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Abstract

®

CrossMark

A novel underwater composite anechoic layer is proposed by inserting periodically placed
longitudinal parallel steel plates into a viscoelastic rubber matrix. Built upon the complex
viscosity model of viscoelastic materials, a theoretical model is established to evaluate the
sound absorption performance of the proposed anechoic layer. For validation, finite element
simulations are carried out, and good agreements are achieved between theory and simulation.
Compared with the reference structure purely made of rubber, the new anechoic layer exhibits
greatly improved sound absorption performance. It is demonstrated that the steel plate insertions
significantly enlarge the shear deformation of rubber at plate—rubber interfaces, causing greatly
improved viscous dissipation of acoustic energy. Systematic variations of material properties
and geometrical parameters reveal the dominant roles of rubber viscosity and plate spacing.
Further, a theoretical model is developed to study the effect of non-tight connection at
rubber—plate interfaces. This study broadens the application scope of the complex viscosity
model and provides useful guidance for designing novel anechoic layers with tailored

underwater acoustic performances.

Keywords: underwater sound absorption, complex viscosity model, rubber, parallel plates

(Some figures may appear in colour only in the online journal)

1. Introduction

Underwater acoustic stealth technology is an important means
for underwater vehicles to avoid sonar detection. At present,
the most effective method is to cover an anechoic layer on
a target object to absorb incident sound waves [1-3]. To
achieve good stealth performance, the characteristic imped-
ance of the anechoic layer should be close to that of water for

* Authors to whom any correspondence should be addressed.

1361-6439/21/074002+11$33.00

reduced reflection. Viscoelastic materials such as rubber and
polyurethane have acoustic impedance similar to water and
hence are often used to construct underwater sound absorbers.
When a sound wave is incident, the friction between molecules
of the viscoelastic material consumes part of the acoustic
energy, and the intensity of the sound wave decreases with
increasing propagation distance [4]. Experiments show that,
for viscoelastic materials, the energy dissipated via shear
deformation is much larger than that dissipated via com-
pressive deformation [4-9]. In particular, when the Poisson
ratio of the viscoelastic material is close to 0.5, it is almost

© 2021 IOP Publishing Ltd  Printed in the UK
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incompressible, so energy dissipation caused by compressive
deformation is negligible [5].

Existing researches of anechoic layers have mainly focused
on composite structures with air cavities [1, 5, 10-14] or
local resonators [2, 15-21]. For the former, cavity resonance
enhances vibration of the viscoelastic material, with more
acoustic energy converted into useless heat [1]. However, due
to the deformation of the anechoic layer with cavities under the
action of hydraulic pressure, the sound-absorption perform-
ance deteriorates with the increase of service depth [22]. In
contrast, a local resonant cavity is composed of a heavy core
and a soft viscoelastic material. Near the resonance frequency,
vibration of the nucleus enhances friction between molecules,
thereby increasing acoustic energy dissipation [15]. However,
at present, the sound absorption bandwidth of a typical local
resonance anechoic layer remains relatively narrow, thereby
requiring further broadband design for practical applications.

This paper proposes a new type of underwater anechoic
layer, which is constructed by inserting periodically placed
longitudinal parallel steel plates into a rubber matrix. In the
process of sound wave propagation, molecular friction inside
the viscoelastic rubber is enhanced by steel plate insertions
that are well bonded to the rubber, thus enabling more acous-
tic energy to be dissipated. Typically, the properties of a vis-
coelastic material lie between elastic solid and viscous fluid.
Solid viscoelastic materials, such as rubber and polyureth-
ane, are usually characterized by the complex modulus model
[6, 17], while liquid viscoelastic materials, such as blood and
petroleum, are commonly characterized by the complex vis-
cosity model [23]. Under the condition of equal dissipated
energy, the complex modulus model and the complex vis-
cosity model for viscoelastic materials can be converted to
each other [24]. Due to the presence of shear waves in a vis-
coelastic material, it is difficult to describe the propagation of
sound waves using the complex modulus model. To address
this issue, in the present study, the complex viscosity model is
employed for the first time to predict the sound absorption per-
formance of the proposed composite anechoic layer. For val-
idation, a finite element (FE) numerical model is established.
The FE simulation results are compared with the theoretical
predictions, with good agreements achieved. The validated
theoretical model is subsequently used to explore energy dis-
sipation of the viscoelastic material (rubber) as well as sound
absorption mechanisms of the proposed anechoic layer, and
quantify the influence of key material properties and geometric
parameters on sound absorption. Finally, to understand how
imperfect connections between rubber matrix and plate inser-
tions may affect the acoustic performance of the composite
structure, a simplified model is established, with its predic-
tions also validated against FE simulation results.

2. Theory

2.1. Anechoic layer with inserted parallel plates

Figure 1(a) presents schematically an infinite anechoic layer
constructed by inserting parallel steel plates into a viscoelastic
rubber matrix, periodic in the x-direction and infinitely long

in the y-direction. One side of the anechoic layer is water, the
other side is fixed on a rigid wall, and a plane sound wave trav-
eling in the water is vertically incident onto the surface of the
proposed composite structure. A two-dimensional (2D) view
of its periodic cell is displayed in figure 1(b). Let & denote the
thickness of the composite anechoic layer, a denote the plate
spacing, and ¢ represent the plate thickness. The volume pro-
portion of rubber in the anechoic layer is ¢ =1 —¢/(t+a).
Unless otherwise stated, it is assumed that the steel plates are
tightly bound to the rubber and no slip occurs at steel-rubber
interfaces. Since the stiffness of steel is hundreds of times
greater than that of rubber, the plates are assumed to be rigid
in subsequent theoretical modeling.

2.2. Complex viscosity model of viscoelastic material

To establish a complex viscosity model for a viscoelastic
material (e.g. rubber), consider first a 2D case, as shown
figure 2. A particle in the viscoelastic material moves a dis-
tance £ along the z-axis, governed by [25]:

0%¢ 0%¢ 0%¢

%
o201

o%¢
M oo

+ ey

where p is the density, ¢ is time, A and G represent two Lame
constants, and p; and pg are the volume and shear viscosity,
respectively. On the right-hand side, the first and second terms
represent elastic forces, while the third and fourth terms rep-
resent viscous forces. When the effect of viscosity is negli-
gible, equation (1) degenerates into the traditional elasticity
form.

Under the excitation of a harmonic sound wave, the dis-
placement & can be expressed as:

E=¢(x,2) - )

where j = v/ —1 is the imaginary unit and w is the angular fre-
quency. Substituting (2) into (1) leads to:

2
2 (,2) = [ +26) o) T5 T
0%€(x,2)

+(G +jwps) o2

3)
where K. = (A+2G) + jwpy and G, = G + jwp, are the com-
plex bulk and shear moduli. In practical applications, the
material parameters of a typical viscoelastic material such as
rubber are often given by wave speeds, so that:

Ke=ca’(1+jm)p @
G.= Csz(l +jns)p
where ¢ and ¢, are the compressional and shear wave speeds,
and 7, and 7 are referred to as the loss factors of the bulk and
shear moduli.

Upon expressing the last term of (3) in terms of viscosity

. 2
as jw (us — ’g) %, equation (3) exhibits the same form

as the governing equation of fluids, thus implying that the
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Figure 1. (a) Schematic of proposed composite anechoic layer with longitudinal parallel plate insertions, and (b) 2D view of its periodic cell

(unit cell).

AI

Figure 2. A particle moves along the z-axis in a viscoelastic
material (e.g. rubber).

viscoelastic material may be treated as a fluid. Its complex
viscosity (i is thence related to its complex shear modulus G,
as [24]:

fre = = —- &)

2.3. Characteristics of acoustic propagation in parallel slits

Upon using the complex viscosity model (as described in the
previous section) to describe the vibration of rubber under
acoustic excitation, propagation of the sound wave in the pro-
posed anechoic layer of figure 1 can be regarded as wave
propagation in parallel slits. Figure 3 displays a single slit of
spacing a, wherein the sound wave travels along the z-direction
in the equivalent fluid (i.e. rubber). In this case, the governing
equation can be expressed as [26]:

. 0 0%u
Jwpu = —a—lzj‘f‘llc@ (6)

Plane wave

A

Rigid

Rigid

Figure 3. Plane-wave transmitted in parallel rigid plates.

where u is the velocity and p is the sound pressure.
With no-slip condition =0 when y=0 and y=a,
equation (6) can be solved as:

o[, coshixfap/i) o
Jjwp 0z cosh(ar/jwp/pie/2) |

By averaging the above formula in the x-direction, the average
velocity of the medium between the two parallel rigid plates
can be obtained [26], as:

- QL\/J tanh (Qﬁ)} ®)
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where Q = §/wp/ . reflects the ratio of plate spacing to vis-

cous boundary layer thickness § = /2 /(w - p).
With the effective density peq expressed as:

1 N
peg =P {1 ~ 57 (Q\ﬂ)] : ©)

Equation (8) can be transformed into jwpeqit = —0p/0z.

Concerning the entrance surface A and the exit surface B of
the anechoic layer, the relationship between the sound pressure
and the velocity can be obtained as:

[Z(A>]=[(l) Z}m[gg;] (10)

(4)

coskh  jZ.sinkh
jsinkh/Z.  coskh
the anechoic layer, in which Z. = /K peq is the characteristic
impedance and k = w/peq/Kc represents the wavenumber of
the anechoic layer.

The anechoic layer is backed by a rigid wall, thus u#(B) = 0.
Its surface acoustic impedance can be obtained by:

where T = [ } is the transfer matrix of

_p(A)  Z.coskh
T u(A)  ¢jsinkh’

QY

Finally, the sound absorption coefficient of the proposed
composite anechoic layer is calculated as:

Z,— 27|

Zs+ 7y

(12)

azl—‘

where Zy = pocy is the characteristic impedance of water, pg
is the density of water, and ¢y is the sound speed in the water.

3. Numerical model

To validate the present analytical model, a 2D numerical
model, as shown in figure 4, is established using the com-
mercial FE code COMSOL [27]. From top to down are the
perfectly matched layer (PML), the water, and the anechoic
layer, respectively. The PML is a domain that can absorb all
the waves entering into it, thus is added to the end of the water
to simulate the infinite acoustic domain. The water is con-
sidered as a compressible but lossless fluid with no thermal
conductivity and viscosity, which is governed by the Helm-
holtz equation:

1 0%p

Vip=——=. 13

p 2o (13)

The anechoic layer is simulated using the solid mechanics
modulus of COMSOL, with the following control equation:

1
—pwzs—iv'c:((VS)T+VS) =0 (14)
where p and s represent the density and displacement of the
solid, respectively, and C is the viscoelastic tensor.

Perfect
matching
layer

Water

Plane wave

Periodic
boundary

Vicoelastic
rubber

Steel

. Rigid wall

Figure 4. FE model of the proposed composite anechoic layer for
underwater sound absorption.

At solid—fluid interfaces, the normal accelerations of the
water and the anechoic layer are continuous, requiring:

1
—n- (_VP) = —n- Sy
Po

where n is the surface normal and s; is the acceleration of
solid. The load experienced by the solid is:

(15)

Fy=pm (16)

where p; is the total acoustic pressure.
Finally, the sound absorption coefficient of the anechoic
layer is calculated by:

a=1-—R? (17)

where R = (ps)/(pp) is the sound pressure reflection coef-
ficient, p, and ps are the background sound pressure and
scattered sound pressure of the incident surface, respect-
ively, and (-) represents the average over the incident
surface.
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Table 1. Physical parameters of rubber [6].

Material parameter P c m Cs s
Value 1000kgm 3 1000ms ! 0.09 100ms ! 0.9
l .O T T T T l .0
—— Theo.(Rigid)
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Figure 5. (a) Sound absorption coefficients predicted by theoretical model (black curve), FE model with rigid plates (red triangles) and FE
model with elastic steel plates (blue triangles). The inlet shows the vibration velocity distribution in solid domains (steel and rubber) at
4000 Hz;. (b) theoretical predicted and numerically calculated sound absorption coefficients plotted as functions of frequency for anechoic
layer with/without inserted steel plates. Solid lines represent theoretical predictions while circles represent simulation results.

4. Results and discussion

4.1. Sound absorption performance of the proposed
composite anechoic layer

Underwater sound absorption performance of the proposed
anechoic layer is compared with that without inserted longit-
udinal parallel plates, i.e. a pure rubber layer for reference.
Relevant physical parameters of the rubber considered are lis-
ted in table 1 which, for simplicity, are assumed to be constant
over the whole frequency range [6, 7, 12, 18]. The density and
sound speed of the water are 1000kgm~—3 and 1500 ms~'.
The steel selected has density 7850 kg m—3, Young’s mod-
ulus 209 GPa, and Poisson ratio 0.3. Concerning represent-
ative underwater applications, the thickness of the proposed
anechoic layer is taken as # = 50 mm, while plate spacing a is
set to 10 mm and plate thickness ¢ is chosen as 1 mm. Under
such conditions, the volume proportion of rubber is ¢ = 0.91
in the anechoic layer.

To verify the assumption of rigid plate insertions and the
theoretical prediction of the complex viscosity model, we
compared the sound absorption coefficients predicted by the-
oretical model, FE model with rigid plates, and FE model
with elastic steel plates in figure 5(a). It can be seen that the
simulated sound absorption coefficients are in good agree-
ments with the theoretical prediction in the studied frequency
range, demonstrating that the complex viscosity model can
accurately describe the underwater sound absorption perform-
ance of viscoelastic materials. In addition, compared with the
FE model based on the rigid plates, the sound absorption

coefficient of the complete FE model considering the elastic
plate is also basically consistent with the theoretical predic-
tion. The difference is that the absorption coefficient of the FE
model considering elastic plates is slightly lower, but the error
is less than 10%. This can be explained by the coupling vibra-
tion of the steel plates and rubber. However, the stiffness of
the steel plates in the direction of sound propagation is much
greater than that of rubber, and the particle vibration velocity
in steel plates is almost O compared with rubber, as shown in
the inlet. That is, the assumption of rigid plate insertions in the
theoretical model is valid here.

Figure 5(b) compares the theoretically predicted and
numerically simulated sound absorption coefficients of the
anechoic layer, with and without longitudinal parallel steel
plate insertions. The results demonstrate that the anechoic
layer with inserted parallel plates exhibits much superior
acoustic performance relative to a pure rubber layer. For the
case considered, the maximum improvement of sound absorp-
tion coefficient is 0.62 at 7043 Hz while the average sound
absorption coefficient over the whole frequency range con-
sidered (i.e. from O to 10000 Hz) is increased from 0.25
to 0.68.

To understand why inserting parallel steel plates into a rub-
ber matrix leads to enhanced sound absorption, figures 6(a)
and (b) compare energy dissipated by the proposed anechoic
layer with inserted plates with that without such insertions
at 4000 Hz; at other frequencies the trend is similar, thus
not shown here for brevity. For the latter (i.e. a pure rubber
layer without insertions), the energy dissipation varies slightly
from top to down. In sharp contrast, on both sides of a plate
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Figure 6. Numerically simulated results for energy dissipation of anechoic layer at 4000 Hz: (a) without inserted plates and (b) with
inserted plates. Distribution of strain in viscoelastic rubber at 4000 Hz: (c) ex, (d) €yy and (e) xy. Distribution of energy dissipation density
and shear strain on (f) a selected cross-section 5 mm (i.e. z = 45 mm) away from entrance and (g) rubber—plate interface.

insertion, the energy dissipated by rubber increases by more
than ten times, especially near the top where the sound wave
is incident. This is mainly attributed to intense shear deform-
ation occurring at the rubber—plate interfaces, as elucidated
below. For a composite anechoic layer with inserted plates,
figures 6(c)—(e) display strain fields in the rubber matrix at
4000 Hz, with €,, and &y, representing the normal strains
and ¢,, the shear strain. Near the rubber—plate interfaces, it
is seen that the shear strain is much greater than the normal
ones, especially towards the top of the anechoic layer. In other
words, inserting steel plates into the rubber enhances its shear
deformation near the interfaces, thus dissipating more acoustic
energy. For more quantitative evaluation, figure 6(f) presents
the section having the highest energy dissipation density and
shear strain, which is 5 mm (i.e. z = 45 mm) away from the
surface of the anechoic layer, while figure 6(g) presents the
distribution of energy dissipation density and shear strain on
the rubber—plate interface. Along the x-direction, as shown
in figure 6(g), the energy dissipation density at the midmost
position between the two plates is the smallest, where the
shear strain is zero due to symmetry. The closer to an inser-
ted plate, the stronger the shear strain and the greater the
energy loss density. Given that rubber vibration near the bot-
tom is constrained by the fixed backplate, shear deforma-
tion (and hence energy dissipation) gradually decreases from
top to bottom, as illustrated in figure 6(g). Note that shear
strain at the entrance (i.e. z = 50 mm) is also small, for
no shear force is present on the top surface of the anechoic
layer.

4.2. Influence of material parameters on the absorption
coefficient

The physical properties of rubber can be tailored by changing
the composition of molecular chains or adding organic/inor-
ganic particles. For instance, the compression wave speed in
silicone rubber is less than 100 m s~! but exceeds 1000 m s~!
in butyl rubber. To provide guidance for material selection, the
proposed theoretical model is utilized to evaluate how rubber
material parameters affect the acoustic performance of the pro-
posed anechoic layer. Unless otherwise indicated, the remain-
ing parameters of the model are fixed as those presented in the
previous section.

The acoustic impedance of an anechoic layer dictates the
ability of a sound wave to enter it from water, which is propor-
tional to its density and compressive wave speed. As decreas-
ing the acoustic impedance makes it easier for the sound to
enter the anechoic layer at relatively low frequencies, the
density and compression wave speed of rubber have similar
effects on the absorption performance of the structure. When
the rubber density or compression wave speed is reduced, the
sound absorption coefficient is increased at lower frequencies,
as illustrated by the results shown in figures 7(a) and (b). It
is seen that, because energy dissipation is mainly caused by
shear deformation, the influence of compression wave speed
is relatively small compared with that of shear wave. Further,
as shown in equation (5), the viscosity coefficient of rubber
is proportional to its shear modulus. Therefore, rubber vis-
cosity increases with shear wave speed, enabling the sound
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Figure 7. Influence of rubber properties on the absorption coefficient of composite anechoic layer with inserted plates: (a) density,

(b) compression wave speed, and (c) shear wave speed.
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Figure 8. Influence of geometrical parameters on the absorption coefficient of composite anechoic layer with inserted plates: (a) thickness

of the anechoic layer, (b) plate spacing, and (c) proportion of rubber.

absorption coefficient to increase accordingly. Nonetheless,
as excessive viscosity would also hinder rubber vibration, the
absorption coefficient increases first and then decreases with
increasing shear wave speed, irrespective of the frequency
considered, as shown in figure 7(c).

4.3. Influence of geometrical parameters on the absorption
coefficient

In addition to rubber properties, the influence of geometrical
parameters is also quantified using the proposed theoretical
model, as shown in figure 8. Figure 8(a) illustrates the variation

of sound absorption spectrum with anechoic layer thickness.
Similar to the case of a homogeneous rubber layer without
plate insertions, increasing the thickness elevates the absorp-
tion coefficient of the proposed anechoic layer over the entire
frequency range. However, for the parameters considered
herein, when the thickness is increased beyond 60 mm, the
absorption coefficient hardly changes, suggesting that there
exists a propagation limit of sound in the anechoic layer. The
effect of plate spacing on sound absorption is exactly oppos-
ite to that of shear wave speed, as demonstrated in figure 8(b).
Intuitively, the smaller the plate spacing, the more difficult the
sound wave propagation. In the extreme case when the plate
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Figure 9. (a) 2D view of composite anechoic layer with a defective segment and (b) the equivalent model. (c) Theoretical and numerical
results for sound absorption coefficient of anechoic layer with/without defective segment. Solid line represents theoretical predictions, while

circles represent FE simulation results.

spacing approaches 0, the anechoic layer can no longer absorb
sound, as can be seen from figure 8(b). Figure 8(c) reveals the
relationship between the sound absorption and the proportion
of rubber. With other conditions unchanged, the sound absorp-
tion performance of the anechoic layer increases with increas-
ing rubber proportion, especially at relatively low frequencies.

4.4. Influence of non-tight connection between rubber
and plate insertions

The previous analyses are based on the assumption that the
rubber matrix is perfectly bonded to the plate insertions. In
practice, however, imperfect bonding between the two during
preparation. To understand how such interfacial defect may
affect the acoustic performance of the anechoic layer, a sim-
plified model is developed as shown in figure 9(a) where the
plate insertions are not bonded to the rubber along a segment
of length A, at the bottom of the structure. Built upon the ana-
lyses of section 2.3, the model of figure 9(a) may be approxim-
ated as equivalent to a two-layer homogenized model shown
in figure 9(b). With no shear force at the non-tightly connec-
ted interface assumed, the density of region I is the density of
rubber, while the density of region I is calculated by equation
(9). In such case, the transfer matrix of the anechoic layer in
equation (10) is replaced by:

[T] = [T1) [Tu] (18)

where [T1] and [Ty1] are the transfer matrices of the two homo-
geneous media, respectively. The sound absorption coefficient
of the anechoic layer having interfacial defect can thence be
obtained from equation (12). The simulation is consistent with
the previous case (no presence of defect), except that the inter-
face condition at the non-tightly connected interface in region
II'is changed to s - n = 0, that is, no z-direction constraints. In
addition to carrying out the theoretical analysis, FE simulation
is also performed to validate such analysis.

The material and geometrical parameters of the model are
the same as those presented in section 4.1. For simplicity, the

two segments are assumed to have identical thickness, with
hy =hy =h/2. As shown in figure 9(c), the sound absorp-
tion coefficient of the anechoic layer with a defective segment
(blue curve) is compared with that of the complete section (red
curve). It is seen that the theoretical prediction (solid line)
agrees well with the FE simulation result (circle). The res-
ults show further that the existence of defective segment has
non-negligible effect on sound absorption. Sound absorption
performance in the low-frequency range is slightly improved,
while that in the high-frequency range is significantly reduced.

To gain a fundamental understanding for the influence of
non-tight connection, figures 10(a) and (b) present FE sim-
ulation results for shear strain and energy dissipation of the
anechoic layer with a defective segment, at 4000 Hz. It can be
seen that there is no shear strain in the defect section, so there
is almost no energy dissipation. Since the rubber at the non-
tightly connected interface is not restricted by the z-direction
of the wall, its deformation increases under the action of sound
waves, resulting in increased shear strain and energy dissip-
ation of the defect-free rubber. Moreover, there is a strong
stress concentration at the junction of different segments, as
shown in figure 10(c). Compared with the anechoic layer in
the defect-free section in figure 6(g), the shear strain and
energy dissipation of the anechoic layer in the defect section
of the rubber—plate interface appear two characteristics: the
defect-free section is enhanced, and the defective section is
almost zero. These two differences determine the effect of
defects on sound absorption performance. In figures 10(d)
and (e), the energy dissipation between the anechoic layer
with/without the defective segment at 2000 and 8000 Hz are
compared. In the low-frequency range, the energy dissipa-
tion enhancement of the defect-free section dominates, thereby
improving the sound absorption performance. In the high-
frequency range, the energy dissipation of the defective section
generally decreases, and the sound absorption performance
decreases.

Consider next the influence of the location and length of
the defective segment on sound absorption. To this end, based
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Figure 10. Numerical simulation results of (a) shear strain and (b) energy dissipation at 4000 Hz in composite anechoic layer with
interfacial defect. (c) Energy dissipation density and shear strain distribution at 4000 Hz on rubber—plate interface of anechoic layer with
interfacial defect. Comparison of energy dissipation of anechoic layer with/without defects at (d) 2000 Hz and (e) 8000 Hz.

on the two-layer model, a three-layer model is established
wherein the defective segment is the middle layer, as shown in
the inlet of figure 11. Let &, denote the length of the defective
segment and let /3 denote the distance of the defective segment
to the bottom of the anechoic layer. Similar to the two-layer
model, the transfer matrix is obtained by multiplying the trans-
fer matrix of the three equivalent layers.

By fixing the length of the defective segment to 4, =25 mm
but changing &3, the predicted sound absorption curves using
the three-layer model are plotted in figure 11(a). It is seen that,
as hj is increased, the sound absorption curve hardly changes
below 2000 Hz, but moves downward above 2000 Hz. This
occurs because the most serious influence of interfacial defects
on the present anechoic layer is that the energy dissipation
density of the defective segment is reduced to 0, while the
energy dissipation density of the upper part of the anechoic
layer is enlarged. Therefore, the closer the defective segment
to the top, the worse the sound absorption coefficient. That is,
the upper part of the anechoic layer is more sensitive to inter-
facial defects.

With the defect center fixed at the midpoint of the
anechoic layer, the influence of defect length 4, on sound
absorption is presented in figure 11(b). Comparing the

three curves reveals that, as the length of defective seg-
ment is increased, sound absorption performance gradu-
ally deteriorates, especially at high frequencies. The reason
is similar to that discussed above for figure 11(a), i.e.
the sound absorbing capability of the anechoic layer is
weakened as the invalid area caused by defective segment is
enlarged.

The previous discussion focused on the internal situation
of the defective segment, but when the defective segment is
located at the top, the influence on the sound absorption per-
formance is different. By changing the defect length £, of the
top defective segment, the predicted sound absorption curves
are plotted in figure 12. It can be seen that as the defect length
h, increases, the sound absorption coefficients decrease glob-
ally in the studied frequency range. Because the top layer is
not constrained by the steel plate, its acoustic performance is
consistent with that of uniform rubber, that is, the anechoic
layer with top defective segment can be regarded as a con-
nection of uniform rubber layer and an anechoic layer with
steel plate insertions. The acoustic energy is mainly dissip-
ated by the lower anechoic layer with steel plate insertions,
and its thickness is decreased by the top defect. Therefore, the
influence of the top defective segment on the sound absorption
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performance is similar to that of the thickness of the anechoic
layer in figure 8(a).

5. Conclusion

A novel underwater composite anechoic layer inserted with
periodically placed parallel steel plates has been proposed. A
theoretical model for predicting its sound absorption is estab-
lished and validated by comparing the predictions with FE
simulation results. The influence of rubber properties and plate
geometrical parameters on underwater sound absorption is
systematically investigated. Main findings are summarized as
follows:

(a) For the first time, the complex viscosity model of vis-
coelastic materials is applied to characterize the acoustic
performance of the proposed anechoic layer. In contrast
with the complex modulus model, the shear wave is not
considered as shear effects of the viscoelastic material are

reflected by the imaginary part of complex viscosity, thus
simplifying the theoretical model.

(b) Underwater absorption of the proposed anechoic layer is
greatly improved relative to the structure purely made of
rubber, for the inserted plates enlarge shear deformation
of rubber at plate—rubber interfaces, causing more acoustic
energy dissipation.

(c) For enhanced absorption at low frequencies, the anechoic
layer needs to have small acoustic impedance, which can
be achieved by adjusting either the rubber density or the
speeds of compressive and shear waves in rubber, or both.

(d) Rubber viscosity and plate spacing play dominant roles in
energy dissipation. Excessive viscosity would hinder rub-
ber vibration, thus weakening the acoustic performance of
the anechoic layer.

(e) The presence of interfacial defect (e.g. non-tight connec-
tion) caused by the separation of rubber and plate inser-
tions reduces the absorption performance of the anechoic
layer. The closer the defect is located to the entrance, the
more sensitive the absorption is to the defect.
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