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Featured Application: In this work a new metamaterial solution is proven to be a valid substitute
for the traditional solutions adopted on board for soundproofing.

Abstract: The design of innovative metamaterials with robust and reliable performances is attracting
increasing interest in shipbuilding, due to the potential and versatility of these materials. In particular,
soundproofing is becoming an even more important characteristic, to ensure the comfort levels
required by the standards on board ships. Thus, shipyards are constantly looking for innovative
solutions to improve the insulation between environments, while respecting the safety regulations
with which the materials on board must comply. In this study, an innovative solution called the
Metasolution is designed and characterized, considering both the transmission loss (TL) and the fire
resistance. The Metasolution is proven to be a valid substitute for the traditional honeycomb panels
used on board for soundproofing. The TL of the innovative solution is increased, and the thickness is
decreased, while maintaining the cost and the weight in line with the traditional solution. Moreover,
the regulations regarding fire safety on board are satisfied.
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1. Introduction

Traditional noise reduction partitions can rely on the mass law principle (soundproof-
ing is achieved by using dense material or by increasing thickness) showing a 6 dB per
octave band increase in the sound transmission loss (STL) [1,2].

Alternatively, mass—spring-mass (MSM) or mass—air-mass (MAM) solutions are usu-
ally more effective, with higher insulation performances and mass savings [3,4]. The
transmission loss curve of such multi-layered systems shows a higher slope (from 16 to
18 dB per octave band) over a wide frequency range, but presents a performance drop in
the low-frequency range due to the system resonance [5-7].

In this framework, further sound insulation performance improvement can be achieved
by adopting innovative solutions based on metamaterial physics.

Acoustic metamaterials are materials engineered to control, direct, and manipulate
sound waves, by transmitting, trapping, and amplifying the sound waves at certain fre-
quencies [8-14]. This outcome is usually achieved by the periodic repetition in space of
an elementary primitive cell, carefully optimized in its topology and geometry [4,8,13-15].
The repetition in geometry can be achieved by adding masses connected with a suitably
chosen stiffness [16,17], through notches on the surface of the plate [7,12] or with an open
aperture on a hollow cavity [18] or labyrinthine path [19].

In a certain frequency range, acoustic metamaterials can significantly reduce the
transmission of sound waves through their structure. To extend this improvement range,
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metamaterials with different characteristic can be layered. These properties make acoustic
metamaterials an effective and lightweight solution for noise and vibration proofing [3,9].

In the aeronautical field, the effect of different metamaterial solutions (i.e., structures
composed of primitive cells repeated in space) for the core of sandwich panels has been
numerically and theoretically studied [19-21], as an improvement to the traditional hon-
eycomb core solution from a structural, weight, and STL performance point of view. This
involves the repetition in space of different morphologies of lattice structures: pyramidal
truss cores [19,20], two-layered pyramidal truss cores [21], tetrahedral cores [19], and 3D
Kagome cores [20]. These types of solutions can be redirected to the MAM and MSM
typologies of metamaterials, thus presenting a new solution.

This work aims to introduce a novel metamaterial solution (the Metasolution in the
following) and a related design approach for noise reduction applications, proposing a new
lattice structure for sandwich panels, focusing on the on-board-ship environment with all
its regulations and constraints.

The target acoustic performance, weight and thickness are set by the traditional
solution usually adopted in this sector, composed of two honeycomb aluminum panels and
a mineral wool layer. Its STL is determined from the experimental point of view in coupled
chambers in the laboratory, using a sound intensity measurement technique.

The innovative metamaterial solution is then optimized to exceed the sound insulation
performances offered by traditional solutions, reducing the panel thickness while keeping
weight and costs constant.

The Metasolution is designed using an FEM acoustic-structural numerical model, and
the model is validated by comparing the numerically predicted acoustic performances with
the performed experimental test. To ensure that the Metasolution is compliant with the
safety regulations imposed for materials on board [22], the surface flammability and the
spread of flame are also evaluated.

In the following sections:

1. The traditional honeycomb panel solution is presented and characterized experimen-
tally to determine its STL.

2. The description of materials and geometries and the numerical method adopted
for the design of the metamaterial solution are shown, together with its predicted
performances.

3. The STL of the optimized Metasolution is also measured experimentally, and a com-
parison with the benchmark standard partition is made.

4. Finally, the surface flammability and the spread of flame of the prototype are evaluated.

2. Benchmark Solution for Sound Insulation on Board

A standard solution for noise insulation on board ship is considered to set a benchmark
in terms of acoustic performance, weight, and thickness. The panel is composed of a couple
of aluminum honeycomb panels and a mineral wool layer (Figure 1).

(b)

Figure 1. Traditional solution components: (a) honeycomb aluminum panels; (b) mineral wool layer.



Appl. Sci. 2022, 12, 6372

30f13

Figure 2 shows the prototype mounted in the acoustically coupled chambers to measure
its STL according to ISO 15186 1-2 [23,24]. The panel, with dimensions of 800 x 800 mm,
was installed on the test window between the reverberant and the hemi-anechoic chamber,
with mastic used for sealing. The reverberant room had a volume of 252 m® and was
equipped with a tetrahedral source of the Genelec 8351A type and six B&K 1/4” type
4135 microphones. The sound power in the receiving room (hemi-anechoic chamber) was
measured using a B&K sound intensity PP type 2681 probe. The weighted sound reduction
index (Rw) was evaluated according to ISO 717-1 [25], leading to the value of Rw (Figure 3)
used as a benchmark. Since the results cannot be explicitly reported for confidentiality
reasons, only the 10 dB increase is reported on the ordinate axis.

(a) (b)

Figure 2. Experimental setup for STL measurement for benchmark solution: (a) hemi-anechoic chamber
side view (mineral wool side); (b) reverberant room side view (honeycomb aluminum panel side).

Frequency [Hz]
----- ISO 717-1 Reference Curve

Standard Solution — 2xHoneycombAlu + Mineral wool

Figure 3. Benchmark solution experimental STL and ISO 717-1 reference curve for Rw calculation.

3. Metamaterial Solution: Materials, Methods, and Design

In the following sections, the metamaterial panel developed in this study is presented.
Its acoustic performances are evaluated and optimized via FEM analysis, and both the
numerical methodology and the results are addressed.
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3.1. Metasolution Geometry

The Metasolution is composed of a periodic structure with an in-plane repetition of
a primitive cell (Figure 4). The unit cell consists of two mass elements and a series of
internal beam connections. The geometry of the primitive cell is composed of three main
elements: two panels (mass elements) and a system of beams connecting the two panels
(spring equivalent element). The system is composed of 4 S-shaped beams which connect
the external part of the first panel to the inner area of the second panel.

hcell

tCkpanel

(a) (b)

Figure 4. (a) Elementary cell detail extracted from periodic Metasolution and (b) characteris-
tic dimensions.

From the dynamic point of view, the mass elements work with a rigid body motion,
and the beam-like connections deform in bending, giving an MSM type of behavior to the
solution that leads to optimal sound insulation performance over a wide frequency range.

In the design process, particular attention was paid to the resonance-dominated region
of the STL and to the interaction between the mechanical and air stiffness inside the panel
(MAM behavior). The internal beams are dimensioned to give the solution a self-standing
capacity, at the same time avoiding excessive stiffening of the structure, and therefore not
affecting the acoustic performance in the medium-low frequency range.

The unit cell is made of steel, with properties as listed in Table 1.

Table 1. Steel physical properties.

E [GPa] v[-] p [kg/m?3] n[-]
210 0.3 7850 0.05

E: Young’s modulus; v: Poisson coefficient; p: density; n: loss factor.

3.2. Numerical Method

The STL performances of the Metasolution were numerically evaluated and opti-
mized by means of a plane-wave tube model. The model was implemented by adopting
the Acoustics Pressure Module coupled with the Solid Mechanics Module of COMSOL
Multiphysics v5.6.

With this numerical approach, a single unit cell is modeled, saving a significant amount
of computational effort. The performances of a complete periodic panel of size 800 x 800 mm
were derived by applying the Bloch-Floquet boundary conditions [26].

The Bloch-Floquet wave vector corresponds to the wave vector of the incident wave

kin = [kxnkyin, kzin] = [ko sin 6 cos @, ko sin 6 cos @, ko cos D] (1)

where k is the wave number of the fluid, 0 is the incidence angle, and & is the azimuth
angle of the applied incident wave.
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According to [6], the diffuse field transmission coefficient for a finite-dimensions
panel is:

foe”'” Tfin (0) cos 0 sin 6d6
Taiff,fin = 7 : 2)
Jo'™ cos 0 sin 6d6
The 7¢;, term is the transmission coefficient calculated as:
Tfin (0) = Tinf (G)UR,avg cos 6 ®3)

where T, ¢ is the transmission coefficient for a panel with infinite dimensions, which can be
easily determined from the numerical model with imposed periodic boundary conditions
on the unit cell. Considering the relation between the STL for an infinite panel in a diffuse
sound field and the transmission coefficient:

STLinf(0) = 10logy, (%) 4)

and combining Equations (2)—(4), the STL for a finite panel in a diffuse sound field can
be derived:

fog”"’ Tinf (G)UR,ayg cos? 0 sin 9d9> )

STLaigs fin = —1010810 (Taify, in ) = _101°g10< J%im cos 0 sin 06
0

where 0 404 is the averaged geometrical efficiency, calculated as a function of the incidence
angle for the different frequencies as:

OR,avg = <Re;fr} ) (6)

and Z is the characteristic impedance of air. Z, is the radiation impedance of the acoustic
panel, which is evaluated according to the methodology proposed in [27].

3.3. FEM-Simulated STL of Metasolution

The numerical tool described in the previous section was used to perform an extensive
numerical analysis of the Metasolution, in order to efficiently design the geometry before
prototyping.

A series of simulations was carried out by varying the characteristic dimensions of
the unit cell alternately, while keeping the others constant. The dimensions chosen for the
optimization are reported in Table 2.

Table 2. Values chosen for primitive unit cell characteristic dimensions (with reference to Figure 4b)
used for the optimization process, with corresponding Rw.

Variable agen [mm] tcKpanel [mm] hgeyp [mm] Rw [dB]
35 +4
40 +6
heen 150 1.0 45 +5
50 +5
100 +5
Acell 120 1.0 40 +5
150 +6
0.7 -1
0.8 +3
tcKpanel 150 10 40 6
1.2 +7

acell: cell width; tckpaner: panel thickness; heey: cell height.
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The results in terms of STL for each of the three groups of simulations are represented
in Figures 5-7, and the ARw values calculated with respect to the benchmark solution value
for each configuration are reported in Table 2. Since the results cannot be explicitly reported
for confidentiality reasons, only the 10 dB increase is reported on the ordinate axis, so that
a comparison between the curves is still possible.

2 1] |
— i
=
N i
i 1 | 1 | | 1 1 1 Il 1 I 1 I 1 | 1 I | Il | 1 1 1 1 1 | 1 J
D ) D D N &) D D D N N D N N
S EFTFTF T &S SFES
Frequency [Hz]
h_cell =35 mm h_cell =40 mm
h_cell =45 mm h_cell =50 mm
Figure 5. STL numerical results keeping the nominal dimensions for ace and tckpane and vary-
ing hcell-
2 1] |
= L
= L
m ks
[ 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | Il 1 1 L 1 1 1 Il 1 1 Il J
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Figure 6. STL numerical results keeping the nominal dimensions for tckpane; and heeyy and vary-

ing Acell-
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tck_panel = 1.0 mm tck_panel = 1.2 mm

Figure 7. STL numerical results keeping the nominal dimensions for a.y and hey and vary-
ing tcKpanel-

The configuration reported in Table 3 was chosen as the best one in terms of both STL
and ARw.

Table 3. Unit cell geometrical dimensions.

Rw [dB]
43

tckpaner [mm] heeyp [mm]

40

Aw [kg/m?]
18.5

aceq) [mm]

1 150

4. Experimental Sound Transmission Loss Results

In the following sections, the prototyping of the optimized Metasolution is shown,
the STL measured in a double chamber test is addressed, and a practical application of the
Metasolution as a ceiling covering on board ship is analyzed.

4.1. Prototyping and Double Chamber Experimental Test

The unit cells with dimensions reported in Table 3 were manufactured and arranged
to create the periodic structure. The Metasolution was finished by fixing two steel plates
outside the elastic structure, as shown in Figure 8.

g =

.

Figure 8. Tested Metasolution sample consisting of the combination of elastic structure and external
steel panels.
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The prototype was tested in a double chamber, using the same setup used for the
benchmark solution (Section 2). The measured STL is reported in Figure 9 and compared
with the numerical STL. The experimental results match the overall trend of the numerical
curve, ensuring the accuracy of the FEM model used for the optimization.

LI B B B ]

10

STL[dB]

LI LA L L

1 | 1 | ! | 1 | 1 | ! | 1 1 1 | ! | 1 1 1 | ! | 1 1 1 |

S Lo S L L v OO LR DL L D
ST EFTEFFTSESETEES
Frequency [Hz]

MetaSolution Numerical

= = = MetaSolution Experimental

Figure 9. Numerical vs. experimental STL for Metasolution.

Figure 10 shows the comparison between the benchmark solution and the Metasolution
experimental STLs. The Metasolution has a higher STL than the benchmark solution, except
in the frequency range of 100-160 Hz. Moreover, the Metasolution achieves an ARw higher
than 6 dB with respect to the benchmark solution.

STL [dB]
2,

]00_'|"'|'|"||'|"
]95

%

<y

oy [

3]50

51000

DL L L LS L L LS Q

NS S OSSO S S N

R R &
Frequency [Hz]

Benchmark solution

Metasolution

Figure 10. Metasolution vs. benchmark solution experimental STLs.
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Alrgap

No Airgap

4.2. Real-Case Scenario on Board: Ceiling Covering

The optimized Metasolution was mounted and tested in a real-case scenario represen-
tative of applications on board ship, as a ceiling covering for acoustic insulation between
decks. Two different configurations were chosen for testing, varying the distance of the
sound insulation panel from the ceiling. The first configuration had an air gap between the
panel and the ceiling, and the second one had no air gap (Figure 11).

il

S e S S N SIS B SSSSSN  fireral wool
Elastic suspension

AN LLANN LA LAY AN L) Metasolution

i Y

“.x\xvtxxxx\xx\xxxxx\xxxxxv BOOSSSSSNY 1 fineral wool
: 4 ; Mietasolution

Figure 11. Scheme of the deck covering assembly in the two configurations (image adapted from
technical report).

The solution was fixed to the ceiling (covered with two layers of mineral wool of
different heights) with elastic suspensions (Figures 11 and 12).

Figure 12. Deck covering mock-up with the 450 mm air-gap configuration.

In these configurations, the Rw was evaluated by performing sound transmission
loss measurements, with the sound source placed in the room under the ceiling and the
receiving microphones located in the room above the deck.

The Rw of the Metasolution in the first configuration was higher by 6 dB with respect
to the Rw in the second configuration (Figure 13). These values broadly satisfy the limit
reported in the Code On Noise Levels On Board Ships [22] in cabins.
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STL [dB]
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Kz

S S L SSSSSHE &S s
VY SIS IESTH S

Frequency [Hz]

Metasolution - AirGap Metasolution - No AirGaP

Flastic elements

in plastic

Figure 13. Experimental results for the Metasolution tested with different air gaps.

5. Surface Flammability and Spread of Flame

In this section, the test carried out to ensure the compliance of the Metasolution with
safety regulations [22] is presented. For the test, the inner core of the Metasolution was
prototyped in recycled plastic material and carefully dimensioned to maintain the same
acoustic performances as the original steel solution, to analyze an alternative version of the
solution representing the worst-case scenario for fire resistance (Figure 14).

Steel plate

Figure 14. Metasolution with elastic elements in recycled plastic.

Two samples were tested, and the tests were performed in accordance with the guide-
lines reported in the FTP Code [28-30]. The test method consists of exposing the specimen
to a well-defined radiated heat flux generated by a gas-fired panel. A pilot flame is sited
close to the hotter end of the specimen to ignite the volatile gases issuing from the surface
(Figure 15).
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Figure 15. Test configuration scheme.

Following ignition, any flame front that develops is noted, and a record is made of
the progression of the flame front along the specimen length, which was previously traced
with marks every 50 mm.

Figure 16a shows a sample of the Metasolution under testing, and Figure 16b shows
the specimen after the test. The Metasolution was damaged (partially charred, not melted)
within the first 50 mm from the hot end, while for the remaining length the sample appears
to be intact. Moreover, the sample never showed fire ignition.

(b)

Figure 16. (a) Flame application on the second sample typology with the first layer in the metallic
plate and (b) sample after the test.

In Table 4 the values of parameters (CFE = critical flux at extinguishment, Qsb = heat
for sustained burning, Qp = peak heat release rate, Qt = total heat release) required by
the FTP Code [29] are reported together with the imposed limits. It is evident that the
Metasolution, even if tested in the worst case (with the elastic elements in plastic), satisfies
the safety regulations.

Table 4. Resulting parameters of surface flammability test.

Sample  CFE[kW/m?]  Qsb [M]J/m?] Qp [kw] Qt [M]] Burning Drops
Limit >20 >15 <0.7 <0.7 0
Sa“;‘ple 50.5 o0 0 0 0
sanz‘ple 50.5 o 0 0 0
Mean 50.5 00 0 0 0

CEFE: critical flux at extinguishment; Qsb: heat for sustained burning; Qp: peak heat release rate; Qt: total
heat release.
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6. Conclusions

In this paper, an eco-sustainable solution to replace traditionally adopted solutions
on board ships to reduce transmitted noise through cabin ceilings was presented. The
Metasolution investigated, being made only with steel parts, is a valid replacement and a
reasonable green alternative to noise-absorbing panels mostly made of mineral wools.

The systematic FE analysis performed to design the Metasolution identified the opti-
mal solution described by the parameters given in Table 3. This particular configuration,
tested in the double chamber, shows an advantage of 6 dB in terms of Rw, compared
with the benchmark panel. Moreover, Figure 10 shows that the Metasolution has a better
performance than the benchmark solution in terms of STL, in the overall frequency range
investigated (100-5000 Hz), with the exception of the 100-160 Hz interval.

Other authors have studied similar solutions [19-21] numerically and theoretically in
the aeronautical field; however, the Metasolution, the first application of metamaterials in
the naval field, was also analyzed experimentally in the laboratory and tested under real
conditions, proving that it conforms with normative ISO [22-25] and IMO [28] standards.
With respect to the core for sandwich panels proposed by other authors, the Metasolution
responds to the need for an easier industrialization and production alternative. Unlike the
panels studied in the aeronautical field, mainly designed to guarantee high stiffness, the
design of the Metasolution has been studied to obtain a trade-off between stiffness (to ensure
self-standing capacity) and acoustic performance in the medium-low frequency range.

The production cost for the Metasolution panel is aligned with the cost of traditional
panels mounted on board ships. Moreover, the use of a compact integrated panel of 40 mm
height leads to saving space and to a straightforward installation procedure, not impaired
by the 2.5 kg/m?2 weight increase.

The validity of the Metasolution as an alternative method of soundproofing was
proven on a mock-up of a ship’s deck structure simulating the operational environment.
The results showed that the calculated Rw was comparable with that obtainable with a
traditional under-deck ceiling system.

The fire tests performed according to the FTP Code showed that the proposed solution
entirely respects the safety regulations for installation on board ships, as explained in
Table 4.

To conclude, the panel has suitable characteristics to be a valid eco-sustainable solution
for noise control on board ships, as an alternative to traditional mineral wool products.
This type of solution could pave the way for the substitution of traditional solutions for
vibration and noise control in other configurations in the marine field.
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