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Abstract: When vibration and noise control experiments of large complicated structures are conducted in limited water
areas, the core aspects are acoustic signal measurement and data processing. The boundary conditions are complex and
unknown, and the hydrological environment and acoustic propagation characteristics are intricate, which causes greater
difficulties for the numerical simulation and data processing of the signal. AcTUP, a combined program developed by
Matlab and VB codes, is adopted to analyze the selection principles of the water level and the sedimentary layers of the
testing field, obtaining a simulation model that coincides with experimental values. In this paper, via simulating calcula-
tion and analysis, the influence discipline of 'zero dimension' parameters concerning fixed depth source, source position
of constant water depth and water surface roughness on acoustic transmission loss are obtained, then certain basic
acoustic propagation characteristics of the field are acquired through an incoherent analysis of the deviations between
experimental values and simulating values based on ray theory.
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the study of acoustic characteristics of submarine'™,

0 Introduction but the reliability of the simulation must be verified

Submarine has become one of the national strate- by experiments. The testing field in limited water ar-

gic deterrent arms because of its stealth. The acous-
tic stealth performance of submarine has been obvi-
ously enhanced by the technologies of anechoic tile,
floating raft isolation, acoustic stealth material, etc.
Known as the "black hole of the oceans", the radia-
tive sound source level of "Kilo" conventional sub-
marine corresponds to that of marine environment,
which has raised the wave of acoustic stealth technol-
ogy revolution. The simulation of acoustic vibration

characteristics of cylindrical shells is usually used in
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ea has a relatively wide space, which is the first
choice for underwater acoustic stealth performance
of large structures. In order to reduce the influence
of boundary conditions on the measurement accuracy
of test, the Department of Underwater Acoustics of U S
Navy Institute used high—pressure anechoic pool to
study the acoustic characteristics of submarine, but
the construction technology, performance of acoustic
material and construction cost limited its application

object. Therefore, the selection of natural testing
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field in limited water area has garnered scholars' fa-
vor.

The study on the acoustic propagation characteris-
tics in natural limited water area including rivers,
lakes and seas, has become the precondition of un-
derwater acoustic warfare of submarine. Jensen et al.”
pointed out that acoustic propagation had the best
frequency, which was closely related to the water
depth, the acoustic velocity profile and the underwa-
ter type. Internationally, the development of computa-
tional ocean acoustics™, as well as the progress of
acoustic modeling and simulation technology”, not
only broadened our thinking in this paper, but also
laid a theoretical foundation for simulating calcula-
tion. Chen” studied the acoustic characteristics of
the paralic environment based on codes of Kraken,
Bellhop, and Ray for 3D, and pointed out that the
ocean's acoustic propagation characteristics can be
described by the acoustic ray stability parameter;
Lin et al.”’ studied the acoustic propagation charac-
teristics of mesoscale marine environment using ray
stability parameters and wave invariants, which pro-
vided a feasible basis for the numerical simulation of
this paper; Chen et al.”™ explored the effects of hydro-
logical conditions on active acoustic detection sys-
tem signal using ray theory and Bellhop model,
which provided references for the selection of limited
water area simulation model in this study; Chen™ pro-
posed a prediction method of acoustic radiation char-
acteristics of underwater elastomer based on theory
and experiment, providing a guidance of systematic
methodology for this paper.

In the above references, the acoustic propagation
characteristics in ocean or unlimited water area and
the acoustic vibration characteristics of structures im-
mersed in them were researched, but research on the
acoustic propagation characteristics of acoustic test-
ing field in limited water area was still in its infancy.
In this paper, combined with the acoustic theory,
simulating calculation on acoustic characteristics of
testing field will be carried out using AcTUP, a com-
bined programming software developed by Matlah
and VB"", ideas of modeling parameters setting will
be provided, and acoustic propagation characteris-
tics of acoustic testing field in limited water area will
be obtained, which provides technical support for en-

gineering application.

1 Acoustic theory and computa-
tional methods

The wave equation of acoustic testing field in lim-

ited water area is

vip. LOP _ ¢,0(2=2)0()

0
o =50 2nr

where P is acoustic pressure, Pa; ¢ is acoustic ve-

(1)

locity, m/s; r is distance from field point to sound
source, m; S(¢) is the sound source's spectrum infor-
mation; J is to describe the singularity condition; z
is the water depth, m; and z_ is the source depth, m.

There are 2 methods for solving the wave equa-
tion: normal mode theory and ray acoustics. Their
corresponding program computational model are nor-
mal mode (Kraken) and ray (Bellhop), but the Krak-
en algorithm is only suitable for remote low frequen-
cy, and Bellhop algorithm is only suitable for
short—range high frequency. Therefore, a single cal-
culation model cannot satisfy the study of the acous-
tic propagation characteristics of acoustic testing
field. The ScooterFields fast field model"" is used in
this paper, whose essence is to express the solution
of the wave equation in the form of wave number inte-
gral, and to realize high precision and fast rate of cal-
culation of integral through the Fourier transform
method, including both discrete mode and continu-
ous mode.

Because of its intuition, ray acoustics is usually
adopted to describe the acoustic energy and acoustic
propagation path. The acoustic properties of experi-
mental field are studied by using resonance wave

_ Lefij
P=R

with a spectrum signal of sound source of
1. It is assumed that the water surface and bottom
are absolutely soft and rigid boundaries, reflected
acoustic rays of surface and bottom are considered
acoustic rays sent by symmetrical "image point" of
boundary, and the total acoustic field is the result of
superposition of sound source and the infinite "im-
age points", as shown in Fig. 1. In the figure, Oy is

sound source; Oy,—0y, are the virtual source of bound-
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Fig.1  Virtual sources and reflected waves
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ary reflection; M is any acoustic field point; and R is
distance between field point and image point.

The boundary loss coefficient and medium absorp-
tion coefficient are neglected, and the expression of
acoustic pressure that meets the boundary conditions

of water surface and bottom is

P=> (1"
m=0
1 iR, 1 kR, 1 kR, 1 kR,
—_— - - -— 2
|:Rm16 i Rm2e Rm3e Iam‘te :| ( )
In the formula, R = /xz +yz+zmi2 is the distance
between field point and image point, where
m=0,1,2,--,0,i=1,2,3,4.
z,,=2x70xm—-z+12.5
Z,,=2x70x(m+1)—z-12.5
’ (3)

z,,=2xT0xm+z+12.5
Z2,,=2x70x(m+1)—z-12.5
Eq. (2) is from the section of ray acoustics in the
principles of underwater sound™*", and Eq. (3) is
modified in this paper according to the testing field
boundary.

2 Experimental study

Through the hydrological survey, the testing field
can be regarded as cylindrical symmetry. The depth
of water is 70 m, and the single—frequency shock ex-
citation sound source is located at 12.5 m below the
water surface. Fig. 2 and Fig. 3 are the general ar-
rangement and the scene drawing of the acoustic ex-
periment. In order to study the acoustic propagation
characteristics of the testing field in 60—1 000 Hz,
the sound pressure level at about 35 and 255 m from
the sound source is measured by the standard sound
source, and the transmission loss TL at the acoustic
field point is calculated according to Eq. (4)

TL=PL SPL (4)

experiment

where PL

experiment 15 measured sound pressure level,

and SPL is standard sound pressure level.
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Fig.2 Arrangement of testing field

Fig.3 Testing field in limited water

2.1 Test instruments

Standard sound source selected in the experiment
is constituted by a piezoelectric ceramic transducer
and a standard hydrophone at unit distance right
above it. It has no directivity, the sensitivity of =190 dB,
the SNR no less than 30 dB, and can realize the low
frequency transduction. MODEL L6 power amplifier
is at kilowatt level (Fig. 4).

Fig.4 Standard sound source and power amplifier

2.2 Test methods

The steps of the test are:

1) The standard sound source is placed at 12.5 m
below the water surface to simulate the position of
the structural underwater force excitation.

2) According to the differential GPS positioning
system, hydrophones of the same depth are set at 35
and 255 m from the standard sound source, respec-
tively.

3) The parameters of MODEL L6 are adjusted,
and the electrical signals of different frequencies
and transmitting voltages are changed into acoustic
signals of the transducer, then the underwater shock
excitation signal of transducer can be transmitted to
the power amplifier by standard hydrophone, which
is converted into visual electrical signals. The trans-
mitting voltage response S, of transducer and the
radiative sound pressure level SL of sound source

when calibrated in the testing field can be obtained

by Eq. (5)—(6).

downloaded from www.ship-research.com
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where U, is the receiving voltage of MODEL L6
when sound source is calibrated in the testing field,
mV; U, is transmitting voltage of MODEL L6 when
sound source is calibrated in the testing field, mV;
and d is the vertical distance between the standard
hydrophone and the transducer.

4) Signal parameters of MODEL L6 are readjust-

ed, and near field sound pressure level P___ and far

near

field sound pressure level P, of single frequency 60—

far
1 000 Hz are measured. The standard sound source

pressure level SPL is obtained according to Eq. (7).

2 830

where U, is experimental receiving voltage.

Uy xd
SPL=201g[L}—MO (7)

5) According to Eq.(8), the measured transmission
loss is obtained, and the comparison between the ex-
perimental value and the simulation value is realized.

TL=SPL-PL (8)

measurement

3 Simulating calculation of acous—
tic characteristics of testing field

3.1 Acoustic simulation model

3.1.1 Selection of "sedimentary layers' model
The acoustic propagation characteristics of acous-
tic testing field in limited water area are closely relat-
ed to the boundary conditions, and the key is to find
the most practical underwater boundary. According
to the preliminary survey of testing field construction
and probe reconnaissance, underwater sedimentary
layers with 2 kinds of acoustic characteristics are ob-
tained, as shown in Table 1. In the table: p is densi-
ty; ¢ is acoustic velocity; and a, is the attenuation

coefficient of unit wavelength.

Table 1 Acoustic characteristics of underwater
sedimentary layers

p/(kg-m™) c¢/(m-s™) a, [dB
"Mud-sand" type 1787 1652 1.17
"Slime-clay" type 1491 1549 0.148

Through the simulating calculation, acoustic trans-
mission loss of the near field and the far field sedi-
mentary layers of "mud-sand" and "slime—clay"
types is obtained, which is acoustically contrasted
with the test values and the theoretical loss values of
the cylindrical, transitional and spherical wave ex-

pansions (Fig. 5).
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Fig.5 Simulation model comparison of transmission loss

between the sedimentary layers

Fig. 5(a) showed that the near field transmission
loss of "mud-sand" and "slime—clay" types of sedi-
mentary layers model is almost the same, indicating
the sedimentary layer type has small disturbance on
the acoustic pressure distribution of near field
points, which can be ignored. It can be seen from
Fig. 5(b) that there is a large degree of separation be-
tween the 2 kinds of sedimentary layers models, in
which the consistency between the "slime-clay"
type of sedimentary layer model and the acoustic test-
ing field is higher, hence the first choice for acoustic

simulation.

3.1.2 Water level selection of simulation model
The testing field in limited water area is not a
closed inland lake. Its water level would change with
the rainy season, water storage period, etc., and the
ideal test water level is about 70 m. From November
of each year to January of the following year is the

best test water level. In order to get the water level
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that is more in line with the actual acoustic field, the
acoustic transmission loss of water level H = 65, 70
and 75 m is simulated. Fig. 6 shows the comparison
curves of acoustic transmission loss of different water

levels in the near and far fields.
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Fig.6  Transmission loss curves comparison between different

water levels

The comparison between simulation values and
the test values of near field and far field transmission
loss of 3 water levels shows that: when the water
depth is 70 m, the simulation value is closer to the

test value.

3.2 Simulation study of acoustic propa—
gation characteristics

According to the comparison between the simula-
tion values and test values of the "sedimentary lay-
ers" and water level, the "slime—clay" type of sedi-
mentary layer model at water depth of 70 m is most
in line with the actual acoustic field. In order to
study the acoustic propagation characteristics of the
testing field, this paper conducts simulating calcula-
tion on the impacts of non—dimensional parameter &

of sound source with the fixed depth, source depth of

fixed water depth and water surface roughness on the
acoustic transmission loss, and gives the comparison

curves of partial frequencies.

3.2.1 Influence of dimensionless parameter of
sound source with fixed depth on the
acoustic propagation characteristic of
testing field

According to the acoustic shock excitation test,
water depth of simulating sound source is fixed at
12.5 m. In order to study the effect law of surface
and underwater on the acoustic transmission loss of

testing field, the dimensionless parameter is defined
H.
as 5235, where H_ represents a fixed depth of

sound source, and D is the distance from sound
source to the underwater. The acoustic transmission
loss is simulated and calculated in this paper when
¢ = 1-5. Limited by the broadband property of simu-
lating sampling, only the acoustic transmission loss
contrast curves of 100, 200 and 400 Hz are given in
this paper (Fig. 7).

We can see from Fig. 7 that, the impact of dimen-
sionless parameter & on acoustic propagation charac-
teristics of testing field is closely related to the hori-
zontal distance and the frequency of sound source,
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Fig.7 Relationship between acoustic propagation
characteristics and the dimensionless

parameter of sound source

which generally presents the following characteris-
tics:

1) The impact of dimensionless parameter & of the
fixed—depth sound source on the acoustic propaga-
tion characteristics of testing field increases with the
increasing horizontal distance.

2) The impact of £ on the near field (within 60 m)
acoustic transmission loss can be neglected. With
the increase of the distance (especially more than
210 m), effect of & on the low frequency acoustic
transmission loss is generally larger than that of the
high frequency: at 100 Hz, the transmission loss dif-
ference between the models of £ = 5 and & = 1 gener-
ally maintains at 10 dB; at 200 Hz, the difference
maintains at 5-10 dB; at 400 Hz, the difference
maintains at 5 dB. With the increase of frequency,
the separation degree of transmission loss curve of &

decreases obviously.

3.2.2 The influence of fixed—depth source posi—
tion on the acoustic propagation charac—
teristics of testing field

In order to explore the impact of source position
on acoustic propagation characteristics of testing
field, using the depth H. of the sound source as inde-
pendent variable, simulating calculation of the acous-
tic transmission loss is conducted when H, = 10, 20,
30, 40 and 50 m, and the contrast curves of acoustic
transmission loss at 100 and 200 Hz are presented
(Fig. 8).

As can be seen from Fig. 8, the influence of
source depth on acoustic transmission loss generally
has the following characteristics:

1) At 100 Hz, the position of first trough on the

transmission loss curve shifts backward with the in-

—H =10m + H =20 m—— H_ =30 m
H =50 m
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Fig.8 Relationship between acoustic characteristics

and the source depth

creasing source depth, and the trough value increas-
es accordingly; within 85 m, the transmission loss in-
creases with the increase of the source depth; and in
85-220 m, the trend is opposite; in 220-300 m,
acoustic transmission loss is the minimum at H.=40 m.

2) At 200 Hz, the acoustic transmission loss
curves of various source depths are more complex,
and the number of troughs increases significantly;
within 190 m, acoustic transmission loss of each
depth of the sound source alternates, and beyond
190 m, the closer the sound source is to the water
surface, the greater the transmission loss is.

The simulating results show that the source posi-
tion has a significant influence on the acoustic propa-
gation characteristics of the testing field, and the ef-
fect law of the source depth on the acoustic transmis-

sion loss is closely related to the horizontal distance.

3.2.3 Influence of surface roughness on acous—
tic propagation characteristics of testing
field

The test is in the daytime, and the solar radiation

would lead to the "thermal convection", resulting in



waves on the surface of limited water area. This fac-
tor is defined as the RMS value of the surface rough-
ness in the simulation program, and its physical
meaning is the mean square wave height in Refer-
ence [5], whose relationship with the 1/3 effective
wave height is:
H,_ =0.704H,, (9)
H,,=0.566x 10"V’ (10)

In the formula, V is wind velocity, kn. The calculated

working conditions of wind velocity are shown in Ta-

ble 2.

Table 2 Working conditions of calculation about
roughness of water surface

. .. Wind Mean square wave
Wind condition

velocity V/kn height H __/m
Breeze(level 3) 9 0.323
Moderate breeze(level 4) 15 0.897
Strong breeze(level 6) 25 2.500

To study the influence of surface roughness on
acoustic transmission characteristics of testing field,
this paper conducts simulating calculation on acous-
tic transmission loss in the wind conditions of
breeze, moderate breeze and strong breeze, and gives
the contrast curve of low frequency 150 Hz and high
frequency 800 Hz (Fig. 9).

As can be seen from Fig. 9:

1) At a low frequency 150 Hz, the acoustic trans-
mission loss curves of H,,, = 0.323 and 0.897 are ba-
sically consistent; except several points of peak and
valley, the loss decreases with the increasing surface
roughness when horizontal distance is within 33 m;
in the range of 33-129 m, the trend is contrary;
when it is more than 129 m, the loss value of the 3
roughnesses has alternately high and low trends,
which is more obvious at the peak and valley.

2) At a high frequency 800 Hz, the degree of sepa-
ration of the curves is larger than that of low frequen-
cy; on the whole, when the horizontal distance is
within 37 m and in the range of 70-215 m, the loss
decreases with increasing roughness; in the range of
37-70 m and beyond 215 m, the loss increases first

and then decreases with the increase of roughness.

4 Incoherent analysis of deviation
between experimental values
and simulation values based on
ray acoustics

The reason for incomplete consistence of experi-

mental values and simulation values includes the
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Fig.9 Relationship between acoustic characteristics

and the roughness

geological features, boundary impedance conditions,
electromagnetic interference, calculation accuracy,
measurement error and boundary reflection, and sur-
face and underwater reflection are the main influenc-
ing factors. In order to study the effect, based on ray
acoustics, and ignoring the phase factors, only the
acoustic pressure amplitude is considered to carry
out incoherent analysis of deviation.

Eq. (2) is expanded. Let m = 0, and only the first 4
items of infinite formula are taken.

1) The expression of acoustic pressure in the free
field is

1 JKR 1 1 a1
Pm:R_OleJ =R—m(coskR0,+JsmkRm) (11)

2) When only one underwater reflection is consid-
ered, the acoustic pressure is
P 1 eijm 1 kR,

= — + —= =
02 Ro] R

02

[RLCOS kR, + RLCOS kRozj +

01 02

(1 . 1 .
J(R—msm kR, + R—Ozsm kRon (12)
3) When only one surface reflection is considered,

the acoustic pressure is
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1 kR, 1 kR,
Py=——¢ "———¢ "=
. ROI R03
Lcos kR —Lcos kR, |+
R01 01 R03 03
{1 . 1 .
j| =—sin kR, — ——sin kR ) (13)
[R()l 01 R03 03

4) When only one surface reflection and one un-
derwater reflection were considered, the expression

of acoustic pressure was

1 kR, 1 kR, 1 kR, 1 kR,
P,=—e¢ "+—¢€ "——e "——¢ "=
o ROI ROZ R03 R04
Lcos kR, + Lcos kR, — Lcos kR, —
ROI o ROZ o R03 o

1 N |
——COS kR, |+] (—sm kR, +—=—sinkR , —
R 04] R(n 01 R02 02

04
L sin kR,, - —Lsin kR j (14)
R, ©" R, 04

To study the influence characteristics of surface
and underwater reflection on the near field and far
field sound pressure levels, according to sound pres-
sure expressions of Eq. (11)-(14) and Eq. (15), con-
trast curves of 4 theoretical models for the measure-
ment of acoustic pressure level can be obtained
(Fig. 10).

SPL=201g(P,/P,) (15)
where P, is effective value of measured acoustic
pressure; and P, is reference acoustic pressure,
taken as 1 x 107 Pa in this paper.

Fig. 10 (a) shows that higher degree of agreement
exists between the curves of dB-P,, and dB-Py,, and
between dB-Py;; and dB—-Py, which indicates that
when the low frequency sound transmittes in the
near field, the contribution value of underwater re-
flection on the testing field sound pressure level is
small, and that of surface reflection wave is large,
which is the main cause for the deviation.

Fig. 10 (b) shows that in the frequency range be-
low 150 Hz, curves dB—P, and dB—Py, are highly
consistent, indicating that the surface reflection is
the main cause of deviation when acoustic wave low-
er than 150 Hz transmits in the far field, while the in-
fluence of underwater reflection can be ignored;
when higher than 150 Hz, curves dB—P,, and dB-Py;
agreed well, indicating that when acoustic wave high-
er than 150 Hz transmits in the far field, the contri-
bution value of underwater reflection on the testing
field sound pressure level is greater than that of the
water surface, but both affect the acoustic field distri-

bution.

—o— dB-Py Point sound source

140 - ---#-- dB-Py, Only one underwater reflection
~~#-- dB=Po; Only one surface reflection
o dB-Pu One underwater and one surface reflection
= 1304
(5]
=
<
2
Z 1204 _
8 -
= 3
5 g
2 1107
5
&
1004
L} T
100 1000
Frequency f/ Hz
(a) Near field
1204
£ 1101
o)
3
£ 100
Z
8 o
= # i
E 907 —o— dB-Py, Point sound sctirce
= , ---#--- dB—Py, Only one underwater reflection
80« --#-- dB=Py Only one surface reflection
dB-Py, One underwater and one surface
reflection
70 T T
100 1000
Frequency f/ Hz

(b) Far field

Fig.10  Comparison between four different theoretical models of

sound pressure level at near and far field

5 Conclusions

In this paper, the acoustic propagation characteris-
tics of testing field in limited water area are simulat-
ed by using AcTUP software, and the following con-
clusions are obtained by numerical and theoretical
analysis:

1) The selection of "sedimentary layers" and water
level affect the acoustic simulation effect of the test-
ing field. The simulation model is closest to the actu-
al working condition when the sedimentary layer is
"slime—clay" type and the water depth is 70 m.

2) The influence of non—dimensional parameter &
of fixed depth source, source depth and surface
roughness on the acoustic propagation characteristic
of testing field is closely related to frequency and
horizontal distance.

3) When acoustic waves of low frequency and in-
termediate frequency (less than 1 000 Hz) transmit
in the near field, contribution value of surface reflec-
tion wave is larger, which is the main cause for the
deviation; in the far field, contribution value of un-

derwater reflection on the testing field sound pres-
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sure level is greater than that of the water surface,
but both affect the acoustic field distribution.
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