Inter J Nav Archit Oc Engng (2012) 4:96~111
http://dx.doi.org/10.3744/JNAOE.2012.4.2.096

Acoustical characteristic predictions of a multi-layer system of
a submerged vehicle hull mounted sonar simplified to
an infinite planar model

Sung-Hee Kim', Suk-Yoon Hong', Jee-Hun Song?, Hyun-Gwon Kil®
Jae Jin Jeon® and Young-Soo Seo’

!Seoul National University, Seoul, Korea
2Chonnam National University, Chonnam, Korea
I University of Suwon, Gyeonggi, Korea
‘Agency for Defense Development, Gyeongnam, Korea

ABSTRACT: Hull Mounted Sonar (HMS) is a long range submerged vehicle s hull-mounted passive sonar system which
detects low-frequency noise caused by machineries of enemy ships or submerged vehicles. The HMS needs a sound
absorption /insulation multi-layer structure to shut out the self-noise from own machineries and to amplify signals from
outside. Therefore, acoustic analysis of the multi-layer system should be performed when the HMS is designed. This
paper simplified the HMS multi-layer system to be an infinite planar multi-layer model. Also, main excitations that
influence the HMS were classified into mechanical, plane wave and turbulent flow excitation, and the investigations for
each excitation were performed for various models. Stiffened multi-layer analysis for mechanical excitation and general
multi-layer analysis for turbulent flow excitation were developed. The infinite planar multi-layer analysis was expected
to be more useful for preliminary design stage of HMS system than the infinite cylindrical model because of short
analysis time and easiness of parameter study.

KEY WORDS: Hull Mounted Sonar (HMS); Infinite planar multi-layer structure; Mechanical force; Plane wave; Tur-
bulent flow noise.

INTRODUCTION

Hull Mounted Sonar (HMS) system is a long range passive detector that is typically installed to both sides of a submerged
vehicle. It detects low frequency noise ranges caused by the mechanical equipments of other submerged vehicles or ships. The
HMS possesses a multi-layer structure that block noise from own vessel machineries and are reduces reflected noise of exterior
signals such as a ping of enemies. Simultaneously, the multi-layer structure must provide precise measurements at certain
frequency ranges. Because of these complex conditions, various HMS multi-layer combinations and arrangements must be ac-
counted for during the design stages. Thus, a multi-layer analysis must be conducted in order to predict the multi-layer acoustic
performance during the HMS preliminary design step.

However, testing every multi-layer case is a nearly impossible task. Furthermore, commonly used tools, such as those based
on the finite element method or boundary element method, do not serve as appropriate alternatives for predicting acoustic cha-
racteristics of the multi-layer. Universal tools used for finite element analysis or boundary element analysis can be applied to the
analysis of multi-layers. However, in order to properly apply these tools, specific HMS geometry is first needed. Unfortunately,
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the necessary HMS geometry is typically not available during the early design stage in which the tools may be applied. Inves-
tigating multi-layer system at high frequencies with commonly used tools is time and cost consuming. Confidentiality and
proprietary regulations limit the availability of open HMS research.

A relatively large submerged vehicle containing a low-curvature pressure hull can be equipped with the HMS system. In
addition, the HMS system is long enough to be simplified to an infinite system. This paper simplified the HMS multi-layer
system to be an infinite planar multi-layer model. Skelton and James (1997) and Ko, Pyo and Seong (2001) developed infinite
planar multi-layer theories for underwater structures. Kang, Seo, Shin and Jeon (2011) showed that the infinite planar theory
agreed well with measured data acquired from acoustic windows. Stiffeners were applied to a thin plate by Evseev (1973) and
Mace (1980), but not to a multi-layer structure. Ko and Schloemer (1989), Ko and Nuttall (1991) investigated two- and three-
layer structures for turbulent flow noise, and a point hydrophone was assumed to be embedded within an elastomer layer. How-
ever, this approach does not facilitate the analysis of a general multi-layer model, and it cannot be applied to a model of a
hydrophone in a fluid layer.

This paper presents a prediction method that can be applied to the HMS preliminary design stage. The method predicts
acoustic characteristics of the HMS multi-layer system using the infinite planar theory. Thus, the main excitation types that
affect the HMS system are classified, and the acoustic characteristics of the various multi-layer models are evaluated for each
excitation type. A stiffened thin planar theory was extended to the elastic theory and applied to the multi-layer analysis. Tur-
bulent flow noise analysis was performed on a general model including the case of a hydrophone in acoustic fluid layer.

GOVERNING EQUATION OF AN INFINITE PLANAR MULTI-LAYER

Skelton and James (1997) presented a multi-layer system analysis method that employed continuous conditions at the boun-
daries of a layer. He derived matrix relationships that satisfied continuous displacement and stress conditions of an isotropic
elastic layer, and satisfied continuous displacement and pressure conditions of an acoustic fluid layer for three directions of
rectangular coordinates at the upper and lower surfaces of a layer. He obtained a relation for the stiffener matrix, displacement
matrix, and force matrix from the derived matrix relationships. The governing matrix equation for a multi-layer system was
assembled using relation matrices of isotropic elastic layers and acoustic fluid layers.
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Fig. 1 General planar multi-layer system expressed in the cartesian coordinate system.

If one layer shown in Fig. 1 is an acoustic fluid layer with thickness # , pressure in the acoustic fluid layer can be obtained
in terms of complex exponential functions as follows:

pla, B.z)= 4, explirz) + 4, exp(-iyz) 1)

where , - [i> _4*_p* and k=w/c where ¢ is sound speed, p(a, B, z) is the Fourier transformed spectral pressure for
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the x and ) directions. The displacement in the z direction and the continuous pressure conditions at the lower surface of
alayer, z=0 and at the upper surface of a layer, z =/ are expressed as follows:

el =) ®

[ EZ:ﬁ:z;]=(iy/pwz)(expfi7h) ol i}/h)J(AIJ N

4,

Egs. 2 and 3 can be reduced by eliminating the arbitrary constants A; and A,, and the spectral dynamic stiffness matrix
equation is giving

o) (s

Here, the spectral surface traction, S (a,f,h)= - p(a,f,h) and S_(a, $,0)= p(a, B,0), are positive when acting in the
positive z direction.

Isotropic elastic layer

For an isotropic elastic layer with thickness # from Fig. 1, the substitutions for the Cartesian coordinates are
u=VF +VxP &)

P=(0,0,G)+Vx(0,0-H) (6)

where u represents the solutions of the time-harmonic displacement equations, in the absence of body forces. Egs. 5~6 reduce
the linear displacement equations of elasticity to

V2F+k}F=0 ©)
VG+k2G=0 (®)
V H+k*H =0 )

where k, =w/c, and k =w/c, with ¢, and ¢ being the wavespeeds of pure longitudinal and shear waves in unbounded
media. Using the Fourier transform decompositions from Eqgs. 7~9, the general solutions of these equations can be obtained in
terms of exponential functions:

F(a, B, z) =4, exp(iylz)-lr A, exp(—iy,z) (10)
Gla, B.z)= 4, expliy,z)+ A, exp(—iy z) (1)

Hi (a, 5, z) = A, exp(i j/SZ)-i-Aé exp(— i }{‘_z) (12)
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where |, _ iz 52— p> and , _ iz ,2 " g . The spectral displacements of Eq. 5 can be written as

wle, p.2) = iaF @, f.2) + iBGla, ﬂ,z)_m% (13)
zZ

(0. o) = ipF(a, o) iaGla, ﬂ,z)_iﬂ% (14)
zZ

u.(e f.)= % o H{a.p.2)- FH(a. f.2) (15)

Using Egs. 13~15, the spectral displacements in terms of the unknown constants A, to A¢ are obtained as

u, (a,[ﬁ’,z) =i, exp(i;/,z)+ iad, exp(— i;/,z) (16)
+ifA, exp(i;/xz)+ ifA, exp(— i;/sz)+ ay A exp(iysz)— oy Ag exp(— i;/sz)

u, (o, B,z)=ipA, expliy,z)+ipd, exp(-iy,z) (17
—iadyexpliy,z)—iad, exp(~iy,z)+ By, As expliy,z)— By, A, exp(-iy,z)

u, (aa B, Z) =iy 4 exp(i}/,Z)— iy, 4, exp(— i]’zz) (18)
—a* Ay expliy,z) - &’ Ay expl-iy,z) - B> A; expliy,z) - B 4 expl=iy,z)

And by substituting Eqgs. 16~18 into the stress-displacement equations, the spectral stresses in terms of the unknown
constants are

v (. B.2)=—2uay 4 expliy,z)+ 2uay, 4, exp(=iy,z) - upPy A, expliy,z)+ upy, 4, exp(~iy,z) (19)
+ i,ua(kf —a’-p >A5 exp(iysz)—l- i,ua(kf . ,BZ)A6 exp(— i]/sz)

v, (. B.2)=2upy 4, expliy,2) + 2upy, A, expl-iy,z) + pay, 4, expliy,z) - pay, A, expl(-iy,2) 20)
+ipplk? - a® - 2 )As expliy,z) + ipplk? - a® = p2 ), exp(- iy, z)

0. (aa B, Z) = _(ﬁklz +2uy} )Al exp(iy,z)— (ﬂ*klz +2uy} )Az eXp(_ i7/12) (21)
= 2igy (@ + B Ag expliy,2)+ 21y, (@ + B A, exp(=iy,2)

Similar to the acoustic fluid layer calculations, Eq. 22 can be obtained from Eqs. 16~18 and Egs. 19~21 by eliminating the
unknown constants using the continuous conditions at the lower and upper boundaries of an elastic layer as follows:

ux(a’ﬂ’h) Sx((l,ﬂ,h)
u}(a’ﬂ’h) S'V(Ol,ﬁ,h)
u (a’ﬂ’h) _ Sz(a’ﬁ’h)
(PP M o 5 0) 7] 5. (e 50) @)
u,(@.p0)| |S,(a.5.0)
uz (0!, ﬂ’o) Sz (a’ ﬂ’o)
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and the spectral surface tractions,

S, (. B, 1) .(a. B.h)
Sy a, ,B,h) r:y(a,ﬂ,h)
S.(a.p.h)| | o.(e.p.h) (23)
S.(@.p0)| | -7.(a.8.0)
S, (@, 8.0)| | -7.,(a.8.0)
S.(@,0)) \-o.(a B0)

which are positive when acting in the positive directions of the coordinate axes.
The governing equation of a multi-layer composed of acoustic fluid layers and isotropic elastic layers can be obtained from
Eq. 4 for the acoustic fluid layers and Eq. 22 for the isotropic elastic layers as follows:

Z(a, B)u(a, B)=E(a, B) (24)

For a multi-layer structure with N layers as shown in Fig. 1, (N+1) boundary surfaces exist at the model. The spectral
stiffness matrix Z(o, ) is a 3(N+1) x 3(N+1) matrix, and the spectral displacements vector u(e, ) and the spectral
excitation vector E(a, ) are 3(N+1) x 1 column vectors.

EXTERNAL EXCITATIONS

Mechanical excitation

The main excitations that influence the HMS of a submerged vehicle during military activity can be classified into three
types: mechanical excitation, plane wave excitation, and turbulent flow excitation. Mechanical excitation is induced when a
submerged vehicle’s essential equipment is operated. The noise due to the mechanical excitation is transmitted to sensors of the
HMS through a submerged vehicle pressure hull.

When mechanical excitation is applied to the multi-layer system, the spectral excitation vector E(e, 8) is zero excluding
the degrees of freedom where the excitation is acting. If the point force vector, F = (F., F, F,) actsat x=x,, y=y, of the

jth interface of Fig. 1, then all elements except for the elements

E;j—z =F, exp(— o, _iﬁyo) (25)
E,  =F, exp(—iax, —ify,) (26)
E,, =F, exp(-iax, —ifyy,) Q27)

are zero. With the spectral displacements of each layer obtained from Eq. 24, the far field pressure in the upper halfspace at
observation angles (6,¢p) can be obtained as follows:

) exp(iku R)

(R,0,p)=—p &*U (a,,
p/]( ¢7) pu u( 0 ﬂo 27Z'R

(28)

where the subscript ‘u’ signifies the upper acoustic domain in which the pressure propagates. U, (ao, ,Bo) is a z directional

spectral displacement of a boundary surface between multi-layer system and the upper acoustic domain, the 1% interface of Fig. 1.
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a,=k,sinfcosp and B =k, sin@sing are the stationary phase wavenumbers.

Multi-layer including stiffened layer

Mace (1980) developed a sound radiation from a stiffener reinforced thin plate. He expressed the transverse displacement of
the neutral axis of the thin plate which was reinforced by parallel stiffeners with a spacing 4 by Fourier transform in x and y
coordinates as follows:

» w3 M
P S1B) RO .
D,(a.p) Ds(a,,g)(l G,(8 ) . Ds(a—lem/d,ﬂ)j

where G (p)= (Ex 1B —a’p.A, )/d E_ is Young’s modulus of the stiffener, /_ is the cross-section area moment of inertia,
p, isdensityand A_ is the cross-section area.

This equation can be rearranged to the form of the stiffness of the plate D, (e, £), the transverse displacement W (e, 4),
and the force acting on the plate as follows:

)3 w

Ds(a,ﬂ) W(a,ﬂ)=Sz(a,ﬂ) n:w; 0! 27m/d ﬁ’)
=G )Y s

= D~ 27m/d B)

(30

The first term on the right-hand side of the Eq. 30 is the external mechanical force acting on the thin plate, and the second
term is the extra force due to stiffeners in the transverse direction. Here, these forces are acting on the bottom surface of the
plate. If the stiffeners are attached to the jth interface of the multi-layer and the external force acts at the same surface, then, the
excitation element, Eq. 27 for a stiffened multi-layer system can be obtained as:

2 S (a-2m/d,p)
G.(AY
£y =F, exp(_iaxo _iﬂyo)_ "ﬂ; o (a727z:l/d"8) G
1+G,(8)Y.

With Eq. 31, the stiffened multi-layer structure can be evaluated for the mechanical excitation.

Plane wave excitation

Plane wave excitation occurs when a signal from other ships or submerged vehicles reaches the HMS system of a sub-
merged vehicle. The signal can be assumed as a plane wave because sources of the signal are usually located far from the
submerged vehicle. Thus, exterior noise can be classified as plane wave excitation.

When an incident plane wave comes from the upper halfspace to the multi-layer structure at angles (g,,¢,), the incident

wave pressure is
p,(x,y,z):Aexp(—ia,.x—iﬁ,.y—i)/[z) (32)

where ¢, =k, sinf, cosg,, B, =k, sin6,sing,, y, =k, cosd,, and k, =w/c, where c, is sound speed at the upper half-

space and the subscript “u’ signifies the acoustic domain of the incident wave.
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The plane wave affects the first surface of the layered system, and every element of the spectral excitation vector E(a, ﬁ)
is zero except for the element

E, =-24 33

The spectral displacements can be calculated using Eq. 24 and Eq. 33. With those displacements, the complex reflection
coefficient is obtained as follows:

_pua)zUu(_ai’_ i)
idk, cos®,

R=1+ (34)

where p is the density of the upper halfspace. U (-a,,~f,) is the z directional displacement of the upper boundary of the
top layer.

Turbulent flow excitation

Submerged vehicle movement causes turbulent flow excitation. When the submerged vehicle carries out a military operation,
turbulent flows are generated on the exterior surface of the vessel. Theses flows produce noise which affects the HMS system.

Ko and Schloemer (1989) Ko and Nuttall (1991) presented a method for evaluating noise caused by turbulent flow using
the turbulent boundary layer pressure model. He defined a turbulent flow induced noise that affected a point hydrophone
exposed to the water field as the frequency spectral density using the Corcos (1964) tur-bulent wall pressure spectra which is
written as

O(w) =27 TP(kx k,,@)dk dk, 35)

where P(k_,k ) is the turbulent wall pressure spectrum.
If the point hydrophone is embedded within a certain layer, the frequency spectral density is

O(w) = 2;zj_+:f:P(kx k)T (k,k,,0)dk dk, (36)

where T(k_,k,,w) is the transfer function which is the ratio of the normal stress of the point hydrophone to the force acting on

the flow contact surface of layered system, and defined as

Tzz (kx ) ky B CO, Z)z:sensor
T(k,,k,,0)=
Fy(k,.k,, o)

(37

z=surface

Ko and Schloemer (1989) Ko, Pyo and Seong (2001) found 7, case by case for two- and three-layer models possessing
an embedded hydrophone in the elastomer layer. However, T_ can be replaced by Eq. 1 for an acoustic fluid layer and Eq. 21

for an isotropic elastic layer. With this relation, turbulent flow analysis method can be applied to general multi-layer models.
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Fig. 2 Planar multi-layer models. (a) Sensor in the outer anechoic layer; (b) aluminum layer
added in the outer anechoic layer of model (a); (c) stiffeners reinforced in the model (a);
(d) sensor in the sea water layer; (¢) aluminum layer added in the outer anechoic
layer of model (d); (f) stiffeners reinforced in the model (d).
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Table 1 Material properties of each layer in Fig. 2a.

Inter J Nav Archit Oc Engng (2012) 4:96~111

Layer no. Material E [N/m?] c p [kg/m’] n h [m]
upper S. W. 1500
1 O.A. 6.4¢7 0.48 1600 0.54 0.090
2 L. A. 3.9¢7 0.48 1500 0.52 0.070
3 B. M. 4.5¢8 0.43 300 0.01 0.120
4 decoupler 2.6e7 0.46 800 0.47 0.040
5 steel 2.1ell 0.3 7800 0.001 0.025
lower S. W. /air 1500/343
Table 2 Material properties of each layer in Fig. 2b.
Layer no. Material E [N/m’] o p [kg/m’] n h [m]
upper S. W. 1500
1 O.A. 6.4¢7 0.48 1600 0.54 0.040
2 Aluminum 7.0e10 0.33 2700 0.001 0.005
3 0. A. 6.4e7 0.48 1600 0.54 0.050
4 L. A. 3.9¢7 0.48 1500 0.52 0.070
5 B. M. 4.5¢8 0.43 300 0.01 0.120
6 decoupler 2.6e7 0.46 800 0.47 0.040
7 steel 2.1ell 0.3 7800 0.001 0.025
lower S. W./air 1500/343

Noise reduction is defined as the ratio of Eq. 35 to Eq. 36 for the point hydrophone embedded multi-layer system:

Q@D sensor (38)

NR =10log
" [O(®)], e

Noise reduction predicts the sensitivity of the location of the hydrophone or a material property of the hydrophone embedded
layer.

RESULT

The HMS can be classified into two categories defending on the sensor position. In the first category, the sensor is em-
bedded within the elastomer layer. Secondly, the sensor is exposed to water, and a sonar dorm detects the sensor. These two
types are simplified in Figs. 2a and 2d, respectively. Models that possess an additional aluminum layer within the outer
anechoic layer were considered (Figs. 2b and 2e). The aluminum layer enhances a sensor’s ability to receive signals. The HMS
may be installed on a surface over a water ballast tank. Thus, models were evaluated to account for both cases in which the
HMS was installed in the air and in a water filled area at the inner space of the pressure hull. The sensor was assumed to be
0.02 m from the upper surface of the layer that contained the sensor; the outer anechoic layer for Figs. 2a ~ 2c¢, and the sea
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Table 3 Material properties of each layer in Fig. 2d.

Layer no. Material E [N/m’] c p [kg/m’] n h [m]
upper S. W. 1500
1 CRP 3.7¢e10 0.17 1500 0.02 0.020
2 S.W. 1500 0.120
3 0. A. 6.4e7 0.48 1600 0.54 0.070
4 L A 3.9¢7 0.48 1500 0.52 0.070
5 B. M. 4.5¢e8 0.43 300 0.01 0.120
6 decoupler 2.6e7 0.46 800 0.47 0.040
7 steel 2.1ell 0.3 7800 0.001 0.025
lower S. W./air 1500/343

Table 4 Material properties of each layer in Fig. 2e.

Layer no. Material E [N/m?] o p [kg/m’] n h [m]
upper S. W. 1500
1 CRP 3.7¢10 0.17 1500 0.02 0.020
2 S. W. 1500 0.120
3 0. A. 6.4¢7 0.48 1600 0.54 0.010
4 Aluminum 7.0e10 0.33 2700 0.001 0.005
5 O.A. 6.4¢7 0.48 1600 0.54 0.060
6 L A. 3.9¢7 0.48 1500 0.52 0.070
7 B. M. 4.5¢8 0.43 300 0.01 0.120
8 decoupler 2.6e7 0.46 800 0.47 0.040
9 steel 2.1el1 0.3 7800 0.001 0.025
lower S. W./air 1500/343

water layer for Figs. 2d ~ 2f.

Sensitivity of layers thickness for the model Fig. 2a is shown in Fig. 3. The difference between the maximum pressure level
and the minimum pressure level increased as the analysis frequency increased. The thickness of the decoupler layer adjacent to
the pressure hull was the most sensitive for all frequency ranges.

Fig. 4 shows the pressure level at the sensor position when the mechanical excitation is acting at the bottom of the pressure
hull. The pressure levels of the sensor embedded cases were smaller than the sensor in the fluid layer at high frequency. The
aluminum layer did not significantly influence the result for mechanical excitation. The pressure level in the low frequency
range was smaller when the water was filled the lower halfspace.

Stiffened multi-layer models excited by mechanical force are compared in Fig. 5. Stiffeners were 2 mm thick and 5 mm long,
and attached to the bottom of the pressure hull with 0.02 m between stiffeners (Figs. 2¢ and 2f). The pressure level decreased at the
high frequency range for the stiffened models. When the lower halfspace was filled with the air, the stiffener performed better.

Fig. 6 illustrates the pressure level at the sensor position due to the normally incident plane wave from the upper halfspace.
The pressure levels of the sensor embedded cases were smaller than the sensor in the fluid layer over all analysis frequency
range. The aluminum layer enhanced the pressure level for the sensor embedded model, but the pressure level decreased near
the aluminum layer at high frequency when the sensor was located in the fluid layer.
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Fig. 3 Acoustic characteristic sensitivity of sound-absorbing layer thickness.
Pressure is in dB re 1 micropascal. Unit of thickness is a meter.
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Fig. 8 Pressure level excited by plane wave when the location of the aluminum layer is changed and
when the calculated point is in the sensor position. Incident angle is 6 = 0° and ¢ = 0°.
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Fig. 9 Echo reduction excited by plane waves when the aluminum layer location is changed and
when the calculated point is in the sensor position. Incident angle is 6 = 0° and ¢ = 0°.

7 shows the echo reduction of multi-layer models. The position and thickness of the aluminum layer were varied in

order to observe the aluminum layer’s effects on pressure level and echo reduction. The analysis was investigated for the model

Fig. 2d.

The results caused by the position variation are shown in Figs. 8 and 9. The results caused by the thickness variation are

shown in Figs. 10 and 11.
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Fig. 10 Pressure level excited by plane wave when the aluminum layer thickness is varied and
when the calculated point is in the sensor position. Incident angle is 8 = 0° and ¢ = 0°.
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Fig. 11 Echo reduction excited by plane waves when the aluminum layer thickness is varied and
when the calculated point is in the sensor position. Incident angle is 6 = 0° and ¢ = 0°.
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Fig. 12 Comparisons for various multi-layer models filled with air in the lower halfspace at the
sensor position excited by turbulent flow. Free stream velocity is 10 m/s.

Pressure level and the echo reduction decreased as the aluminum layer embedded deeper from the upper surface of the sea
water layer. However, the pressure level increased in the high frequency range. The pressure increase was especially observed
in models filled with water in the lower halfspace. Fig. 12 illustrates the frequency spectral density and the noise reduction at the
sensor position for various turbulent wall pressure spectrums.

DISCUSSION

The various HMS multi-layer systems excited by three external force were evaluated using the infinite planar theory. A
good HMS multi-layer will reduce the pressure level at the sensor when a mechanical force or a turbulent flow acts on the HMS.
In addition, when an plane wave comes far from the outside, the good HMS will guarantee regular and high signals for the
frequency range fewer than 4 kHz, and will reduce reflected signals over 4 kHz frequency range. Thus, Fig. 2d represents a
satisfactory HMS multi-layer system of the analyzed models. If the model Fig. 2a is applied to an actual HMS system, it is
recommended that the aluminum layer be added. The HMS evaluation method can account for thickness variations as well as
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Fig. 13 Pressure level comparison between the planar model and the cylindrical model for
Fig. 2d filled with air in the lower halfspace in dB re 1 micropascal.

variations in layer order or layer material. The material property depending on the temperature or the hydraulic pressure can
be also investigated with these processors. Fig. 2¢ and 2f illustrate that stiffeners have an effect on the acoustic performance at
certain frequency ranges which is depend on the geometry of stiffeners. Stiffened multi-layers have lower pressure levels in
Fig 5.

The geometry of a submerged vehicle is similar to a cylinder; thus, an infinite cylindrical multi-layer theory was compared
for the model Fig. 2d in Fig. 13. The far-field pressure caused by the mechanical forces is expressed as the summation form of
the Bessel functions:

—ip@® exp(ikR) & (=) u,(n, )
zksin@ R = H|,(kasin0)

Py (R.0.4)= exp(ing) (39)

and the pressure of the fluid layer when the plane wave excitation acts can be expressed as follow:

20 )
10+
.10_
ol
% 20
27 —
E =
30
x 20 =
T ; S
§ 800 R LIR)
o @D
P 40l H 3
§‘ 2 5o °
3 =
-] -
5 50 ol
w
S0t
ol T0r
0 L L L L 0 L A L
o} 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o} 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz] Frequency [Hz]
(a) Frequency spectral density. (b) Noise reduction.

Fig. 14 Comparisons for various turbulent wall pressure spectrum at the sensor
position excited by turbulent flow. Free stream velocity is 10 m/s.
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The cylindrical model possessed a radius of 4 m. The pressures were summed between -100 to 100 of the Bessel function
order n . The results of the cylindrical model are very similar to the results of the planar model. However, the cylindrical model
required over 200 times the amount of analysis time more than the planar model. Additionally, many turbulent flow wall
pressure spectrum models are available for the planar surface (Ko, 1994; Efimtsov, 1982; Graham, 1997) (Fig. 14). Thus, the
infinite planar model is appropriate for analysis of the HMS multi-layer system.

CONCLUSION

This paper presented an infinite planar analysis method that predicts the acoustic characteristics of an HMS multi-layer
system. This method can be applied to the preliminary design stages of HMS multi-layer systems. The main excitations that
influence the HMS of a submerged vehicle were classified into three excitation types: mechanical excitation, plane wave exci-
tation, and turbulent flow excitation. Each excitation type was applied to various models for analysis. The stiffened multi-layer
for mechanical excitation was developed and the general multi-layer model analysis for turbulent flow excitation was expended.
Furthermore, the planar theory proved to be better than the cylindrical theory for evaluating the HMS multi-layer system.

This paper did not make a conclusion which model was the best. Because many conflicting goals are considered at the pre-
liminary design stages. Noises from mechanical excitation and turbulent flow should be reduced, even though sensors should
catch signals well from outside of the submerged vehicle. We expect that designers can adopt assistant systems to achieve
the design goals if they know the acoustic characteristics of HMS multi-layer systems using infinite planar analysis method.
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