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Underwater radiated noise (URN) from commercial shipping is partly responsible for increased ocean ambient
noise levels in the last decades. To preserve marine wildlife, there is a need to reduce it. Machinery noise is
the dominant URN source at lower speeds. Mitigation technologies exist to reduce it, but a lack of quantitative
data regarding their effectiveness results in limited practical ship applications since the cost-to-benefit ratio is
imprecise. A small ship-like structure (test platform) representative of a ship section is designed and constructed
to conduct measurements in a controlled environment and at a lower cost than actual on-ship testing.
The platform is deployed in a water basin whose acoustic response is first characterized by reverberation
measurements. Vibroacoustic sources simulate structure-borne and airborne noise, while hydrophones and
sensors measure the response in the water basin and of the platform. Measurements with and without standard
mitigation technologies installed in the platform are conducted to quantify the insertion loss. Up to 37 and
20 dB URN reductions are obtained with elastic mounts and mineral wool, respectively. The results obtained
with the platform and the developed methodology can support and guide the implementation of mitigation
measures in current and future ship constructions.

1. Introduction

Overall ambient noise levels in the open ocean have increased
at approximately 3 dB per decade since 1950 (Andrew et al., 2002;
Frisk, 2012). The low-frequency range (i.e., below 500 Hz) is mainly
affected by this increase (Andrew et al., 2010; McKenna et al., 2012).
The growth in these noise levels is correlated to commercial shipping
activity and global economic growth (Frisk, 2012; Hildebrand, 2009;
Mcdonald et al., 2008; Tournadre, 2014). This correlation was well
illustrated during the COVID-19 pandemic: the overall reduction of
human activities, including maritime traffic, led to reduced noise levels
in urban and natural areas (Zambon et al., 2021; Terry et al., 2021).
Underwater noise levels at low frequencies were persistently and signif-
icantly lower during this pandemic (Robinson et al., 2023; Ryan et al.,
2021).

Underwater noise affects marine wildlife’s habitat quality (Put-
land et al., 2017) and impacts its behavior because acoustic signals
are essential for feeding, communicating, reproducing, and detecting
predators or prey. Underwater noise also significantly stresses marine
mammals (Williams et al., 2015; Erbe et al., 2019; Gervaise et al.,

2012; Murchy et al., 2019), and even marine invertebrates (Gigot et al.,
2024). The already important contribution of commercial shipping
to ambient ocean noise levels is expected to rise, with the projected
percentage increase in sound exposure levels in 2030 relative to 2015
being 53% for container ships and reaching 192% for bulk carriers (Ka-
plan and Solomon, 2016). The effects of climate change should bring
cumulative effects to this situation by facilitating sound propagation
in the oceans (Possenti et al., 2023, 2024). The need to identify
and implement concrete solutions for reducing underwater radiated
noise (URN) from commercial navigation is now a priority, as high-
lighted by the International Maritime Organization (IMO) recent 2023
guidelines (International Maritime Organization, 2023).

On large commercial ships such as oil tankers, container ships,
or bulk carriers, underwater noise sources are generally divided into
three distinct categories: (1) propeller-induced noise, including cav-
itation, (2) flow noise, mainly along the hull, and (3) machinery
noise (Abrahamsen, 2012; Audoly et al., 2015; Kendrick and Terweij,
2019; Fischer, 2024). The first two sources usually dominate at high
speed, while machinery noise dominates at low speed (ITTC, 2017;

* Corresponding author at: Centre de Recherche Acoustique - Signal - Humain, Université de Sherbrooke, 2500 Boulevard de 'Université, J1K 2R1, Sherbrooke,

Québec, Canada.
E-mail address: marc-andre.guy@usherbrooke.ca (M.-A. Guy).

https://doi.org/10.1016/j.oceaneng.2024.119380

Received 8 August 2024; Received in revised form 16 September 2024; Accepted 25 September 2024

Available online 3 October 2024

0029-8018/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/oceaneng
https://www.elsevier.com/locate/oceaneng
mailto:marc-andre.guy@usherbrooke.ca
https://doi.org/10.1016/j.oceaneng.2024.119380
https://doi.org/10.1016/j.oceaneng.2024.119380
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2024.119380&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.-A. Guy et al.

Fischer, 2024). Machinery noise can be the dominant source for smaller
ships, regardless of speed (Smith et al., 2024; Armelloni et al., 2022).
To reduce underwater noise, reducing speed or optimizing the propeller
are effective solutions (Smith and Rigby, 2022). However, propeller-
based solutions are rarely considered given their high cost, and speed
reduction implies a loss of competitiveness through a longer transport
time. Even if these actions were adopted, machinery noise would
remain an open issue. It is then important to find effective solutions
to reduce machinery noise, as it dominates at low speeds, especially in
ports, slowdown zones, and near protected areas.

Solutions exist to limit the contribution of machinery noise to URN,
but the related research often focuses on a reduced number of solu-
tions (Arveson and Vendittis, 2000; Audoly et al., 2017; Dylejko et al.,
2016). In addition, the sizing rules that could be used at a design phase
need to be better documented as well as the effectiveness of solutions
to reduce URN (Smith and Rigby, 2022). Since their implementation
on an existing ship or under construction is costly, shipowners need
incentives and quantified performance guarantees before incorporat-
ing these technologies (Fischer, 2024). There is, therefore, a need to
better document the overall performance of standard noise reduction
measures in terms of levels and implementation to apply the 2023
IMO guidelines (International Maritime Organization, 2023). However,
modifications or tests to an existing vessel are often complex and
expensive. In practice, to quantify the actual performance of a noise
reduction solution for a particular machine, noise coming from it
must be isolated by turning off the other machines. This situation is
challenging to achieve since a ship generally cannot operate with the
machinery turned off. In addition, isolating underwater noise from a
single vessel is an additional challenge since the noise of other vessels
nearby may disrupt the measurements, as does ambient background
noise. In short, operational constraints greatly complicate evaluating
the effectiveness of noise and vibration control measures while such
tests are already very costly (Cochard et al., 2000).

Testing can be conducted on a smaller scale and in a controlled en-
vironment to simplify and reduce the cost of measurements. Laboratory
test basins are an alternative to open-water facilities for calibrating un-
derwater sound sources and transducers (Corakciet al., 2024; Cochard
et al., 2000), but can also be used for structure-related tests. Donaldson
(1968) used a floating steel panel in a water basin to study the effect
of applying external coatings and damping treatment on radiated noise
power. The MARIN team (Maritime Research Institute Netherlands)
from the EU Horizon 2020 project SATURN (Developing Solutions
to Underwater Radiated Noise) developed a scaled midship model
based on a tanker hull geometry. The model evaluated insertion loss
from an air injection system for reducing URN (Lloyd et al., 2023,
2024). Keizer et al. (2022) used a ship-like structure in an anechoic
water basin to validate the accuracy of a numerical model in predicting
underwater noise. Lee et al. (2023) designed floating plate structures
in a reverberant water basin to measure underwater acoustic radiation
efficiency. This radiation efficiency was then used in a numerical model
to estimate the structure-borne URN transfer function of one of the
structures (Lee et al., 2024). Fragasso et al. (2024) deployed a scaled
mock-up model representing the machinery’s foundation in a water
basin, and transfer-path analysis was used to estimate underwater
radiated noise.

Previous studies have used small-scale structures in a water basin,
but none have investigated the actual URN reductions that standard
mitigation technologies can obtain. To fill this technological gap, a test
platform consisting of a small-scale structure representative of a section
of a ship is designed and constructed in this study. The platform is
deployed in a reverberant water basin and a rigorous test methodology
is developed. The study’s main contribution is to assess the platform’s
capacity to quantify the URN reduction provided by standard mitiga-
tion technologies currently used by ships and submarines. Conducting
measurements in a water basin using a small ship-like structure of-
fer the advantage of significantly reducing the costs associated with
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determining the acoustic effectiveness of URN mitigation technologies
(labor and materials) compared to onboard full-scale measurements. In
addition, several solutions can be independently evaluated on the same
system and in a controlled environment.

The designed test platform, the acoustic response of the water
basin and the developed methodology are first detailed in Section 2.
Section 3 presents three noise reduction technologies commonly used
on ships (elastic mounts, mineral wool and damping tiles) and their
installation on the platform. The insertion loss evaluation procedure
and uncertainty followed by the technologies’ mitigation effectiveness
are next presented in Section 4. Conclusions and future perspectives
conclude the study in Section 5.

2. Test platform, its environment and followed methodology
2.1. Test platform

The test platform is a 3.5 x 2.1 x 1 m? steel structure with a 6 mm
thick plating (Fig. 1). A naval architect was consulted to design and
dimension the platform to be comparable to a ship section in those
elements such as girders, stiffeners, bulkheads, and a deckhead to
capture the dynamic structural properties that could typically occur
in a full-size vessel. The platform’s hull thickness and materials were
selected following the recommendations of the architect. No specific
vessel class was considered in the design process, as the focus was
to reach an “as usual as possible” design. The platform is, therefore,
not a small-scale reproduction of a given reference ship: no scaling
law was used to design it, given the task’s complexity, and the study’s
goal is not to apply scaling laws to the obtained results. The maximal
draught is 0.3 m: 41% of the exterior platform’s surface is wetted. A
mobile modular plate allows the attachment of vibroacoustic sources
on the platform to simulate machinery. The plate can be fixed to
6 mm or 9 mm thick steel girders. Mechanical loads, i.e. different
masses, can also be installed on the module to modify the draught of
the platform and provide the right load for the tested elastic mounts.
Work safety criteria were considered in the design to accommodate
two people inside the platform for instrumentation, and the masses
linked to the test systems. The upper part of the platform can be closed
with 3 mm thick aluminum panels to confine noise inside the platform,
just like an engine room, and prevent sound propagation in the basin.
Overall, the design and manufacturing plans of the platform involved
a multidisciplinary team, including the naval architect, mechanical
engineers and technicians, and close consultation with a shipyard team.

An inertial shaker (Data Physics IV47-PA300E) is installed on the
central plate to generate structure-borne noise. In contrast, airborne
noise is created by an omnidirectional speaker (Bruel & Kjaer dodec-
ahedral sound source type 4296). The operating frequency ranges of
these two sources are 10 Hz to 2000 Hz and 50 Hz to 8000 Hz,
respectively. Sensors positions are indicated in Fig. 2. A force sensor
is installed directly under the vibration source to measure the force
injected into the platform. Two microphones are positioned in the
corners of the platform. Vibrations are measured using thirteen uniaxial
accelerometers distributed on different platform areas and the plate
where the vibration source is fixed. Eight triaxial accelerometers are
positioned at the four corners of the plate, above and below the position
where elastic mounts can be installed. A 16-channel analyzer (Oros
36, 24 bits) with a sampling frequency F, of 25.6 kHz collects data
from the force sensor, uniaxial accelerometers, and microphones and
controls the two sources. Four 6-channel acquisition units (iDAQ, 24
bits, F; = 25.6 kHz) developed by Innovation maritime are used to
acquire data from the triaxial accelerometers. Fig. 3 shows sources and
sensors installed inside the platform.
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Fig. 3. Platform instrumentation setup.

2.2. Acoustic response of the water basin

2.2.1. Reverberation time

The water basin is a 15.0 x 5.1 x 3.4 m? diving basin located at
Institut Maritime du Québec in Rimouski (QC, Canada). The basin
walls are made of painted concrete and are thus highly reflective.
Before installing the platform, it is fundamental to calibrate the test

Fig. 4. Example of hydrophone array deployment in the basin using the dedicated
frame.

environment through reverberation time and direct field extension
measurements as classically done in room acoustics (Cochard et al.,
2000; Kuttruff, 2016). The water basin is first characterized by re-
verberation time measurements conducted following the interrupted
source method (International Organization for Standardization, 2008).
An underwater speaker (University Sound UW30) is fed by a pink noise
signal from 10 Hz to 10 kHz. After the sound source is stopped, two
hydrophones (Ocean Sonics, icListen RB9 HF, F, = 32 kHz) measure
the sound decay at two different depths with a dedicated and custom
frame (see Fig. 4).
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Fig. 5. Considered hydrophones’ positions for each of the three positions considered for the acoustic source.
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Fig. 6. Third octave reverberation times. Standard deviations are represented as
vertical lines.

Three source positions in the basin are considered to obtain spatially
averaged reverberation times. Hydrophones are positioned through the
basin at 27 positions for each, and three decays are measured per
position. The source and hydrophones’ positions are summarized in
Fig. 5.

For each decay, third octave reverberation times Ty, are estimated
using Schroeder’s reverse integration technique (Schroeder, 1965). The
results are averaged for both hydrophones at all tested positions to
obtain a spatially averaged Tj,. Fig. 6 shows the obtained reverberation
times in third-octave bands, with vertical lines indicating the standard
deviations.

The average reverberation time is between 0.1 s and 0.55 s for
the different frequency bands, in agreement with values obtained by
similar studies using reverberant basin (Cochard et al., 2000; Zhang
et al., 2018). The frequency-averaged reverberation time is 0.24 s,
lower than the value of 0.39 s obtained in Cochard et al. (2000),
who conducted measurements in a more extensive water basin but on
a different frequency domain (1 kHz to 20 kHz). Such difference is,
however, consistent with Sabine’s theory stating that the reverberation
time is proportional to the volume of the space under study (255 m’
in this case, and 900 m? in Cochard et al. (2000)). Standard deviations
are generally more significant in low frequencies and are attributed to
the lower signal-to-noise ratio (SNR) for this frequency range.

2.2.2. Critical frequency and critical radius

The critical frequency f, (Schroeder’s frequency), in Hz, and the
critical radius R, in meters, are computed from the measured rever-
beration times using Egs. (1) and (2):

| ST
fe= W In0)’ (@D
R, = ‘/w, )
4rcTy

where ¢ is the sound speed in water (1500 m/s), V is the volume of
the enclosure (255 m?), and Ty is the 60-dB reverberation time in
seconds (Schroeder, 1996).

The calculated critical frequency f, is 620 Hz for the basin, whose
order of magnitude is similar to other water basins (Cochard et al.,
2000; Trinh et al., 2018). Critical frequency f, corresponds to the
frequency from which the sound field in the basin can be considered
reverberant; the modal density above this frequency is sufficiently
large such that the pressure level in the basin does not vary sig-
nificantly in space. Below this frequency, sound pressure levels will
highly depend on the spatial position of a hydrophone within the
basin, given its modal behavior. The critical radius R, is the distance
from the source at which the direct sound level becomes equal to
the one of reflected sound (Zhang et al., 2018; Trinh et al., 2018).
The maximum value obtained through all bands is 1.25 m. Positioning
the hydrophones at a larger distance than the critical radius from the
source theoretically ensures that the reverberant field dominates the
direct field. In summary, sound pressure levels should be independent
of a hydrophone position when positioned at least 1.25 m from the
source and for frequencies above the critical frequency of 620 Hz. When
these conditions are unmet, the precise positioning of hydrophones
becomes crucial. Repeatability in hydrophone positioning from one
test to another must be ensured to evaluate the URN reduction of a
given technology properly. This is guaranteed through a procedure and
specially designed mechanical support as detailed in Section 2.3.

2.3. Testing methodology

A multi-parameter and iterative methodology is used to evaluate
mitigation effects (Fig. 7). For each platform configuration, different
loads (0 kg to 240 kg) are added to the plate supporting the shaker,
and three other positions are possible for the sources on the platform
(1 to 3, Fig. 8). An array of three hydrophones (1, 1.5, and 2 m from
the bottom) is used (Fig. 9). For each configuration and load, the array
is located at positions inside the basin (Fig. 8) based on the critical



M.-A. Guy et al.

Change the
configuration and repeat repeat

T WA

Change the load and Change the position
and repeat

Change the position
and repeat

£\

Ocean Engineering 313 (2024) 119380

Change the signal
and repeat

Change the source
and repeat

£\

Configure the
platform with a
mitigation
technology

Install
desired load
(0to 240 kg)

Position
sources
(1to3)

Position

(1to8)

hydrophones

Select working Measure URN in the basin
sources and noise and vibrations on
(SH, SP or SH+SP) the platform

Generate a
signal

(5 (5] 7]

Fig. 7. Adopted iterative methodology.

Hydrophones’ positions. Sources’ positions O

N/A zone
12m - @ !
®® Platform
om{1 OO0
7m A e
Water basin
5m 9
smd /. @ N\
! \
' 1
\ 1
am N\ e
. =
5 T T
x E £ €
8 8 8
4 o

Fig. 8. Hydrophones and sources positions.

radius R,. Repeatability in hydrophone positioning is ensured by using
a precise coordinate system on the side of the basin. The sources
successively generate tonal noise (at 60 Hz, 120 Hz, and 240 Hz), pink
noise (10 Hz to 2000 Hz), and realistic signals at each hydrophone
position. Realistic signals correspond to measurements recorded by a
microphone and an accelerometer on a small ship with a 4-stroke diesel
engine and converted to amplitude-normalized WAV files used to feed
the speaker and the shaker, respectively. For each mitigation mean,
individual shaker (SH) and speaker (SP) excitations are first consid-
ered and then combined (SH+SP) to isolate the effects of mitigation
technologies on each vibroacoustic transmission path. Hydrophones
measure URN in the basin for each excitation signal while force, noise,
and vibration data are collected with the various sensors within the
platform (Fig. 2). Sampling frequencies F, are 32 kHz for hydrophones
and 25.6 kHz for all sensors inside the platform. Along with the configu-
rations with mitigation technologies installed, a reference case without
any technologies is also tested to evaluate insertion loss (IL). All testing
is conducted with the platform’s top panels closed to prevent a direct
airborne path between the platform and the basin and ensure that
airborne noise is transmitted mostly through the platform plating. The
platform’s position within the basin is the same for all measurements:
ropes are used to position it at set distances from the basin’s walls. Since
the platform is not in contact with any walls (except through ropes,
whose vibration transmission is negligible), all structure-borne noise is
transmitted through the platform plating.

Fig. 9. Hydrophone array.

3. Tested noise reduction solutions
3.1. Elastic mounts

3.1.1. Theoretical background

Elastic mounts are frequently used in the marine industry to re-
duce structure-borne noise contributions to URN by isolating vibrat-
ing machinery from the hull. A single-degree-of-freedom mass—spring
model represents the mount-machine system. It is characterized by the
mount’s stiffness k£ (in N/m) and the machine’s mass m (in kg). The
system’s natural frequency f, (in Hz) is given by Eq. (3):

L Jk_1 /g
Ju= 271'\/; 2 \/;’ 3

where g = 9.81 m/s2 is the gravitational acceleration and d (in m) is
the mount’s static deflection due to the machine’s mass. The isolation
effectiveness of the system corresponds to the transmissibility 7', the
ratio of the acceleration going into the system to the one flowing out of
the system: the lower the transmissibility, the better the effectiveness.
It is obtained with Eq. (4) according to Istvan and Beranek (2005) and
Fischer (2024):

po A [ Lrarxp

S —— (C)]
Ain (1-x2)* +@¢x)2

where A;, and A, are the acceleration levels on the top and bottom
surface of the mount, respectively, X = f/f, is the ratio of the
excitation frequency f to the natural frequency f, and { = C/C, is
the damping ratio. This is the ratio of the system’s viscous damping co-
efficient C to its critical damping coefficient C, = 2\/@ (Fischer, 2024;
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Fig. 10. Theoretical transmissibility for different damping ratio ¢.

Istvan and Beranek, 2005). Fig. 10 presents theoretical transmissibility
curves for different damping ratio values.

At very low frequencies (f < f,), transmissibility is close to unity:
the acceleration input equals the output, and the mounts practically
have negligible effect. When the excitation frequency corresponds to
the system’s natural frequency (f/f, = 1), transmissibility is maximal:
this is the resonance zone in which the system can amplify input levels,
depending on the value of the damping ratio. If no damping exists in
the system ({ = 0), transmissibility approaches infinity at resonance.
When f > \/5 f,, mounts start to reduce vibration levels (T < 1): this is
the zone to target while designing mounts to attenuate the vibrations
transmitted to the hull. Most real systems have some level of dissipation
or damping. Increasing the damping ratio ¢ reduces transmissibility at
resonance (f = f,), but the trade-off is its increase above f = \/5 S
Mounts are usually designed so that the natural frequency is well
below the lowest operating frequency of the machine to be isolated to
avoid amplification around resonance and ensure effectiveness. Most
vibration isolation systems in ships have a natural frequency between
5 Hz and 10 Hz (Fischer, 2024). Since mounts are designed to work
in the f > \/5 f, zone, far from resonance, adding more damping
leads to less vibration isolation. Typical damping ratios ¢ for elastic
mounts are usually around 0.05 to reach optimal isolation at higher
frequencies (Fischer, 2024).

3.1.2. Selected mounts

Two models of elastic mounts (Mecanocaucho BRB-50, with two
different hardness) are selected to evaluate the effects of stiffness k,
damping ratio ¢, and supported mass m on URN levels. For each model,
two different masses are supported by the mounts. Table 1 details the
testing parameters of four cases tested with different added masses.
Natural frequencies f, are computed according to Eq. (3). Static deflec-
tions d are measured with a caliper for each mount and compared to
the manufacturer data. Experimental values correspond to the average
deflection of the four mounts. The manufacturer’s deflections were not
available for Cases #2 and #4. Differences between deflections are
0.1 mm for both models, indicating the sufficient validity and accuracy
of the physical properties provided by the manufacturer. Four mounts
are installed at each corner between the plate supporting the shaker
and the main structure of the platform, as shown in Fig. 11.

3.2. Mineral wool

Mineral wool used in marine constructions (bulkhead and deck) is
selected as the sound-absorbing material (Rockwool SeaRox SL 620).

Table 1
Testing parameters for the four tested cases of elastic mounts with different added
masses.

Testing parameter Case #1 Case #2 Case #3 Case #4
Hardness [Shore] 40 40 70 70
Stiffness [kN/mm)] 0.08 0.08 0.24 0.24
Damping ratio [-] 0.03 0.03 0.09 0.09
Mass [kg/mount] 20 30 80 20
Ratio of optimal mass [%] 100 150 100 25
Natural frequency [Hz] 10.1 8.2 8.7 17.4
Deflection (measured) [mm] 2.9 4.0 3.2 1.1
Deflection (manufacturer) [mm] 2.8 N/A 3.3 N/A

Two coverage ratios are considered (40% and 70% coverage of the plat-
form’s interior surfaces, see Figs. 12 and 13). These two coverage ratios
correspond to a 4 and 6% mass increase of the platform, respectively.

To get an order of magnitude of the attenuation brought by a
very simplified system compared to the actual platform, simulations
using the Transfer Matrix Method (TMM) were performed with the
NOVA software (Mecanum inc., 2024). A mineral wool layer was
simulated following the Johnson-Champoux-Allard (JCA) model (Allard
and Atalla, 2009). Table 2 reports the mineral wool physical properties
measured under laboratory conditions, including the values of the five
macroscopic parameters required to model the material using the JCA
model, namely the porosity, the tortuosity, the quasi-static airflow re-
sistivity, and the two characteristic lengths. The mineral wool layer was
considered homogeneous with a rigid frame and infinite lateral extent
with some imperfections due to its positioning. These imperfections
were considered by a 5% bare area over the panel using the parallel
TMM approach, as proposed by Verdiére et al. (2013). The mineral
wool layer was coupled to an infinitely large flat steel panel, having the
same thickness as the platform (6 mm). The excitation was supposed
to be a diffuse acoustic field with a maximum incidence angle of 78°
(field incidence). The sound transmission loss was first evaluated for
a bare steel panel and then with an added layer of mineral wool. The
theoretical insertion loss for this simplified system was calculated as the
difference between the two calculated sound transmission loss values
(in third-octave bands between 20 Hz and 2000 Hz).

3.3. Damping tiles

Damping tiles are used in the shipbuilding industry to reduce
structure-borne noise by converting vibration energy to heat through
viscous effects (Fischer, 2024). Damping tiles used in the marine sector
(Pyrotek Decidamp) are selected. A 6 mm thickness is chosen to equal
the platform’s thickness and maximize effectiveness (Fischer, 2024).
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Table 2

Measured physical properties of the mineral wool.
Physical property Value
Thickness [mm] 50
Density [kg/m?] 107.4
Open Porosity [-] 0.941
Resistivity [N s/m*] 79300
Tortuosity [-] 1
Viscous Length [pm] 16.2
Thermal Length [pm] 325

Table 3

Measured physical properties of the damping tiles.
Physical property Value
Thickness [mm] 6
Dimensions [mm] 308 x 308
Young’s modulus [MPa] 40651
Loss factor [-] 0.1772

V.4

Fig. 12. Mineral wool installation inside the platform (40% surface coverage).

Table 3 presents the physical properties of the tiles measured under
laboratory conditions. The tiles are mostly installed on the platform’s
bottom surface and vertically on the perimeter at the same height as
the platform’s draught (Fig. 14).

4. Results and discussion
4.1. Insertion loss evaluation

To evaluate insertion loss for a given technology, a linear average
is done across the three hydrophones according to Eq. (5) to obtain
underwater noise pressure levels L, (referred by “URN” in Fig. 15 to 20
and Fig. 22 to 24) averaged over the water column for a given position

Ocean Engineering 313 (2024) 119380

Fig. 14. Damping tiles installation inside the platform.

in the basin:

PLdB

1 - Prap Pap
L,= 1010g10<§(10 10 +10710 +10710 )), 5)
where P, ;5 corresponds to the dB level measured by hydrophone i.

A single hydrophone position within the basin is selected using the
signal-to-noise ratio (SNR). Since these are closer to the platform, SNR
is better for hydrophone positions 1 and 8 (Fig. 8). Fig. 15 compares the
URN levels and SNR at those positions for the reference case without
any mitigation technology installed on the platform. Both sources are
fed up with pink noise. Third-octave bands are used to facilitate results
analysis and interpretation.

SNR is larger at position P8 than at P1 up to the 400 Hz third-octave
frequency band. Since machinery noise is mainly contained in that
frequency domain, P8 (under the platform) is thus selected. To sum up,
insertion loss (IL) corresponds to the difference in URN levels (averaged
over three hydrophones) with and without mitigation technologies at
position P8. Pink noise is used to evaluate insertion loss for the three
mitigation technologies (Sections 4.3.1, 4.4 and 4.5).

4.2. Insertion loss uncertainty

Measurements at P8 with different technologies installed on the
platform are not consecutive. There is an uncertainty associated with
positioning the hydrophone array precisely at this position regarding
the basin’s modal behavior below 620 Hz, as discussed in Section 2.2.
To quantify this uncertainty, three measurements with the same plat-
form configuration are compared together. The hydrophone array was
taken out of the basin and repositioned precisely between each mea-
surement to evaluate the repeatability of the positioning system. Fig. 16
compares the three measurements for the shaker and the speaker, func-
tioning separately and fed by pink noise, to isolate the structure-borne
and airborne noise uncertainty.
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Shaker

160
- —e—Measurement 1
Z ——Measurement 2
3‘ 150 —*—Measurement 3
®
e 140
=
% 130

10°
140
©
o
o B
~ 130
[
o
m 120
= —e—Measurement 1
Z ——Measurement 2
& 110 ——Measurement 3
10 10? 10°
Frequency [Hz]

Speaker
@ 110
o
e
100
=
2 90
[as)] —e—Measurement 1
=2 —e—Measurement 2
o 80 —*—Measurement 3
10" 102 10°
140

130
120

—e—Measurement 1

URN [dB ref. 1 pPa]
>

100 —s—Measurement 2
——Measurement 3
90
10" 102 10°

Frequency [Hz]

Fig. 16. Comparison in URN levels for three different measurements at P8. (Left) Injected force and corresponding URN for the shaker. — (Right) Injected noise and corresponding

URN for the speaker.

Injected force and injected noise are similar for the three measure-
ments: differences in URN levels are due to hydrophone positioning.
Maximum differences between two measurements of 2 dB and 3 dB
are observed for the shaker and speaker, respectively. Averaging the
maximum differences across all third-octave bands, a 1 dB average
difference is obtained for the two sources, showing that the devel-
oped methodology provides repeatable measurements. As expected,
URN variability increases with frequency: URN levels in the basin
become more sensitive to slight differences in hydrophone positions
as frequency increases because of smaller wavelengths. The maxi-
mum differences between two measurements for a given third-octave
band correspond to the insertion loss uncertainty associated with hy-
drophone positioning, presented as vertical lines in Figs. 17, 18, 22 and
24.

4.3. Elastic mounts

4.3.1. Insertion loss

The shaker is used separately to isolate the mounts’ effect on
structure-borne noise. Figs. 17 and 18 present URN and insertion
loss for Case #1 and #3 (see Table 1), respectively. URN levels are
presented in narrow bands (1 Hz resolution), while insertion losses
are averaged over third-octave bands to illustrate broadband effects.
Background noise is also presented.

Both models provide significant URN reductions from the 31.5 Hz
third-octave band. Up to 37 dB reductions are obtained at 200 Hz (Case
#1). Some reductions could not be fully observed for some frequencies
as URN levels drop to the background noise floor (see 70 to 200 Hz, for
example, Fig. 17). For those frequencies, the insertion loss might then
be underestimated. Generally, lower stiffness mounts (Case #1) provide
higher insertion loss over the whole frequency spectrum. Results show
that, in this case, stiffer mounts do not lead to improved insertion
loss. Also, URN levels are amplified around 12 Hz and 17 Hz for
Cases #1 and #3, respectively. The mounts’ mechanical resonances
cause this amplification: to avoid amplifying structure-borne noise near
resonance, it is thus essential to properly design elastic mounts such
that the natural frequency is far from the lowest operating frequency
of the machine to be isolated.

4.3.2. Effect of loading

The effect of mounts’ loading on URN is also investigated. Fig. 19
presents measured URN for Case #1 and #2, while Case #3 and #4 are
presented in Fig. 20. Each loading case with mounts is compared to a
bare platform with the same loading to ensure a similar wetted surface,
except for Case #2. The data were unavailable for the reference bare
Case #2 without mounts: the comparison is made instead with Case #1
load.
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according to Eq. (3). Except for the shift in resonance frequency, no
significant differences are observed between Case #1 and #2: both
provide significant URN reductions from 25 Hz. However, exceeding
the mechanical loading on mounts is generally not recommended as
it will decrease their lifespan. Regarding Case #4 (mounts loaded
at 25%), resonance is shifted towards higher frequencies since mass
decreases, thus increasing the risk of overlapping with a machine’s
operating frequencies. Significant URN reductions are observed starting
from 25 Hz for Case #3 (100% loading), whereas it only begins above
70 Hz for Case #4 (25% loading). Improved vibration isolation is thus
achieved with optimal loading (100%). Results highlight the impor-
tance of respecting the mounts’ optimal load capacity to maximize
their lifespan and vibration isolation. To meet this requirement, the
total mass of the machine to be isolated, including all accessories
(pipes, protections, etc.), must be known to select and properly design
the mounts. Along with the supported mass m, the preload or initial
compression applied to the mount, not considered in this study, is
also an important parameter: its increase leads to a higher dynamic
stiffness k, shifting the natural frequency of the system f, towards
higher frequencies (Fragasso and Moro, 2022).

4.3.3. Transmissibility

Along with URN levels, acceleration levels inside the platform are
also analyzed to evaluate the transmissibility of both models of mounts.
The ratio of the linear average acceleration levels before (4;,) and after
(A,,;) the mount is computed to obtain the experimental transmissibil-
ity Toxp according to Eq. (6) (Fragasso and Moro, 2022):

Anout
4 ,
_ Aout _ Zn:l 10710
Top= =2l ®)
. 4 n.in
moy 10

where n is the mount number and 4, ;, and 4, ,, are the acceleration
levels (in dB) for a given mount » on the top and bottom surface of the
mount, respectively. Fig. 21 presents the experimental transmissibility
for Case #1 and #3, both with optimal loading (100%). Using the
mounts’ physical parameters from Table 1 and Eq. (4), theoretical
transmissibilities are also presented.

Experimental transmissibilities are close to unity when f/f, < 1
and start to decrease around natural frequencies, but not exactly at
f/f, = 1. This could be due to the fact that physical parameters
(Table 1) used to calculate natural frequency with Eq. (3) are not
completely accurate. It is shown that transmissibility is lower over
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Fig. 21. Comparison between experimental and theoretical transmissibility for Cases
#1 and #3 (100% loading).

most of the frequency spectrum above natural frequency for Case #1:
in this case, softer mounts (lower damping ratio ¢) lead to better
isolation. This is coherent with the URN data since the highest insertion
losses are obtained with Case #1 (see Figs. 17 and 18). This tendency
also corresponds to the theoretical curves: a smaller damping ratio ¢
leads to lower transmissibility in the f > \/5 f, region as shown in
Fig. 10. The order of magnitude of experimental versus theoretical
transmissibilities is similar, indicating that Eq. (4) can be used as a first
approximation to estimate vibration isolation. However, results clearly
show that non-negligible disparities are observed between experiment
and theory. Analytical models can thus represent general tendencies,
but experiments or accurate numerical modeling should be conducted
through the design phase as proposed in Fragasso and Moro (2022)
and Fragasso et al. (2019) to capture adequately complex structural
behaviors.

4.4. Mineral wool

Since mineral wool targets airborne noise, insertion loss is evaluated
only with the speaker functioning. Fig. 22 shows the URN and the
insertion loss for the two configurations. Results from the simplified
numerical simulation (JCA model described in Section 3.2) are also
shown.

Implementing mineral wool can reduce significantly (up to 20 dB)
the airborne contribution to URN over 160 Hz, which is consistent
with the material’s technical absorption curve. Reductions up to 20 dB
are obtained with 70% surface coverage. This reduction in magnitude
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is consistent with results obtained by Dylejko et al. (2016) from an
analytical model that predicts the effect of this type of material. The
lack of reduction in low frequency can be explained by the thickness
of the used mineral wool. Indeed, the rule of thumb for a passive
sound-absorbing material to be fully effective is to have a thickness
at least equal to a quarter of the wavelength to be attenuated (1/4).
For example, at 63 Hz, the wavelength in the air (¢ 343 m/s) is
around 5 m, so the mineral wool should have a thickness of around
1.25 m, which is highly impractical in an engine room. With a thickness
of 50 mm, mineral wool is, therefore, ineffective at low frequencies.
Also, increasing the amount of covered surface from 40% to 70%
offers significant gains in insertion loss from 200 Hz. Indeed, gains
up to 9 dB (630 Hz third-octave band) are obtained with the 70%
configuration. It indicates that the larger the surface coverage ratio,
the better the effectiveness in reducing the airborne contribution to
underwater radiated noise.

Regarding the numerical simulation, the infinite plate model in-
sertion loss (IL) matches the experimental one up to 125 Hz and
from the 630 Hz third-octave bands, particularly for the 70% surface
coverage. The simulation insertion loss underestimates experimental
data in between those bands. Results show that a simplified numerical
model can capture general tendencies compared to actual testing. This
indicates that a more complex numerical model could be used to
predict accurately and optimize the effectiveness given by a particular
technology with known physical parameters.
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Along with URN, corresponding noise levels inside the platform are
also analyzed to investigate the absorption effects of mineral wool.
Fig. 23 presents noise inside the platform and insertion loss for the two
configurations. Noise levels correspond to the linear average of the two
microphones inside the platform.

Significant noise reductions (up to 20 dB) are obtained from the
125 Hz third-octave band, consistent with the URN reductions. Consid-
ering that workers in engine rooms are subject to high levels of haz-
ardous noise throughout their daily shifts, installing sound-absorbing
materials in an engine room could be doubly beneficial: it simultane-
ously reduces URN and airborne noise, improving both the marine and
crews’ environments.

4.5. Damping tiles

The shaker alone is used to isolate the effect of damping tiles on
the structure-borne contribution to URN. Fig. 24 presents URN and
corresponding insertion loss.

No significant broadband effect of damping tiles on URN is ob-
served. Some differences between the reference case and the one with
the tiles are observed above 200 Hz, but no general trend is present:
URN levels with tiles are sometimes higher, sometimes lower than with-
out tiles. Operating temperature, installation method and type could
explain the absence of reduction effects. Indeed, the selected damping



M.-A. Guy et al.

Ocean Engineering 313 (2024) 119380

w 140
[ B
=1
120
©
5 i 9 - —=—Without damping tiles
5,100 - P i S _ ——With damping tiles
E - i S W - - ‘Background noise
S 80 ‘ R
10" 102 10°
5
o
2.0
=
’5 | |
10" 102 10°

Frequency [Hz]
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Table 4

Average insertion loss for the tested technologies.

Technology Insertion loss [dB]
Low Mid High Overall
12.5 < f <100 Hz 100 < f <1000 Hz 1000 < f <2000 Hz 12.5 < f <2000 Hz
Elastic mounts — Case #1 9 19 12 14
Elastic mounts — Case #3 4 16 12 10
Mineral wool — 40% coverage 0 9 4 5
Mineral wool — 70% coverage 1 12 9 7
Damping tiles 0 0 0 0

tiles are designed to offer maximal damping performance around 60 °C.
The operating temperature on the platform was around 20 °C, which is
therefore not optimal. Insertion loss might increase in an actual engine
room where the operating temperature is generally higher than 20 °C.
Additionally, the tiles were fixed with a removable silicone sealant to
re-use the platform for future testing. Hence, the installation method
could also be responsible for the absence of a broadband reduction
effect on the URN of the damping tiles. Finally, the damping tiles
were installed as an unconstrained layer, which reduces structural
resonance more effectively than offers a broadband effect. This type of
installation is not as effective as a constrained layer in which the tiles
are fixed to the base structure, and a covering plate is installed on top
since induced shearing effects are more important (Fischer, 2024). An
improved installation method and operating temperature could allow to
state if the lack of URN reduction is actually due to the tiles themselves.

4.6. Synthesis

Table 4 presents the average insertion loss for the different tech-
nologies for low, mid, and high frequencies. An overall average is
also presented. Overall, elastic mounts are better at reducing structure-
borne noise than mineral wool is at reducing airborne noise for the
whole frequency spectrum. Better reductions are obtained for mid and
high frequency for both technologies. Mounts can reduce structure-
borne noise at low frequency, whereas mineral wool does not attenuate
airborne noise. Damping tiles do not provide wide-band reductions.
Suppose only one technology must be selected to reduce the contri-
bution from a machine: in that case, results show that elastic mounts
should be prioritized over mineral wool and damping tiles, consider-
ing structure-borne noise is generally dominant over airborne noise.
However, the airborne noise contribution to URN would be unaffected.
Therefore, a complementary solution consisting of a combination of
both is ideal to target both transmission paths simultaneously.
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5. Conclusions and perspectives

As highlighted by the recent 2023 IMO guidelines, there is a need
to find practical solutions for reducing underwater radiated noise from
commercial shipping, which has adverse impacts on marine life. Target-
ing specifically machinery noise through standard mitigation technolo-
gies reduces ships’ underwater radiated noise as it is the primary noise
source at low speeds. The actual incorporation of such technologies of
ships is, however, lacking. At the same time, concrete gains associated
with each are currently unknown due to the cost and complexity of
conducting on-ship testing. Testing at a smaller scale offers a faster
and low-cost solution and provides a controlled environment, which
is challenging to obtain on an actual ship. Several studies followed this
path using testing structures in water basins, but none focused on URN
reductions given by standard mitigation technologies.

In this study, a test structure representative of a ship section is
designed and deployed in a water basin. It is shown that repeatable and
accurate insertion loss evaluation can be made in a reverberant basin
if its acoustic response is first characterized, and a precise hydrophone
positioning system is used. Up to 37 dB and 20 dB URN reductions are
obtained with elastic mounts and mineral wool, respectively. Regarding
damping tiles, future testing must state if the installation method and
operating temperature are responsible for the lack of reduction. The
observed URN reductions are limited by the background noise for some
frequency bands. Insertion loss might then be underestimated for those
bands. To avoid this limitation, more powerful sources could be used
or machines surrounding the basin could be turned off in future works
to increase the signal-to-noise ratio.

The developed platform and repeatable methodology presented in
this study fill a technological gap by quantifying the actual URN
reductions given by noise control technologies currently used on ships
(elastic mounts, mineral wool and damping tiles). The study’s main
limitation is that the vibroacoustic phenomena of a real vessel are
not reproduced by the platform since a reference ship with a scal-
ing law was not used. The platform’s acoustic and structural modal
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behaviors then differ from a real vessel’s (low-frequency vibration
modes corresponding to global modes, possibly additional vibroacous-
tic transmission paths). However, quantifying the URN reductions at
a small scale in a controlled environment constitutes a first step to
clarify the cost-effectiveness ratio (dB/$) of URN reduction measures,
as highlighted by the 2023 IMO guidelines. Clarifying the dB part of
this ratio reduces shipowners’ monetary risk and can give incentives
to incorporate mitigation technologies while designing or retrofitting a
ship. The platform also allows for a better understanding of the param-
eters involved in designing ship noise control technologies, providing
better guidelines for naval architects and engineers.

In future works, the platform and developed methodology could be
used to test and quantify the effectiveness of other mitigation tech-
nologies used on ships, thus continuing to bridge the technological gap
regarding the lack of quantitative data on URN reduction technologies.
It could also be used to conduct transfer path analysis independently
using the two sources from both the mechanical and acoustic stand-
points. Parameters such as radiation efficiency and acoustic directivity
could be obtained to better understand the relative contributions to
URN of structure-borne and airborne noise. This would allow to identify
the dominant transmission path to target while selecting mitigation
technologies on ships. Finally, this study assessed the effectiveness of
several mitigation technologies from an experimental point of view.
Results show that a simplified numerical model can capture general ten-
dencies observed experimentally. Therefore, the acquired experimental
data are used in ongoing work to develop and validate the accuracy of
a more complex finite-element model of the whole platform. The model
will allow to predict URN levels and model noise radiation in the basin.
Given the controlled environment, the validity of experimental versus
numerical results could also be assessed. Such a numerical model could
then be used to optimize the effectiveness of mitigation solutions before
basin trials and their adoption on real ships. Modal analysis could also
be conducted to study the structural properties of the platform and
facilitate the interpretation of results.

Overall, the platform and the developed methodology can support
and guide the implementation of mitigation measures in current and
future ship constructions. Shipyards, shipowners, and naval engineers
can benefit directly from the expertise and knowledge developed.
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