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Abstract: Anechoic layer is vital for the underwater acoustic stealth of
submarines. This paper develops a simulation-based model for analysis of the
acoustic properties of an underwater anechoic layer containing air-filled cavities.
First, we present a numerical framework at a relevant scale to implement the
acoustical model of an anechoic coating. Then, an investigation of the effects of
cavity geometry and elastic property of matrix materials on the absorption property
of the anechoic layer is conducted after a validation step. It can be stated from the
obtained results that we enable to improve the absorption performance of the
considered anechoic coating by tuning its structural factors and mechanical
characteristics.
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1. INTRODUCTION

Submarines are often covered with resonant sound absorbers known as anechoic
coatings or tiles in order to avoid detection by sonar. The complicated
multicomponent and multi-scale structures are used for a high-quality acoustic
stealth. By considering their microstructure, these anechoic structures can be
categorized: air-filled cavity, multi-layer composite, and pressure-resisting [1].
Anechoic layer based on air-filled cavities, two types of resonance mechanisms due
to the radial motion of the hole wall and the drum-like oscillations of the cover layer
[2]. In addition, the developed structure allows broadening and tailoring its acoustic
performance by tuning geometric parameters of the distribution of cavities. The
macroscopic acoustic properties are highly dependent on the local microstructural
features of each individual layers as well as the layer configuration [3].

In order to characterize the link between the microstructural parameters of
anechoic structures and their overall acoustic performance, different approaches
have been proposed such as analytical [4-6], numerical [7-10], and experimental
methods [11, 12]. A number of analytical studies addresses structure-acoustic
problems using the transfer matrix method or effective medium models. However,
these analytical models often make simplifications on the displacement field and
geometry, thereby imposing limitations on the type of problems to be solved as
well as structures applied. On contract, the numerical approach such as finite
element method (FEM) is more flexible in dealing with complex structures which
allows analyzing harmonic wave propagation in single- or multi-layered
viscoelastic gratings with periodic or random structures. In this paper, a finite
element-based model scheme is developed for modeling and analysis of the
acoustic properties of anechoic structures having matrix viscoelastic materials
within air-filled cavities.

2. MODELING ANECHOIC LAYER

2.1. Governing equations for structure-acoustic analysis
The structure-acoustic system consists of a fluid domain, Qs, a solid domain, Q,
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and the solid-fluid interface, 0Q (figure 1). In three-dimensional space, the
governing equations and boundary conditions of this system can be written [13, 14]:

50 (& A, ouy . :
)= i \IFL k=
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—azf— §V2p:c§§f in Q )
u-n=u,-nand S ,=-pl, onoQ, (3)

Where: t is the time variable; ug (i = 1,2,3) are three component of the
displacement us; Cija (i,j,1.k = 1,2,3) are the elastic constants of stiffness tensor C;
ps represents the density of the solid; x; represent the coordinate variable X, y and z
respectively; p is the dynamic pressure related with the dynamic density p, by the
constitutive condition p =c’p, with g is the added fluid mass per unit volume and

Co is the speed of sound; us is the displacement in fluid linked with the pressure as
Vp =-p, 0°u, /&°t With pq is the static density of air, and n is the normal direction of

the boundary; 13 is a 3x3 unitary matrix; Sgis the Cauchy stress tensor. Noted that
the components of stress tensor are estimated from stress vector o, (=C :¢,). The

strain vector &, is deduced from the strain-displacement relation as &, = Vu,. The
differential operators V and V are introduced as:
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Figure 1. Schematic diagram of Figure 2. Diagram of an acoustic material
acoustic fluid-structure interaction. layer excited by an acoustic wave.

Based on the above governing equations and boundary conditions, using the
FEM schematic, the discretized form of the governing equation for the coupled
structure-acoustic problem can be written in matrix form as follows [13, 15]:

M, 0] K H]u] [f
PRI bl e B S ®

Where: M, C and K are the global mass, damping, and stiffness matrices,
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respectively; The subscripts ‘s’ and ‘f” denote the solid and the fluid domains,
respectively; us is the nodal displacement vector in the structural domain; ps is the
nodal pressure vector in the acoustic domain; fs and f; are the nodal structural force
and the nodal acoustic pressure vectors, respectively.

2.2. Unit cell modeling and parameter calculation

In acoustics, complex form is often used for representing the sound waves and
the harmonic wave is depicted at frequency @ and wave number k as [9, 15]:

Po (t X) = Ayexpl j (@t —kx—¢)], (6)

Where: Ay is the amplitude; ¢ is the initial phase; j is the imaginary unit.

It can be known that when interacting with the material or object surface, the
sound wave may be absorbed, transmitted and reflected. Therefore, the incident
wave energy would be partly separated into three corresponding components (see
figure 2 and figure 3a).

Incident
wave

Figure 3. A submarine under detection by the active sonar (a) and
its anechoic structure with a viscoelastic material backing steel hull and
a description of the unit cell (b).

The structure is excited by a harmonic plane wave from the semi-infinite fluid
medium. The expression of the incident wave is:

P (X, :2) :exp[—jk(xsin 6cos @+ ysinfcos ¢ + zcos@)], (7)

Where the time dependence exp(-jwt) as shown in Eq. (6) has been omitted for
clarity, @and ¢ denote the direction of the incident wave (see figure 3b).
According to Bloch’s theorem, if the structure has the periodic distance Ly in the

x direction and L, in the y direction, any space function y (e.g., pressure,
displacement) satisfies the following relation [9, 16]:

2(x+L,y+L,,2)=z(xy,z)exp(jLksinOcosp)exp( jL ksindsing).  (8)

Figure 3b shows the unit cell, where S™ and S surfaces parallel to the xOy
plane limit the finite element mesh from the half infinite backing and water
domains for incidence, respectively. The incident wave and the reflected wave in

the domain below the S~ surface and the transmitted wave in the domain above
the S*surface are given [17]:
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P (XY.2)= Py (X Y.2)+ P, (XY.2)

P (X Y.2)+ D Ry, exp[-j (Ko X+ Ky Y = kmnz)},

m,n=—w

P (x3.2) = P (x¥:2) = 3 Towexp] § (KXt y+kpi2) |

Where:

e Rpn and Ty, are the reflection and transmission coefficients
corresponding to the (m, n)th mode;

e k., =2mz/L, +ksinfcosg;

e k,=2nz/L, +ksinfsing;

* krin:kz_krix_knzy'

By solving Eqg. (5), the nodal values of the pressure on the incident surface (p)
and transmission surface (p*) can be obtained. Thus, the unknown coefficient Ry,
and Tny, are can be deduced from two sets of equations establishing based on the
number of known pressure values in the corresponding surfaces. It can be noted that

each unknown coefficient requires one nodal pressure value. Thus, the anechoic
performance as the absorption coefficient () can be calculated by [9, 16, 17]:

©)

a=1-|R -[T[, with R= [ |R,[ andT= |> [T,.[ (10)
kZ,>0 k2,>0
3. RESULTS AND DISCUSSION
For validation purpose, our modeling is . 1

compared with the analytical model and the 5 Analytical [18] 50
FEM result for a configuration of an g 08 * FEM[1g] 6 ]
anechoic layer proposed in Ref. [18]. This £ 4l © Present /
anechoic tile is structured with a soft elastic § ®
layer having an array of a cylindrical cavity 2 °“[
(d =6 mm, h =40 mm) with Ly=L,=30 £ o2}
mm and backing by a steel layer. The = . . . . .
material parameters of the elastic and steel 0 2 4 6 8 10
layers are listed in table 1. The good Frequency /kHz

agreement obtained shown in figure 4
validates our FEM model. Noted that our
simulations are performed with COMSOL
Multiphysics v5.3, and the reference data is
taken from figure 8.b in [18].

Figure 4. Comparison of absorption
coefficients for validation of the
proposed FEM.

Table 1. Parameters of materials

Parameters Steel hull [11] Viscoelastic layer [18]
Young’s modulus, GPa 216 0.14
Density, kg/m® 7800 1100
Poisson ratio 0.30 0.49
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Next, we investigate the effects of cavity geometry (d, h) and elastic property of
matrix materials (Young’s modulus, E;) on the absorption property of anechoic
layers. Herein, for all computations, we keep the thickness of the anechoic layer as
Lo = 50 mm, and the lengths of cavity distribution, Ly= L,= 30 mm. In general, as
shown in figure 5, both cavity geometry (i.e., high and diameter) and Young’s
modulus of elastic material have strong effects on the absorption performance of
anechoic layers. It can be noted that in each sub-figure, we calculate for 5 different
diameters of the cylindrical cavity, d = 2/4/6/8/10 mm (the thicker lines represent
the higher values of d).

Specifically, with h = 40 mm, the anechoic layers with cavities for both values
of Young’s modulus Ey; and E,, provide a high capability of absorption in the high
frequency range (e.g., f > 6 kHz, see figure 5 a,c). By reducing the diameter d to 2
mm, the absorption coefficient « increases to a higher value around 0.75 in a larger
range of frequency from 3.4 kHz to 10 kHz (figure 5.c).

For h = 20 mm, the matrix material E;; shows poorly the acoustic absorption
with a <0.6 over the whole frequency (figure 5.b). In contrast, the anechoic layers
made of the matrix material E, show a better performance (e.g., « > 0.7) of sound
incident wave in frequencies from 2.85 kHz to 5.35 kHz, and all considered
diameters of cavities have the same first peak with nearly the perfect absorbing
capability, @ ~ 1.0, at around 3.85 kHz, exception of d = 2 mm (see figure 5.d).
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Figure 5. Effects of cavity geometry ((a,c) for h = 40 mm, and (b,d) for h =20
mm) and Young modulus of viscoelastic material ((a,b) for E;; = 0.14 GPa, and
(c,d) for Er, = 0.014 GPa) on absorption performance of anechoic layers.
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4. CONCLUSIONS

In this work, a numerical approach is presented to investigate the link between
microstructure and absorption performance of an anechoic structure having
periodic cavities. Very good agreement is observed between the present numerical
results with the reference data, which validates the proposed finite element
procedure. From investigated results, it is seen that both cavity geometry (i.e., high
and diameter of cavities) and elastic properties (i.e., Young’s modulus) have strong
effects on absorption performance of anechoic layers. With a 40 mm-thick
anechoic layer, the softer matrix materials are used the higher absorption property
is achieved. In addition, in order to design anechoic layers for low-frequency
applications, we need to reduce both the high of cavities and the Young’s modulus
of the matrix.
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TOM TAT

MO HINH HOA VA PHAN TiCH HIEU QUA HAP THU AM CUA LGP VO

TIEU AM VOI CAU TRUC KHOANG KHI
Lop khong phan xa rat quan trong doi véi khd ndng tang hinh dudi nuoc

cua tau ngam. Bai bao nay phat trién md hinh dira trén mé phong sé dé phan
tich cac dac tinh am cua lop khdng phan xa duwdi nwéc cb chira cac khoang
khi. Pau tién, ching toi trinh bay md hinh s cua 16p vé khdng phan xa ¢ cdp
dé phu hop. Sau dé, tien hanh khao sét anh hirong cua hinh hoc khoang khi
va tinh chdt dan hoi ciia vat ligu nén dén tinh chdt hap thu cua lép khong
phdn xg sau khi kiém chizng mo hinh. Tir cac két qua thu dwoc thdy rang,
ching ta cé thé cdi thien hi¢u sudt hap thu cua I6p vé khdng phdn xa bang
cdch diéu chinh cac yéu té cdu triic va ddc tinh co hoc.

Tir khéa: Ngéi tiéu am; Khoang khi phan bé tuin hoan; Ciu trac co sé; Phan tir co s6; Pac tinh hap thu.
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