tunnel, directly above the propeller plane (Figure 13). The steel cylinder (in
yellow in Fig 13) is open to the window and, hence, must be attached and sealed to the plexiglass by a
marine grade type silicone sealant. The steel cylinder is filled with solution from the tunnel (Sodium
Nitrite) using a large plastic syringe. It is important that the cylinder is completely full during the
experiment and that the level of water be maintained constant. This is achieved by including the steel
cylinder in the daily checks performed prior to starting experiments.

The signals from the hydrophone are collected and analyzed by means of a further B&K hardware and
software, in this case a PC based “PULSE” digital acquisition and analysis system up to a frequency of 25
kHz. The components details of the PULSE system as well as the hydrophones are defined in Appendix A°.
Hydrophone calibration is carried out by placing the hydrophone with the aid of a coupler UA 0548 into
the B&K calibrating device type 4223 instead of the steel mounting cylinder. When this device is switched
on four oscillating pistons gives a pressure pulse of frequency 1 kHz. The output from the hydrophone is

° Prior to the purchasing of the PULSE system, the signals from the hydrophone are collected via a Type 2635 Pre-Amplifier, a
Type 2610 Measuring Amplifier and a Type 1617 octave 1/3 Band Pass Filter, the latter comprising 50 1/3 octave bands with
centre frequencies ranging from 2 Hz to 160 KHz, as sketched in Figure 14. However this hardware —except the hydrophone-
were now replaced by the PULSE input/output interface and Analyser in a single box. This is supported by Type 7700 PULSE
base software for FFT purposes with Constant Percentage Bandwith CBP (1/n —octave) and Overall Level Analysis with
simultaneous measurement of exponential, linear, impulse and peak levels). The entire new hardware is a portable single box as
shown in Figure 15.



fed to PULSE to give a reading of sound pressure level of 165.8 dB re 1 pPa, thus the hydrophone is
calibrated at one frequency only™®.

Background noise levels are first measured by conducting tests at the correct tunnel water speed, shaft
revolutions and static tunnel working pressure corresponding to the ship operating conditions but with a
dummy boss fitted in place of the model propeller.

Measurements of noise levels with the model propeller working at the same revolutions and water speed
and the static pressure adjusted to give the ship operating cavitation number are then carried out.

Following the ITTC recommendation, the sound pressure levels in each 1/3 Octave band are reduced to an
equivalent 1 Hz band width by means of the correction — 10 log Af.

As the gas content of the tunnel solution will attenuate the noise signal levels it is important that all noise
measurements be obtained with the required gas content at the tunnel working pressure. Gas content in the
water is measured using YSI55 oxygen meter.

Future developments for ECT are the permanent fixture of a hydrophone inside the tunnel with the ability
to move the hydrophone in and out of the flow. The hydrophone is fitted into some form of foil shaped unit
to reduce turbulence.
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Figure 13: Example of hydrophone position and the dynamometer in larger test section of the ECT .

10 Before PULSE was introduced, the output was fed to the pre amplifier then to the 1/3 octave filter ad measuring amplifier.
With the piston calibrating device switched on, the control knob of the measuring amplifier is adjusted to give a reading of sound
pressure level of 165.6 dB re 1uPa as sketched in Figure 16
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Figure 14: Emerson Cavitation Tunnel noise measurement set-up (sketch at the top) before PULSE system
introduced

Figure 15: Emerson Cavitation Tunnel current noise measurement system using PULSE system and a PC
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Figure 16 Emerson Cavitation Tunnel hydrophone calibration set-up before PULSE system introduced

Figure 17: Example of hydrophone position and the dynamometer in smaller test section of the ECT .



3.2.4 INSEAN Large Circulating Channel.

The Large Circulating Water Channel of INSEAN is a vertical plane, free water surface, variable pressure
recirculating channel, having a capacity of 4 million of liters. The test section of the facility has 10 m
length, 3.6 m width and 2.25 m maximum water depth. A picture of te test section is shown in Figure 18.
The maximum water speed in the test section is 5.2 m/s. The facility can be depressurized down to 30
mbar, arranging a movable cover to the test section.
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Figure 18: INSEAN large circulating water tunnel: test section




3.2.4.1Noise measurement procedures

Noise measurements in the circulating water channel of INSEAN are performed through one or more in-
field sensors (i.e. B&K 8103 hydrophone, PCB 103B and 106 pressure transducers) that typically are
mounted on a 20 cm to 40 cm stem and are fixed to a supporting strut (Figure 19). The strut has
streamlined designed cross-sections and a stiff framework to minimizes vibrations during the tests.

In some applications the strut/hydrophone system is traversed along a transversal grid downstream of the
propeller and the corresponding signals are phase locked with the propeller position and, then, interpolated.
This technique proved to be suitable to identify any noise source induced by the propeller-hull interaction.
A rake device with hydrophones, usually aligned on a fin and suitably spaced to each other (Figure 20) is
used to reduce the grid scanning time and to allow signal cross-correlations to be also performed.

Figure 19. Detail of the strut supporting the in-flow sensor (hydrophone) and particular of the stem and the
strut.

ww ozt |

Figure 20. Hydrophone mounting on the rake device: picture (left) and geometrical representation (right)
Hydrophones are also used to measure the flow noise levels on the model surface. In this regard, the
transducers are fitted inside a cylindrical cavity, which is flush mounted with the outer shell of the model
body. The cavity is designed to communicate with the flow through a 2-mm diameter hole, and is therefore
filled with water (Figure 21).
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Figure 21. Mounting system for the on-board transducers (Hydrophone)
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Out-of-field sensors are typically intended to record the background noise, which includes the flow noise
generated by the model supporting strut, the free surface, the motor, the gearing system and any other
sources not related to the model flow. The adopted technique to remove the background noise component
from the spectra is described in §3.3. These sensors are typically hydrophones fixed at positions not
affected, or very low affected at least, by the flow noise that is intended to be measured (e.g. one
hydrophone is usually mounted far upstream of the model after the cornue of the facility). In some cases
also accelerometers mounted on the struts or on the motor box are used.



3.3 Review of the setup and the signal processing techniques for noise
measurements using noise cancellation techniques.

The method presented here to eliminate the contribution of any external noise source to the radiated noise
is a general spectral conditioning technique (Bendat and Piersol).
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Figure 22. Exemplifying set up

A exemplifying sketch of the set up used for the purpose of removing the background noise is shown in
Figure 22.

The output of the signal acquired by a given in-field hydrophone p(t) can be decomposed in the
contribution of the underlying deterministic signal u(t) (i.e. the physical signal related to the ship/propeller
radiated noise in ideal-noise free condition) and any extraneous “non-physical” noise n’(t) (e.g. noise
generated by the engine, background noise of the facility).

The objective of the conditioning procedure is, then, to estimate and remove the noise due to the broadband
inputs from the output acoustic spectrum.

If a microphone/hydrophone is put far from the measurement locations (i.e. out of field sensor in Figure
22), e.g. at the ceiling of test section, inside the model close to the motor, it will measure the background
radiated noise signal n(t). The background noise perceived by the out-of-field sensor is different from the
noise measured by in-field sensor. The relation between the out-field-signal and the in-field signal is
analytically represented by the transfer function H(f). A schematic of the general system is shown in Figure
23.
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Figure 23. Flowchart

The output signal p(t) acquired by the in-flow sensor can be decomposed according to the following

equation:

plt) = ult) + n'(t)

the corresponding auto-spectrum is:
11
Gpp(f) =G, (f)+G, (f)

@Y The autospectral density function can be defined as the Fourier transform of autocorrelation function:

Gy () =3(R,p ()

The correlation function is:

R,, () =T1j p(t) p(t + 7)dt =

Expanding p:

= _i_']‘[u(t) +n'O)Jut+7)+n'(t+7)]dt =

= Tliu(t)u(t +7)dt+ _i_:[n’(t)n'(t +7)dt+ _Il_l‘u(t)n'(t +7)dt+ _Il_l'n’(t)u(t +7)dt =

First two terms are correlation functions, last two cross-correlations:
= Ruu (T) + I:an'n' (T) + Run‘ (T) + Rn'u (T) =
Since noise is uncorrelated from input R,,,=0 and R, ,=0:
= Ruu (T) + Rn'n' (T)
Fourier transform of this equation is:
G (F) =G, (f)+ G, ()

(2) The cross-spectrum between the in-field and the out-of-field sensors can be written

G (1) =3(R,, (7))

The cross-correlation function is:

@)

)



the cross-spectrum Gy, between the in-field and the out-of-field sensors can be written:
@
Gy, = H(T)G,, ()

From (3) H(f) can be expressed as:
G (f
ity 2 Gt
G, (f)
with similar demonstrations G,,-,- will be:
Gy () =[H(F)* G, ()
substituting (4):

G,,(f)°
Gn'n'(f)Z%ﬁ)l

The contribution of background noise to the overall spectrum of the inflow-sensor is given by the
coherence function between the out-of-field and the in-field signals:

Gy (1))
Gon(1)G,, ()

2

ynp:

Substituting (6) in (7) gives:
Gy ()

=50

Adding and subtracting G, (f):

(3)

(4)

(%)

(6)

()

(8)

R, (7) = _%Jn(t) p(t+7)dt =

expanding p:
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Rnu=0 because of uncorrelation of noise, so
Rop(7) =Ry (7)
transforming with Fourier:
G,, =G,
another way to define the cross-spectrum is:
2 - ,

Gy = TENT (DN (1)]
where E[] is an ensemble average, NT and N’T are Fourier transforms of length T and the star indicates the complex conjugate.
Being:

N'(f)=H(f)N(f)
and being H(f) independent of T, one can find:

GmurﬂunéEMKHNAUL*KU%E%AUH=HUWMU)
G,y = H(1)Gy ()



— Gn'n'(f)+Guu(f)_Guu(f)

Vup(F) G (1) )
Using expression (2) G () =G, (f)+G,,(f):
2 ey Co(N-Gu(f) .~ G, (f)
7np(f)_ Gpp(f) =1 Gpp(f) (10)
By this way, we obtain the final form:
Gyu(f) = A= 7m ()G, () (11)

Thus, the autospectrum of the deterministic component acquired by the in-field sensor (i.e. Gy,) can be
determined once known the autospectrum function of the in-field sensor (i.e. Gyp) and the coherence
function between the out-of-field and the in-field signals (i.e. ynp).

As an example Figure 24 documents the removal of the contribution of the motor noise from the
autospectrum of a pressure signal acquired in the wake of a submarine propeller. In this case the out-of-
field hydrophone was located far upstream of the model as shown in Figure 25.
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Figure 24. Motor noise removal from the autospectrum of a pressure signal acquired in the wake of a

2
submarine propeller. Autospectrum of the in-field sensor (left), function 1=75(1) (center), autospectrum
of the deterministic component acquired by the in-field sensor (right)
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In-field hydrophones

Accelerometer on the motor box

Figure 25. Set up for background noise cancellation: the accelerometer on the motor box is effective to
filter out the noise from the motor, the hydrophone H2,, is effective to remove the background noise of the

facility

Summarizing, the steps of the procedure that allows filtering out the components of the background noise
from the autospectrum of the in-field signals are described hereinafter:

1)

2)

Put one or more sensors (i.e. hydrophones, microphones, pressure transducers, accelerometer) in the
region of interest.

Put one or more reference out-of-field sensors in noisy positions of the facility (e.g. inside the box
containing the motor, far from the model). The fundamental requirement for positioning of the out-
field-sensor is that therein the radiated noise has to be given only by the contribution of the
background noise. Thus, in such a position, the contribution of the flow noise (i.e. the noise
component to be measured) has to be negligible compared to that of the background noise. Since
the filtering procedure is based on the cross-spectrum between two signals, the kind of the out of
field sensor has to be not necessary the same of the in-field one. For example, if the contribution of
the motor and the gear system is going to be filtered out from the spectrum of the pressure signals
in the wake of a propeller, it may be better to use an accelerometer rather than a pressure sensor to
measure the background noise.

3) Acquire the signals from the in-field (i.e. p(t)) and the out-of-field (i.e. n(t)) sensors simultaneously.

4)

Calculate the autospectrum of the in-field sensor (i.e. Gyp(f)) and the coherence function between
the in-field and out-of-field sensors (i.e. ynp(f)).

5) Apply equation (11): G, (f)=(1—74(F)G()



4 TASK 3: HYDRODYNAMIC ASPECTS INFLUENCING NOISE

The following section reviews the hydrodynamic mechanisms involved in the acoustic emission from a
propeller either in cavitating and non-cavitating conditions. Specifically, this part is organized as follows:

- Introduction.

- Hydrodynamic aspects influencing the non-cavitating noise

- Hydrodynamic aspects influencing the cavitating noise

4.1 Introduction

The noise radiated by a propeller is the most relevant noise source in a ship in terms of both intensity and
spectral features. In fact, unlike the other noise sources, which present a broadband spectral distribution
mostly, propeller noise has a marked tonal contribution as well as a higher intensity. These characteristics
make the propeller noise much more critical from the perspective of the acoustic signature, especially in
cavitating conditions.
The mechanisms by which a propeller generates pressure fluctuations and, thus, noise can be classified in
four groups:

- The displacement of water by the passage of the propeller blades, namely thickness noise.

- The pressure difference between the suction and the pressure sides of the propeller blades when

they are rotating, namely loading noise.
- The periodic fluctuations of the cavity volumes caused by operation of the blades in the variable
wake field behind the vessel

- The sudden collapse process associated with the life a cavitation bubble or vortex.
The first two mechanisms are not associated with cavitation and contributed to the propeller radiated noise
in either its cavitating and non-cavitating state. The latter two causes are cavitation-dependent phenomena
and therefore occur only when propeller is experiencing cavitation.
In non-cavitating fluid flows the noise is produced by variety of mechanisms, most notably fluctuating
forces caused by variations in the magnitude and incidence of the inflow velocity on the propeller (e.g.
blade-vortex interaction, azimuthal variation of the hydrodynamic load on the blade). Other mechanisms
such as incident turbulence, turbulent boundary layers, separated flows and vortex shedding and dynamics
may be considered as important in non-cavitating flows. All these mechanisms can be described as dipoles
and quadrupoles.
In flows where cavitation occurs these mechanisms are of secondary importance if compared to the effects
of the growth and collapse of cavitation cavities. In fact, cavitation behaves as a monopole mechanism
whose relative acoustic efficiency, compared to dipoles and quadrupoles, is proportional to M? and
M*.(Ross, 1987). In circumstances where the Mach number is small, such as for the flow past a marine
propeller, the monopole and dipole acoustic efficiencies are such that cavitation is the predominant source
of noise.
Propeller noise comprises a series of periodic components, or tones, at blade rate and its multiples, together
with a spectrum of high-frequency noise due to cavitation and blade boundary layer effects.

4.1.1 Hydrodynamic aspects influencing the non-cavitating noise.

In non-cavitating flow conditions the noise spectrum from a propeller comprises a series of periodic
components, or tones, at blade rate and its multiples, and a broad-band component at higher frequencies
(Figure 26).



For the sake of a better classification and description of the different phenomena influencing the
hydrodynamic induced noise in non-cavitating conditions, the following aspects will be addressed
hereinafter: (i) effect of the inflow on the radiated noise from a propeller , (ii) mechanisms of noise

generation and modulation correlated to the propeller wake evolution and breakdown, (iii) propeller-rudder
interaction.
A
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Figure 26 Idealized non-cavitating noise spectrum (courtesy of Carlton, 2007)

4.1.1.1 Noise generated from the inflow perturbation

Propeller is normally operating behind a vessel or underwater vehicle, and, thus, works in a
circumferentially varying wake field.

Inflow non-uniformity and unsteadiness induce variable radial and angular fluid dynamic loads along the
blade and, hence, a thrust and torque distribution which changes periodically during the revolution (Figure
27). These variations concern either intensity of thrust fluctuations and displacements of the thrust centroid
towards the region where the hydrodynamic load is larger.

The periodic variation of the hydrodynamic load on the blades results in the increase of the propeller-
induced vessel vibrations and noise generation.

As an example of the nature of the perturbation that the inflow non-uniformity induces on the propeller
wake figure 28 describes the distribution of the axial velocity and the turbulent kinetic energy for a twin
screw fast ferry ship (Felli and Di Felice, 2005).

radius = blade load index
azimuth = blade angular position

Figure 27. Azimuthal variation of the blade hydrodynamic load calculated on the basis of the tip vortex
circulation and the blade load index (see Felli and Di Felice, 2005). Note that the periodical variation of the



blade hydrodynamic load results in periodical fluctuations of the propeller vortex intensity that are
associated with the wake induced noise and vibrations phenomena.

Axial velocity field
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bracket thrust
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Figure 28. Axial velocity field and turbulent kinetic energy for a propeller blade operating in behind
condition.
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Figure 29. Illustrative sketch of the vortical structures that impact on a submarine propeller (left).
Distribution of the vorticity field just behind the propeller trailing edge: note the interference between the
propeller trailing wake and tip vortices with the vortical structures of the inflow (right).



The contour plots in Figure 28 documents the typical features of a propeller wake operating behind a
surface vessel, and specifically: (i) the non-axisymmetric distribution of the velocity field (e.g. in the
example of Figure 28 the induced velocities have a maximum on the inner half-plane where the inflow,
upward direct as the consequence of the stern geometry of the vessel, is counter-rotating as to the
propeller); (ii) the perturbation of the shaft and the shaft-brackets (e.g. in the example of Figure 28 the
perturbation of the vertical bracket, particularly strong because of the not good keying, is such to shake the
propeller tip vortices locally, resulting in a sensible increase of the induced noise and vibration levels).

In some cases, typical of submarines (Figure 29), the propeller inflow may be dominated by strong vortical
structures shed from the sail (horse-shoe sail vortices), the hull (bilge vortices) and the rudders that impact
on the blades and induces vibrations and noise (Kinns et al., 2006). The impact of the above vortical
structures on the propeller blades gives a perturbation that recurs at each blade passage periodically,
emphasizing the contribution at the blade frequency and its harmonics (Figure 30).

der tip vortex induced
pressure fluctuations

Bilge vortex induceg
pressure fluctuations

Figure 30. Distribution of the pressure fluctuations along a transversal plane downstream of the propeller
(contours refer to the blade harmonic): the maximum fluctuations are in correspondence of the points
where the propeller blades impact the vortical structures from the hull and the rudders.

The perturbation from the inflow has also an indirect impact on the radiated noise since it excites
resonances of either the propeller blades and the hull, enhancing dramatically the radiation.
The broadband noise comprises components derived from the inflow turbulence into the propeller.



4.1.1.2 Noise generated from the wake evolution mechanisms

The mechanical energy that the propeller transfers to the vortical structures of the wake (i.e. tip and hub
vortices, trailing wake) represents a potential that is converted into structural, hydroelastic and
hydroacoustic perturbations and, thus, has a direct impact on the signature. The nature and the mechanisms
by which the aforesaid perturbations occur are correlated to the processes of evolution, instability and
breakdown of the vortical structures of the wake. For this reason, the analysis of the different contributions
that influence the acoustic signature cannot be performed apart from a detailed knowledge of the
mechanisms that guide the dynamics of the propeller wake structures.

Following the classification proposed in literature (Hoshino and Oshima, 1987), the evolution of the
propeller wake develops along three main regions: the first, known as “near wake”, featured by the process
of development and roll up of the wake and culminating with the slipstream contraction; the second, known
as “transition wake”, where the propeller wake undergoes a process of gradual destabilization of the
vortical structures; and a third zone, known as “far wake” or “ultimate wake”, where the propeller wake
definitely breaks down.

The width of each region depends on the propeller loading condition strictly: the larger the blade load, the
faster the transition to the instability, the more contracted the wake evolution (Di Felice et al., 2004).

The analysis of the phase-correlations between velocity and pressure signals reveals a suitable approach to
identify the noise sources in the propeller wake and to qualify the nature of their perturbation. In this
regard, Felli et al. (2006) measured the phase averaged velocity and pressure fields in the wake of a four
bladed propeller.

An example of the pressure signals and the velocity distribution at a given position of the propeller is
reported in Figure 31. The contour plot represents the magnitude of the in-plane velocity components
normalized with the freestream velocity. The main flow structures, like the viscous wake shed from the
blade trailing edge as well as the tip and the hub vortices are clearly apparent. In the same figure the
pressure signals at the hydrophone locations are also highlighted. The signals show a different behaviour
and amplitude as the consequence of the different interaction with the flow structures of the propeller
wake.

It is shown that the pressure signal at r/R=0.3 is influenced by the blade wake passages and by the hub
vortex evolution. In the same way, at r/R=0.7, the signal consists of large scale fluctuations, caused by the
passage at the hydrophone location of the low pressure flow coming from the face of the propeller blade
and small scale fluctuations due to the passage of the blade wake.

The maximum values of the pressure coefficient are achieved at r/R=0.9 simultaneously to the passage of
the tip vortex core. This result clarifies that the tip vortex is the most important pressure fluctuation source
in the propeller wake. In fact, pressure fluctuation peaks are one order of magnitude larger at r/R=0.9
compared to the other locations. At r/R=1.2 pressure fluctuations are very low, the transducer being out of
the slipstream tube. Close to the trailing edge of the propeller and for all the radial positions the spectrum
of the pressure signals is dominated by the blade rate.

The amplitude of the pressure fluctuations reduces when increasing the advance coefficient (i.e. reducing
the blade load) because of the reduced intensity of the tip vortex.

In the near field, the fundamental frequency is correlated to the blade passage. In the transition and the far
field, the streamwise evolution of the power spectrum (PSD)* of the velocity signals demonstrates a
mechanism of energy relocation that involves the fundamental frequency and the first and second shaft
harmonics. Indeed, the process of energy relocation does not occur through a single step with a direct
energy transfer from the blade to the shaft harmonics (Felli et al. 2006), but involves other additional

2pSD is computed by FFT



harmonics, fractions of the blade harmonic, in a multi-step mechanism (Felli et al., 2011). The
characteristics of such a mechanism differ depending on the blade number, as follows (Figure 32):
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Figure 31. Correlation between velocity field, by PIV images, and pressure signal at 6=20°.
The longitudinal station corresponds to x/R=1.0. Marks in the contour plot evidences the pressure probe
positions.
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Figure 32. Propeller wake evolution mechanism for the two- (left), three- (mid) and four- (right) bladed
propellers at J=0.45. Snapshots are spaced of At=0.1-T.




- Two-bladed propeller. Propeller wake instability and breakdown occur several diameters
downstream of the propulsor (i.e. more than 17R at J=0.8). This is the consequence of the larger
distance between consecutive filaments that delays the beginning of the stable-unstable transition.
The mechanism of energy transfer occurs with a direct passage from the blade to the shaft harmonic
and is correlated both to the joining mechanism between consecutive vortex filaments (Figure 33),
that leads to a “period-doubling” in the PSD and a progressive reduction of their distance, as well as
to the hub vortex inductance. The former prevails at the beginning of the transition wake, the latter
becomes stronger and stronger far downstream, where the intensity of the tip vortices and, thus,
their perturbation is very weak.
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Figure 33. Propeller wake evolution for a two bladed propeller (left). Streamwise evolution of the power
spectrum (right).
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Figure 34. Propeller wake evolution for a three bladed propeller: first (top) and second (bottom) step of the
grouping process (left). Streamwise evolution of the power spectrum (right).



- Three-bladed propeller. In the case of the three-bladed propeller, the grouping mechanism of the tip
vortices is observed to occur through a two-step process (left of Figure 34). In the first step, an
alternative grouping with one single and one pair of vortex filaments occurs. More downstream, a
complex ‘three-partners-one-single-one-pair’ leapfrogging is observed to occur, in which the single
filament tends to be rolled up by the inductance effect of the filaments pair, while progressing in a
second grouping with three filaments. The effect of the above mechanism is clearly show in the
distribution of the power spectrum (right of Figure 34) . After the near wake, the spectrum shows
the appearance of the first and second shaft harmonics, in addition to the fundamental frequency.
Therefore, in this case, the energy transfer involves the blade harmonic and the first and second
shaft harmonics, in a two-step process. Firstly, the energy content at the blade harmonic moves to
the first and second shaft harmonics. Thereafter, the energy at the blade harmonic and the second
shaft harmonic flows into the shaft frequency, which is the only contribution of the spectrum in the
far wake.

- Four-bladed propeller. The process of energy transfer of the four-bladed propeller is characterized
by a two-step cascade mechanism (right of Figure 35). In the first step, the energy transfer involves
the contributions at the blade- and half-the-blade harmonic. Further downstream, the blade
harmonic completely disappears from the spectrum and the process of energy transfer involves the
contributions of the shaft frequency and half-the-blade frequency (50 Hz). This second step of the
cascade runs out around x =12R and the shaft harmonic remains the only contribution in the PSD.
The exponent of the power-law decay is k = — 0.9, analogous to case of the three-bladed propeller.
The aforementioned cascade mechanism of energy transfer is the result of double “period halving”
process that accomplishes the grouping of two vortex filaments and two-filament-pairs in a
filament-pair and a group of four-filaments, respectively (left of Figure 35).
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Figure 35. Propeller wake evolution for a four bladed propeller (left). Streamwise evolution of the power
spectrum (right).

The mechanism of energy transfer from the blade to the shaft harmonics that characterizes the dynamics of
the tip vortices is gained by a further phenomenon that concerns the precession of the propeller streamtube
around the hub vortex (Felli et al., 2006). In this regard, Figure 36 shows that, at the end of the transition
wake, the envelope of the tip vortices trajectories, describing a cylindrical surface in a reference frame
fixed along the hub vortex, tends to gradually diverge to a conical geometry when seen from a fixed
reference frame. This behaviour is the consequence of the strong deformation of the hub vortex.



Figure 36. Precession of the propeller streamtube.

4.1.1.3 Noise generated from the propeller-rudder interaction

The propeller-rudder interaction is a significant noise source that affects the acoustic signature of surface
ships significantly both in cavitating and non-cavitating flow conditions. The main phenomena at the origin
of the noise generated by the propeller-rudder interaction are basically two:

- The unsteady and rotating slipstream of the propeller makes the rudder working at incidence even if
rudder is made of symmetrical profiles and operates in straight condition. The local incidence at the
leading edge of the rudder changes spanwise periodically and, in the case of highly loaded
propeller, can be such as to cause flow separation. The contribution to the radiated noise concerns
both narrowband components at the blade frequency and its harmonics as well as a broadband
contribution correlated to the trailing edge noise, analogously to a propeller.

- The interaction of the propeller vortices with the rudder causes a complex stress at the blade
frequency that causes noise, vibrations and fatigue stresses. Such an effect is amplified for highly
loaded propellers due to the stronger vortical structures of the wake. From the perspective of the
radiated noise, the impact of the propeller tip vortices against the rudder excites resonances of the
rudder itself and enhances significantly the radiation.

A part from the above effects, the larger dynamic pressure in the wake of a propeller is such to trigger
cavitation on the rudder, resulting in a dramatic increase of the noise.

Recently, Felli et al. (2010) performed a detailed experimental analysis about the fluctuations of the
pressure field on a rudder operating in the race of a marine propeller'®. The survey aimed at investigating

13 pressure fluctuations were measured over a grid of 144 positions (72 positions per side), 0.1R and 0.15R spaced in the vertical
and chordwise directions respectively and arranged to cover the region from the z=0 to z=1.1R.

Pressure transducers were ENTRAN EPN D11 relative sensor models (i.e. 25 psi full range, 15 kHz resonant frequency, 14
mV/psi sensitivity)

Signals were acquired by a Prosig P8200 acquisition system, setting the sampling rate at 40 kHz and the acquisition time at 100
sec. Simultaneously, an once-per-revolution TTL trigger signal was acquired to synchronize the pressure signals with the angular
position of the propeller reference blade. Specifically, the synchronization was carried out during the data processing on the base
of the pressure signal and the propeller TTL time histories.

Then, pressure signals were phase averaged, using a slotting technique with 360 angular intervals in which pressure samples
were arranged depending on the phase delay from the last trigger signal (Felli et al., 2006).

Using the Direct Fourier Transform the periodically unsteady signal was decomposed into its basic components, i.e. the
fundamental frequency or first harmonic, and its multiples or higher order harmonics. This allowed sorting out the phase-locked
coherent flow structures from the otherwise random unsteadiness in the flow field.



upon the topology and the intensity of the propeller wake perturbation for different values of the rudder
deflection, in non-cavitating conditions.

In this regard, Figure 37 gives a quantitative estimation of the phase locked distribution of the shaft and
blade harmonics of the wall-pressure on the rudder. Results are referred to three different angular positions
of the propeller and zero rudder deflection.

Phase-locked mean values
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Figure 37. Pressure measurements on the rudder. Evolution of the phase averaged pressure signal
reconstructed using only the blade harmonic (top) and the shaft harmonic (bottom).

During a complete propeller rotation, the mean values of the shaft harmonic exhibit the larger fluctuations
correspondently to the rotation lower side of the propeller and, specifically, in the region affected from the
hub vortex perturbation. A different behavior is, instead, observed in the contour plots of the blade
harmonic that fluctuates periodically attaining the maximum values of the peak-to-peak distance in
correspondence of the tip vortex region.

The intensities of such fluctuations are estimated to be around 1% and 10% of the original signal for the
shaft and blade harmonics respectively.

In the study, the fundamental frequency was associated to the blade passage, which corresponded to the rotation speed times the
number of blades. The statistical analysis was calculated over the 2500 propeller revolutions performed during the 100s of
measurement.



The distribution of the shaft and blade harmonics of the pressure fluctuations is differently influenced by
the deflection angle of the rudder, as highlighted in the iso-contours of Figure 38. The traces of the tip
vortices and the blade trailing wakes stand out from the iso-contours of the blade harmonic. The intensities
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Figure 38. Phase locked evolution of the blade and shaft harmonics of the pressure field against rudder
deflection (color scale is applied to all the graphs)

of these perturbations are maximum when the rudder deflection is set at zero even though they do not
experience a significant reduction when the deflection angle is kept increasing, at least until a=-15°.



On the contrary, either the topology and the intensity of the perturbation at the shaft harmonic show a
strong correlation to the deflection angle of the rudder.

For values of the rudder deflection ranging from -10° to 0°, the largest fluctuations are observed in the low
pressure side of the rudder, with peaks localized correspondently to the region under the influence of the
hub vortex, as previously mentioned. For values of the deflection angle larger than 10°, the afore described
topology undergoes a dramatic change, and specifically:

- for rudder deflections less than a critical value, both the faces of the rudder suffer the hub vortex
associated perturbation, more or less likewise.

- only just over such a critical value (estimable between 10° and 15° in the test case analyzed in Felli
et al. (2010)), the rudder surface in the shadow of the propeller wake is definitively screened from
the hub perturbation.

In the contour plot at o=-20° of Figure 38, the sudden disappearance of any perturbation in phase with the
propeller, from about mid-chord of the suction face of the rudder (iso-contours of the starboard face of the
rudder in Figure 38) is indicative of the stall condition.
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Figure 39. Effect of cavitation type of noise spectra (Sunnersjo, 1986)



4.1.2 Hydrodynamic aspects influencing the cavitating noise.

As well known, cavitation provides a dramatic increase on pressure peak values and, in general, on the
noise signature. Cavitation noise has a broadband component due to the collapse of individual cavitation
bubbles and a narrowband component due to fluctuations in the overall cavitation volume attached to each
blade as the blade encounters different flow velocities and hydrostatic pressures through a revolution.
Narrowband cavitation is at the blade passage frequency and its harmonics, whereas broadband cavitation
has a wide frequency spectrum, usually peaking at around 100 Hz.

Pressure fluctuations, which originate from cavitation around propeller blades and propagate to the hull, are
related to phenomena like growing and collapsing of the cavity. It is generally agreed that the growth and
collapse of cavitation bubbles create a monopole acoustic source mechanism, which radiates sound in an
omnidirectional pattern from the oscillating bubble.

Hydrodynamic flows about propellers produce other types of cavitation besides bubble cavitation. VVortex
cavitation occurs in the concentrated tip and hub vortices, and sheet cavitation can occur at the propeller
blade leading edge. Each of these types of cavitation may have different acoustic source strengths and
source spectra. For example, back, face, hub and tip vortex cavitation types all have different noise
signatures.

In this regard, the noise spectra showed in Figure 39 (Sunnersjo, 1986) show a wide range of different
cases derived from the same propeller for four particular load conditions.

Salvatore and lanniello (2003) presented a theoretical work in which the influence of cavitation on the
noise waveforms was addressed by comparing non—cavitating and cavitating propeller flow results.

The analysis was performed considering virtual-signals from four selected positions, located as shown in
Figure 40.
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Figure 40 Hydrophones locations and coordinates used for the noise prediction test.

Specifically, hydrophones 1 and 2 were located in the propeller plane where the monopole component is
expected to be predominant, whereas hydrophones 3 and 4 are positioned downstream and upstream of the
propeller disk plane respectively, where a significant contribution from the loading term is expected.

Figure 41 shows the noise predictions from positions 1 and 2. At each location the comparison between
cavitating and non-cavitating conditions is reported for the thickness noise component (left figure), the
loading term (center figure) and the overall noise signature (right figure). Looking at the non-cavitating
results of position 1 (very close to the blade tip) the noise signatures are exactly the expected ones: at in



plane locations the thickness noise exhibits a symmetrical shape and the highest (negative) peak value of
the acoustic pressure, while the loading term has a typical waveform with some slightly smaller peak
values. The most relevant differences at cavitating conditions arise from the monopole term: the occurrence
of sheet cavitation corresponds to a more impulsive character of the noise waveform and some higher
frequency components appear. On the contrary, the dipole contribution seems to be not altered by
vaporization, but a little increase in the pressure at the angular positions affected by the cavity.
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Figure 41. Acoustic pressure signatures at observer 1 (top) and 2 (bottom) by FWH equation model.
Comparison between cavitating and non cavitating conditions for thickness (left), loading (center) and
overall (right) noise predictions.
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Figure 42. Acoustic pressure signatures at observer 3 (top) and 4 (bottom) by FWH equation model.
Comparison between cavitating and non cavitating conditions for thickness (left), loading (center) and
overall (right) noise predictions.
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Figure 43. Acoustic pressure spectra by the FWH equation model as a function of blade passing frequency
(BPF) multiples. Comparison between cavitating and non cavitating conditions.

In non-cavitating conditions the loading term is predominant with respect to the thickness noise
contribution out of the propeller plane (hydrophones 3 and 4).
The noise waveform significantly changes when a sheet cavitation occurs on the blade (red lines in Figure
42). From the graphs it is worth to outline that signals from microphones 3 and 4 are practically the same,
at least for the monopole component. This behavior is observed also at cavitating condition, although the
presence of the vapor sheet is limited to the upper surface of the blade: this result points out the actual
monopole behavior of the cavitation bubble, which acts as a pulsating sphere with a 3D homogeneous
influence around the body actually.
Thus, noise predictions confirm the monopole character of sheet cavity—generated sound. The negligible
influence of cavitation on the loading noise component is reasonable, since the pressure time histories of
each source point are not heavily affected by the occurrence of cavitation. On the contrary, source-body
(blade plus vapour sheet) geometry and the corresponding normal velocity to the body surface rapidly
change during the revolution period, thus explaining the higher frequency content and the impulsive
character of the resulting noise signature.
The above considerations are confirmed by considering non-cavitating and cavitating overall acoustic
pressure spectra, as shown by Figure 43.

An useful approach to insight into either the mechanisms of pressure signal generation and the
cause of the peak generation in the pressure signals from a cavitating propeller is to synchronize the



evolution of the cavitation, acquired by a high-speed camera system, with the propeller induced pressure
fluctuations.

In this regard, Figure 44 documents the relation between cavitation and pressure fluctuations as measured
in a cavitation tunnel for a 4 bladed propeller (Jung et al., 2009). Specifically:

- The pressure signal goes up from the inception point of the cavity on a blade and reaches the gentle
peak value. After the peak point, the pressure signal goes down in the middle of growing process,
and finally the pressure reaches the minimum value at fully developed stage of the cavity.

- After this growing process, the pressure signal hits the sharp peak through the collapsing process.

Thus, it can be concluded that the entire period of the cavitation behavior could be simply divided into the
two stages, the growing and the collapsing process.
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Figure 44 Basic relation between pressure fluctuations and cavitation (Jung et al., 2009)
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Figure 45 Relation between volume change of bubble and generated pressure (Jung et al., 2009)



A typical example of the relation between volume change of a bubble and generated pressure is described
in Figure 45. According to this figure, in the growing stage of the bubble generation, pressure gradually
goes up to the lower gentle peak and, then, comes down to the minimum level. In this process, the turning
point is where the volume variation experiences the inflection point. Then, the level of pressure gets down
and finally reaches the minimum at the moment when the cavity has been fully developed.

After the growing stage up to the maximum volume, the bubble experiences the collapsing process and
correspondently the pressure goes up to the highest peak point. The correlation between the bubble volume
and the induced pressure is very similar to the correlation between the cavitation and the pressure variation
induced by the propeller cavitation in Figure 44.

It can be found out that the pressure signal induced by the cavity has mainly two peaks, i.e. the lower
gentle peak which is generated at the growing process and the higher sharp peak which is generated at the
collapsing process. The signal produced by one blade of the propeller gets weaker as the cavity on this
blade disappears and then, the variation of the pressure signal induced by the cavity on the following blade
is detected by the pressure sensor with the growing of the cavity on the following blade. In other words, the
pressure signal variation detected by the pressure sensors is the final results of the successive repeat of the
cavitation phenomenon from one blade and the following blade with the rotation of the propeller.
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Figure 46 Relation between cavitation and pressure fluctuation signal in full scale

Hoshino et al. (2010) presented a similar study in which the generation mechanism of pressure fluctuations
was studied both in full scale and model tests.

The relation between the propeller cavity and the corresponding pressure fluctuations during one blade
passage is shown in Figure 46. The growing and collapsing process of the propeller cavity during one blade
passage can be easily recognized with focusing on a following blade in the 3" image (3). The cavitation on



the propeller blade consisted of sheet cavity on suction side and tip vortex cavitation mainly. The extent of
the sheet cavity not exceed the 0.8R line throughout the cavity growing and collapsing processes. Pressure
becomes minimum when the volume of the sheet cavity on a key blade would be maximum as shown in the
first image (1). Then, the sheet cavity shrinks toward propeller tip and finally collapses into the tip vortex
cavitation as shown in the following images (2)~(3). Next, the tip vortex cavity rebounds and collapses
again, as shown in the images (4)~(5), and generates the second bottom and the second pressure peak. By
the way, the glowing process of the sheet cavity has already started on the following blade surface.

This means that since this moment, the collapsing process of the tip vortex cavity on the key blade and the
growing processes of the sheet cavity on the following blade co-exist. After that, the weak rebound and
collapse of the tip vortex cavity are repeated as shown in the images (6)~(7), and generate the third bottom
and the third pressure peak.
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Figure 47 Relation between cavitation and pressure fluctuation signal in model test

A similar analysis is documented in Figure 47 in model scale, for the same propeller. In this figure, the
lines on the blade surface indicate the specific radial position (i.e., the lowest line is at r=0.5R and the
interval between two lines corresponds to 0.1R except for the last line around tip that is at r=0.95R.

The cavitation on the propeller blade consists of a sheet cavity on the suction side and tip vortex cavitation
mainly, similarly to what observed in full scale. On the other hand, the extent of sheet cavity in model tests
is wider than that in full scale (i.e. it exceeds the line at r=0.8R).

As mentioned above, the volume of the cavity would become maximum on the key blade in the first image
(1) when the pressure drops to a minimum but it is not so clear in model test as in full scale. Similar to the
cavitation in full scale, the sheet cavity shrinks toward propeller tip and finally collapses into the tip vortex
cavitation as shown in the following images (2)~(3). At this instant, the maximum sharp pressure peak is
generated by the collapse of the sheet cavity. Then, the tip vortex cavity rebounds and collapses again, and



generates the second bottom and the second pressure peak. Unfortunately, the rebounds of the tip vortex
cavity are not clearly observed in the images (4)~(5), because the tip vortex cavitation of the key blade is
hidden by the following blade. After that, the rebound and collapse of the tip vortex cavity would be
repeated and generate the third bottom and the small pressure peak. According to the first image (1), when
the volume of the cavity on the key blade becomes maximum, the glowing process of the sheet cavity has
already started on the following blade surface. This process is faster than in full scale highlighting that the
collapsing process of the cavity on the key blade and the growing processes of the sheet cavity on the
following blade co-exist longer in model scale.
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Figure 48 Analysis of a single blade passage. Top-left: time—frequency analysis using a Morlet wavelet
with time trace. Bottom-left: FFT-spectrum. Right: images of the collapse of the cavitating vortex. Image
(a) through (d) correspond to the annotations in the time trace of the graph on the top-left side of the figure.

An investigation of model scale hull pressure fluctuations generated by a cavitating vortex on a two-bladed
propeller operating in the wake field of a twin screw vessel was performed by Bosschers (2009) in the
Depressurized towing tank of MARIN. Experiments concerned model scale measurements of the hull
pressure fluctuations generated by a cavitating tip vortex of a marine propeller and time resolved
visualizations. Experiments have allowed to draw the following conclusions:

. A stochastic analysis of the pressure signals outlined that both the amplitude and the frequency of
the maximum crest-trough value of the pressure fluctuations vary significantly between blade
passages. This leads to a reduction of the tonals at the higher harmonics of the blade passage
frequencies in the amplitude spectrum and the formation of a broadband hump.



Wavelet analysis of the pressure signal of one blade passage showed a narrowband signal of which
the frequency increased with time during the collapse and rebounds of the cavitating vortex,
indicating the presence of a resonance frequency. The FFT spectrum of this signal showed a
broadband hump in the frequency range. Four high speed video images showing the character of the
cavitating vortex are presented in Figure 48. The cavity pattern is characterized by a strong
cavitating leading edge vortex which sometimes develops as a small sheet with a re-entrant jet
oriented parallel to the leading edge forming a cavitating vortex structure. During the first collapse,
between image (a) and image (b), multiple cavitating vortices are generated coming from the tip and
the re-entrant jet of the leading edge vortex. These vortices interact causing rebounds as observed in
image (c) and image (d).
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APPENDIX A: data sheets of the instrumentation for noise measurements

A.1 Hydrophones

A.1.1. Bluer & Kjiaer

Specifications — Hydrophones Types 8103, 8104, 8105 and 8106

Type 8103 8104 8105 8106
Sensitivity? -211dB re 1V/uPa +2dB -205dB re 1V/uPa +2dB -173dB re 1V/uPa +3dB
Nominal Voltage Sensitivity 29 uV/Pa 56 uV/Pa 2.24mV/Pa
Nominal Charge Sensitivity® 0.1pC/Pa 0.44pC/Pa 0.41pC/Pa N/A
Capacitance®
(incl. standard cable) 3700 pF 7800 pF 7250 pF N/A
0.1Hz to 20kHz 0.1Hz to 10kHz 10Hz to 10kHz
+1/-1.5dB +1.5dB 0.1Hz to 100KkHz +0.5/-3.0dB
+1/-6.5dB
0.1Hz to 100 kHz 0.1Hz to 80kHz 7Hz to 30kHz
Frequency Response? (re 250 Hz)
+1.5/-6.0dB +4.0dB 0.1Hz to 160kHz +0.5/-6.0dB
0.1Hz to 180kHz 0.1Hz to 120kHz $3:50510:0dB 3Hz to 80kHz
+3.5/-12.5dB +4/-12.0dB +6/-10.0dB
Horizontal Directivity®
(radial xy plane) +2dB at 100kHz +2dB at 20kHz
Vertical Directivity +2dB
(axial xz plane) +4dB at 100kHz +2dB at 50kHz over 270° at 80 kHz +3dB at 20kHz
P +2.5dB at 100kHz
Leakage Resistance® (at 20°C) >2500 MQ
Operating Temperature Range:
Short-term -30°C to +120°C
Continuous -30°C to +80°C -10°C to +60°C
Sensitivity Change Charge 0 to +0.03dB/°C 0 to +0.03dB/°C 0 to +0.03dB/°C -
with Temperature: ~ Voltage 0 to -0.03dB/°C 0 to -0.04dB/°C 0 to -0.03dB/°C 0 to +0.01dB/°C
Max. Operating Static Pressure 252dB = 4x10°Pa = 40atm. = 400 m ocean depth 260dB = 9.8 x 106Pa = 100atm. = 1000m ocean depth
Sensitivity Change with Static E Ly 0to 1x107 dB/Pa
Pressure 0 to —-3x 107" dB/Pa (0 to —0.03dB/atm.) 0 to 0.01 dB/atm.
Allowable Total Radiation Dose 5x 107 Rad.
Dimensions: Length 50mm (1.97") 120mm (4.73") 93mm (3.66") 182mm (7.17")
Body dia. 9.5mm (0.37") 21mm (0.83") 22mm (0.87") 32mm (1.26")
Weight
(including integral cable) 170g (0.371b.) 1.6kg (3.51b.) 382g (0.841b.)
6 m waterproof low-noise
double-shielded teflon 10m waterblocked low-noise shielded cable to
Integral Cable cable with standard MIL-C-915 with BNC plug
miniature coaxial plug
a. Nominal value, each hydrophone is supplied with its own calibration data
b. See polar directivity given in Fig.6
Note: Unless otherwise stated, all values are valid at 23°C (73°F)
Additional Specifications — Hydrophone Type 8106
MAX. OUTPUT SIGNAL Power Supply
12V supply: 3.5V or 28mA
24V supply: 7.0V or 28mA SUPPLY VOLTAGE
12 to 24VDC
MAX. POWER OUTPUT
50 mW POWER CONSUMPTION
6 mA without load
OUTPUT IMPEDANCE
<30Q Fig. 12 e
HIGH-PASS FILTER Typical equivalant %
—3dB at 7Hz (+2Hz) noise pressure level AN
of Type 8106 . \ ~
DC RIPPLE REJECTION $ 60
20Hz to 20kHz: 70dB €50 Seo
® e,
OVERLOAD SOUND PRESSURE LEVEL é“" Sios %
12V supply: 182dB re 1Pa 20 it
24V supply: 188dB re 1uPa 2 A

Thermal Water
Noise

16 315 63 125 250 500 1k 2k 4k 8k 16k 32k
[Hz] 913451e



A.1.2 RESON

A.1.2.1 Model TC4014

Usable Frequency range: 15Hz to 480kHz

Linear Frequency range: 30Hz to 100kHz +2dB 25Hz to 250kHz +3dB

Receiving Sensitivity: Single ended: -136dB £3dB re 1V/uFa

Diff. out: -180dB +3dB re 1V/uPa)

Horizontal directivity:

Omnidirectional +2dB at 100kHz

Vertical directivity:

270° +2dE at 100kHz

Operating depth:

900m

Survival depth:

1200m

Operating temperature range:;

-2°C to +55°C

Storage temperature range:

-40°C to +80°C

Weight in {air): 6509 without cable
Max. output voltage: =2.8Vrms (at 12VDC)
Preamplifier gain: 26dB

Supply veoltage: 12 to 24VDC

High pass filter: 15Hz -3dB

Calibralion path altenuation:

al 10kHz 14dB

Current consumption:

=2BmA at 12VDC <34 mA at 24VDC

Max. output effect:

50mw

A.1.2.2 Model TC4032

Usable Freguency range:

BHz to120kHz

Linear Frequency range:

16Hz to 40kHz £2dB
10Hz to 80kHz £2.5dB

Receiving Sensitivity:

-170dB re 1%/ pPa (-164dB with differential output)

Horizontal directivity:

Omnidirectional +2dB at 100kHz

Wertical directivity:

270" £2dB at 15kHz

Operating depth: 600m
Survival depth: 700m
Operating temperature range: -2°C to +55°C

Slorage lemperature range:

-30°C to +70°C

Weight in Air:

720g without cable

Preamplifi er gain: 10dB

Max. output mltage: 3.5Vrms at 12V0DC
Supply voltage: 12 to 24VDC

High pass fi lter: THz -3dB

Quiescent supply current:

=19maA at 12vDC
=22mA at 24vDC

Encapsulating material:

Special formulated NER

Housing material:

Alu Bronze
AICU10NISFed




A.1.2.3 Elac Nautik Model KE2

The ceramic transducer Is designed for usa In
passive sound locators. Its frequency range
extends from 40 Hz to 30 kHz. The ceramic Is
mounted In a metal housing protected against
eontact with water by means of a rubbar coating.
The 2- cable ls watertlght.

5]

|
o

127
H

Tachnlcsl Data

Activa Materlal

Weight with Cable {15 m)
Resonant Fraquency
Fraquency Range

Receiving Sensitivity at 1 kHz

28 » 2%Hz

{rel. 1VHub) ;- 90dB
- {rel. 1VHuPa) : 198 dB
Capacity at 1 kHz
with Cable (15 m) : 7800 pF
Diractivlty Pattern -3dB : spherlcal

Operating Dapth of Transducer

40 Hz 1o 30 kHz

¢ Lead Zirconium Titanabe
3.8 kg

ﬁ? {maximumy
| |
g |-
& BI7
EERE
Model Number ® Revision D
o e | ICP® PRESSURE SENSOR RevisonD
Performance ENGLISH sl Optional Versions (Optional versions have identical specifications and accessories as listed
Measurement Range 20 psi 197 dB for standard model except where noted below. More than one option maybe used.)
Sensitivity (15 %) 250 mVipsi 36.26 mV/kPa
Resolution 0.02 mpsi 77dB Notes
Resonant Frequency =13 kHz 213 kHz [1] Zero-based, least-squares, straight line method
Rise Time <25 p sec <25 p sec [2] See PCB Declaration of Conformance PS023 for details
Low Frequency Response (-5 %) 0.05Hz 0.05 Hz
Non-Linearity <2 % <2 % W] Supplied Accessories
Environmental 061A04 Sleeve clamp 4-40 cap screw (2)
Acceleration Sensitivity 0.003 psifg 0.0021 kPal(m/s?) 065A66 Adhesive Mounting Ring (3)
Temperature Range (Operating) -100 to +250 °F -73to+121°C 070B09 Solder adaptor (1)
Temperature Coefficient of Sensitivity <0.2 %/°F <0.36 %/°C
Maximum Flash Temperature 1000 °F 538 °C
Maximum Vibration 1000 g pk 9800 m/s? pk
Maximum Shock 10000 g pk 980000 m/s? pk
Electrical
Output Polarity (Positive Pressure) Positive Positive
Discharge Time Constant 210 sec =10 sec
Excitation Voltage 20 to 30 VDC 20 to 30 VDC
Constant Current Excitation 21020 mA 2to20mA
Output Impedance <100 ohm <100 ohm
Output Bias Voltage 7t 13VDC 7t013VDC
Physical
Housing Material Stainless Steel Stainless Steel
Diaphragm Invar Invar
Sealing Epoxy Epoxy
Electrical Connector pigtail ends pigtail ends
Weight 0.10 0z 2.843gm

All specifications are at room temperature unless otherwise specified.

notice.
ICP® is a registered trademark of PCB group, Inc

In the interest of constant product improvement, we reserve the right to change specifications without

Entered: BLS Engineer RPF | Sales: DPC Approved: MEM Spec Number:
Date: Date: D Date: 1342
10/29/2004 11/01/2004 11/03/2004 11/03/2004

SpCB PIEZ0TRONICS

PRESSURE DIVISION

3425 Walden Avenue
Depew, NY 14043
UNITED STATES

Phone: 888-684-0011

Fax: 716-686-9129

E-mail: pressure@pcb.com
Web site: www_pcb.com




A.1.2.5PCB 106B51

Model Number Revision: A
P ICP® PRESSURE SENSOR e
Performance ENGLISH sl OPTIONAL VERSIONS
Measurement Range({for £5V output) Spsi 35 kPa Optional versions have identical specifications and accessories as Iisted for the standard model
Useful Overrange 10 psi 89 kPa ] except where noted below. More than ane option may be used
Sensilivity(+ 15 %) 1000 mVipsi 145 m\V/kPa
Maximum Pressure{step) 100 psi 690 kPa E - Emralon coating
Maximum Pressure(static) 500 psi 3448 kPa Coating Emralon Emralon
Resolution 0.05m psi 00034 kPa Electrical |solation 108 chm 10% ohm
Resonant Frequency = 40 kHz =40 kHz
Rise Time <12 ysec =12 psec J - Ground Isolated [41
Low Frequency Response(-5 %) 05Hz 0.5 Hz
Non-Lineartty £1%FS £1%FS [21 | N - Negative Oulput Polarity
Environmental
Acceleration Sensitivity =0.002 psifg < 0.0014 kPal{m/s?) W - Water Resistant Cable 5]
Temperature Range{Operaling) <65 to +250 °F -5410 4121 °C Supplied Accessory : Model 060A11 Delrin clamp nut 3/4-16-2A thd 3/4” hex (1)
Temperature Range{Operating) -65 ta +250 "F -54 ta 4121 °C
Te ture Coefficient of i = 0.03 %°F = 0.054 %/"C WM - Water Resistant Cable 5]
Maximum Flash Temperature 3000 °F 1649 °C Supplied Accessory : Model D60A13 Metric Delrin clamp nut M20 x 1.5-6g thd 20 mm hex (1)
Maximurn Vibration 500 g pk 4903 mis® pk
Maximum Shock 1000 g pk 9807 mis? pk
Electrical NOTES:
Qutput Polarity(Positive Pressure) Positive Positive [1] For +10 volt cutput, minimum 24 VDC supply voltage required. Negative 10 volt output may
Discharge Time Constant{at room temp) z1sec = 1sec = ;:,':J";";C‘E:ylﬂugﬂ h'::es Bt i
itati -l , least-squi N L I .
E’;ﬁf;::&“::ffmmm Pt it S ‘,ﬁc 3] See PCB Declaration of Gonformance PS023 for detalks.
Output Impedance = 100 ohm =100 ehm ] gfad vith optional mounting a;""’“" h
Output Bias Votiage 810 14VDC 51014 VDG 5] Clamp nutinstalled prior 1o cable atachment
Physical
Sensing Element Quartz Quartz .
H_ousing Material 17-4 Stainless Steel 17-4 Stainless Steel ‘S‘E;Eré'slga f&ﬁ?;ﬂs:ﬂsém_m_m th 374" hex
Diaphragm 316L Stainiess Stesl 316L Stainless Steel Model 050413 Metric Delrin clamp nut M20 x 1.5-6g thd 20 mm hex (1)
Sealing Welded Hermatic Welded Hermetic Model 065A36 Seal, 687" 00 x 625" ID x .060", Derlin (3}
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Weight 1130z 3Zgm - -
Entered:ﬁ LCS IEngineer. Fa!ss: EW” -Approvediu:' Spec Number:
c € oy ) 7l Paeiofiog el fog Poe sofohd 2o
(3l -
All specifications are at room temperature unless otherwise specified. @xB PIEZOrRO”IG Phone: 716-684-0001
In the interest of constant product improvement, we reserve the right fe change specifications without nofice. Fax: 716-686-9129
ICP® s a registered trademark of PCE Group, Inc. 3435 Walden Avenue, D:ﬁf:?ﬁﬁ@”“m E-Mail: prassure@peb.com




A.2 Other instrumentation

A.2.1 B&K PULSE multi-analyser System Type 3560C

FEATURES

Houses one input/output module and one controller

module

Robust casing for industrial and hard everyday use
Rain cover for front panel allows passage of cables
Battery operated or DC powered (10 ce 32V)
Cooling fans can be tumed off for silent operation (will
auto- matically restart if too hot)

Synchronous sampling with other PULSE front-ends

Fig3

Features
e The 3032A i/o module has 6 inputs
and one output.
e ¢ Inputs of the BNC type along with
6 Miniature Lemo connectors for
preamplified transducers
Frequency range of 0 —25kHz

Fig 4

Features

e Sets up and transmits data from input
modules, provides sampling clock and
synchronisation of front-ends

e Connection of remote control for sound
intensity measurements via RS-232 interface
¢ Data transfer according to standard TCP/IP

protocol



