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Modeling and Experimental Verification of Scattered

Signal from Ship/Turbulence Wake

by
YOON-HEE JI

Department of Ocean Development Engineering

Graduate School of Korea Maritime University

ABSTRACT

As a part of the development of wake detection, the acoustic reverberation model is
required for the simulation of the wake detector. Wake is separately divided to the

ship wake by surface vessel and the turbulence wake by underwater vessel.

In this thesis, a reverberation model for the wake detection is presented. In case of
the ship wake, the reverberation model consists of the acoustic scattering model
due to the distribution of the micro-bubbles and the kinematic model for the
moving active sonar. And, in case of the turbulence wake, the spectral spreading
due to the acoustic doppler effect from moving scatterers is included in the
reverberation model. In order to verify the developed reverberation model, a series
of sea experiment was executed in September 2007 to obtain the spatial-temporal
distribution of a bubble clouds and, acoustic water-tank experiment was executed
in October 2007 to observe the scattering signals from the turbulence region. The

measured signals were analyzed and compared with the simulated signals.
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(absorption cross section), A&+ (scattering cross section)©] AT}
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ara® (5/k.a—1
5, = dra (6/ka 1) )

C( 1)+ 6

upxeto 2 AlgdH e 2 (10)02 T3 FC).

o = dma (10)

mpelA] HEFH o2 A4 AR S5 dHe] dAE e o] AT
o,=o,+0o (11)

o] dHEL FUFIFoA HuUt HH FI57F FROREE Ho AFE F473]
7H~3%t}h Fig. 2-5~72 Akgtdbd 2] (8),(9),(10)2 AMg3te] F4F34=7} 500kHzY
u 7] Eo] WA (8~500um)el wE v AFEES vebd g =Zolt)
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22 &5

£

A wd

221 14 HFEAS} =5 FH3EA

HEAE dgd st 1A F I A (global coordinate, (X, YV, 2))9F S99 i
¥ A (local coordinate,(x,y, 2))2 FAA BAI 4L 14 ARAE o
ME AdEsS ot dow, £5dts wde H(FA= Fig 2-8 3 o] Aodt
A7IM BAL T TEARE AYsta, 292 T A g8 FAHE VEI}A S
FA st sEsavE gt

Y,

00000 0000000000
000 0000 00000000 OOOOOOOO 0000000000000000

00 0000000000
000 0000 00000000 OOOOOOOO 0000000000000000

Fig. 2-8 oA 14 HxAS} =7 FREAE 285 HEAE AHEste]l 3049 3
A Au HuAVE AFEW, 1439 592 44 dsHe AR F& sHeR
3] HE= o]l ity Bol= Hhel o] ol o] 7 HAx o F(+)o WFE
etk A FAxAA e Z=001, 4 EAE 193 22 A4 A
dotal X5 () BFoer ol FstuA AduRolA o] TAHG. s of
AA s seavs =8 #HEAL 78ty & AR ko] gzl s &
s, nA FxA dsM= sllgd okl ¥+ ZFe AAFL AFHE(Z=0)S
Feto] F9hE WEIH
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222 249 Hx W

G SEAS A5 obdel A 4 = SEavsel FuUAA 5o Be
AEWHS 99 34U AWARE AEF T HAWS PEAd ody W

(Euler transform)2 483} tH11].
U FHAA AektA F (2y,y52,)

o2 WEAA Wek(counter clockwise)
o] 3A *F5Z(Euler angle)ol 23t 3| AT S 3t} IAEFToE FAHFH = Y9

tlo
ofy
o

% € (beam pattern)el] o1 QAT AFA YAEAS golste FRATE 4
(12)el ol s &t tiSsts w8 x= W ¢ glom g g FHii
Aol A Bejd 49| x4 (13)ell s =5 AxAR Wskd 5 JvH12]
X,\= [cosyp —siny 0] [cosé O sinf|[1 O 0 )+ (X,
Y, siny  cosy 0 0 1 0 0 cos¢g —sing||y, Y,
Z, 0 0 1][—sinf 0 cosf| [0 sing cos¢ 2 Z
(12)
z,\=[1 0 0 cosf 0 — sind cosyy siny 0|/X,— X,
Yo 0 cos¢ sing 0 10 —siny cosy 0|| v,— ¥,
2 0 —sing cos¢| |sind 0 cosh 0 0 1 Z,— 7,
(13)

A7NA, (X, ¥}, Z)e 14 ZAxACd Weats 549 #%, (X, Y, 4) %ol A
o) gdel g AxA L FE, (29,50 2,)E FH FEANA S Hixolrh
A oAM= S FHRARE NG 1A HEAR WSS Aol
3ok, A (12)S o]&3std DCM (Direction Cosine Matrix)2FE  3F4=(function) S 2]
(14)e} zFo] Aejste] mde] A&t & T4 IJALsS Fostne Sd9 &

2o 7t 2o FAF 37HA AN SEARI 1,5 4 F9 ES(olling), Yo

Mo

=4

)
=)
o
=3
=}
Q
W
Sy
ofy
o>
o,
2
B
ot
il
uilch
<
Q
z
=}
o,
1o
w
N
N
N
to
)
Mo
oft
o,

DCM= | cosycosf cosysinfsing — sinycosg cosysinfcose + sinysing
sinycosf sinysinfsing + cosycosg sinysinfcose — cosysing
—sinf cosfsing cosfcos¢

Ty
22
(14)
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23 wF4A 2
S FA o= agTite dAA A (cel)o® FAT AR HFo] vF A
S FA A, sk ol AbeA (scatterers) o] F LA EEI ok g ste] 72 A

3] MR EE Hgole] A E wojdtth 239+ 8 E2k(spherical spreading)
= 7H4ste] AuEM, Fig. 2-9 3 2 79 #3419 4 Z(elevation angle: ¢),
H7Zt(azimuth angle: ), Z12]31 Aol 2t 7219 Azl roll 93] JAA A7 ¢
At A o] AR TH13]. JAAI AT WA F3HA A= F2A/FH L (p,0)d0 o5 A
A= W sl ofs) A=, 24 (15)3 #Zo] Bessel & (J)E ©]&3to] 34l

e wE /LS TtEAE aEeo14]. o7A ke 35 (wave
number, 27/)\), b(0)= W IHE, o= AMA ] WA E(m), 0% YA H(incidence angle)

ol o},

O

]

>

o
oL

2., (kasin®)
b(6) = [1] (15)
kasin®
Z
io———o> P Irmp
Ap : ‘
< i Or rAf@cosg
(4 i Y
a0
5 .

PEY HE =

(rcos@cos@,rcos@sin 4, rsin )

Fig. 2-0 $%%7 =9 7

ofl

47} %

==

Al

>,

7128 A= sl otde] SFMANA TIEFo] EActE AT AFoR
S35 WESHA Fo A4 FES(volume reverberation), 3™ &S (sea—surface
reverberation) 12|31, a4 W HHAR(sea-surface reflection)E& i1eldto] &gl 5&

ATk A5 we] Al A00kHzol A 1FETF SUNFE A&, FFAAE o
Fe ARE AuHeE S SFAUAY 57 4 FuHE Wiy B F5
£ (absorption loss)¥ kel & w#AA 93 A Axnz AdAgd wE 7
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2 4k (geometrical spreading loss)ell ol&l] &3k9] A717F HaEh F4E
FZ AT Tl Holde ol FFE(MySO, B(OH);)olv A 174 El
2 sk, ol= A (1622 Y Figo] WE F5EEAHY WslE Fig.
2 Fago 73 9FA (dependent) S HolE AL & & ArH15-16]. upEbA,
% HA4go WA= 3o F WA (Transmission Loss, TL) &+

FEAY] Fow A (A7)H o] A&sATHTL

w

it

absorption : dB/Km

1
10 Fmmes

1

10° 10’ 10’ 10’
freq. : kHz

Fig. 2-10 F950] we F444

2 2
a= 0-0757 + 36f +4.1x10"f? (16)

0.8+ f*)  (5000+ f?)

TL = 10log,y* + ar=x10"* (dB/m) a7

st SAA ST sl =estr] A V2
AAA Aol A 7] 329 A AP} E(volume scattering strength, S,)E
Agsta, dled g ASe ST sFH ]/\}Q uf 2] o‘/\}ﬂ(grazing
angle), 3o W& Chapman-Harris®] 3j4™ Ak
strength, S,) A S A&t 7)o sl A %*J’\Jiﬂ AWALE e
g F FAoer VEFgAH AdEE Rdth FEgFS AR 417
(transducer)®t 41 7] (receiver) & 3stutzE st 43k W dF(monostatic) S 7H4 ¢

o},

o\-}
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2.3.1 AR ks

=

A4 ZFeES-(volume reverberation)< U3 e Ao 7 AHoHU

[‘

S9e2HE Im AgdAe &9 A7|(Gntensity) L2 &Y% (source level)= 2
(18)3 #& #A 7 gt
A
SL = 10log,;;— (18)
[ref

golol Ael rolAel ol A7l gAonH @A o A7 o) A
= oot 2

ror |
I=L =1, « (0,¢) « (f) (19)

r
A71M b(,¢) = $A W 3 € (transmitting beam pattern)< LEFYTH
dvAAdew HE FegEE= 9o A7|E dreold sy,

rzef
AL =1 « s, dV="T+b(0,¢) « L o5, « dV (20)
r

b(0,0) = FA719 WA, s, = AAGAEAIS(volume scattering coefficient)©] 32, 2] (21)

I/unit volume
S, = 7 (21)

a3 A AAEA = (volume scattering strength, S)& 2] (22)7} o] A

S, = 10log;,(s,) = 10log,

I /unit volume)
1

2t = dYAH1Am® I nle 7] E(bubble/m®)E ¥3tele= AEHERE
G A Aol EAstE AtghAlY] Do} DA #HAHEL
dvel o3k A7) (receiver) I XA &3] Al7]=

o714 AH R
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Al =dl + 5+ 1 (6.0) (23)
T
— Iy b(00) e sy e e D (0,0) + dV
T T

714 b (0,4)=

= 21 ¥ 3} ¥ (receiver beam pattern)S YEFTE
AA A Aol g F4

M7 A 2 A7l A 242 Fddnh

fdm (24)
bed
= ——— g5, o dV
/ 0 7”4 v
:[osv/b .4b av
r

o]7]4 dVi= Fig. 2-11°] ¢]ste] 2 (25)3 o] & & gl

PN

CT o

dV=—1rdf (25)

[\

o714 (2+= Solid angled YE =, }% 2 2% Y9 radiane] Zt=ZE YEHY

= v

o] FRrlA oW W] AXsHE ARE tehE, 4 (2602 Ho W

(26)

S|

Fig. 2-11 A=A FgS-o A4
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— !
o R Inb(é’;,w)‘b (5,9 o
r

< 5 Xy

a0 r /"l /1"(9;:?),,.
" i
ot 1480 \\ { X” 0.9
( \ Gup — r | ! =g
T T T 150.9)

/

Fig. 2-12 solid angleol] 3 7Hd =

dE Eo] Fig. 2-12 3} Zo] 738 HHE A 4% solid angle> 4 27)3% o] dH
=

0y 0,

= A?: %/ / rdf » rcosf « do (27)
T T [N 0

EA A 29 (omnidirectional source)§l g T WAL AmfolBE A (270 %

BH 2+ 4n7) ®o

Solid angle®] 7W'd& AH&3te], 2 (24)] 2 (25)& A3,

Iys,cT ,
L, =—5 f bbdn (28)
2r

2
N
R
Ho
fol
oj

7} {1 Z(equivalent solid angle, £2,) 2] (29)3} o] # &j3it},

0, = /bb'dg (29)

A (13)& Abgskd AlA &S] Al7l= 4 (30)3 Zo] xdH

_ fyseT

rev 4
2r

2,r (30)

A A S F9 (volume reverberation level, RL,)-> 2] (31)o2 ERH,
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B Lys,cT 9
RL, = 10logy, ?Qer (31)
T

A cti2,r
—10log,y—— o =+ 10log s, rref—k 10logyq EEN

3

0 r,ref

ref 7Pf

2l (32)0.2 w3 ACHTL

RL,=SL—2TL+ S,+ 10log,, V (32)

mekA 712 EgA ] S B 8w A FEs2 4 (33)% Zuh
RL, = SL—2TL+ S, + 10log,, V+ BPT+ BPR (33)
RL, = AA Z¢g F9(dB re 1ppa), SIS 9+ 9(dB re 1lppa & 1m), TLS &
A ! (dB

A AT FEEAY o e AgEAdB re lm), S5 HAAT A

$/54 W e dB)o] T,

ol
=
o
&3
3
5,
<
l
2
X
g
[
Ach
&
e}
S 5
N
Iny!
I
f
~.

g Fole SHAE, BV T B2 AEFH FHEO EA%. oS ¢
< AR R 2§58 JJrQ] Ak T TS vAH x4 FA A

°H£i7]- Hot o] FfEEdd o 5371 AtdEo] HEof & uf AA JFF AV
E 5 AaA 9 P E(density) 9t U H A %%Q—E A A A7} 2 (volume  scattering

strength, S,)ol <Ja 24 ¥}

i

o
_E
O
0%,
o,
H
N
il
N
)
Y
|
N
=]
i
o
o
™
2 g

%iH ojFow TAlE o] HA
Eé}% 71328 WA ol o7t AHA Y= A (343 A (35)9F
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O a
TS= lologmﬂz 10logv=% = (34)

(f2/fF=1)+¢

G A A (Am?)el Ardddo] ¢,2 ne 7] % (bubble/m®)E ¥3}5h=
2 (35 ez mdEHE,

S, = 10log y——*= 101 na (35)
y — 0g 02107 5 5 <« 5
10 4 A lo(f,?/f2_1)+52
d(m), f,& FXFIF(He), 74 (0= 21384 23 nt
Aw AAE, AP 98 gom AAn
| /-— rrrrrr
T S ///’ _________________
[T ) N R SRR SUN SR S-S S-S RS SRR SO SO
SOp i e / B
@“-SP— ————————————————— (T R 1 S R A
E'-sz—- ------------------------------------------------
-5 - RN 55 - S -t - AR S
10*
Radius (cm)
Fig. 2-13 @ 7|x9] 34 X%
27k / ------
agbid o ///f ,,,,,,,,,,,,,,,,,
s ] - [N SOOI N RO S
1] R — / S0 T A
R e SRS
E st L
ST M-I SRR S S S-S U TS S S SRR

Radius (cm)

Fig. 2-14 A% A2 =
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o] 8~200um<

%

s

sz
X

SAF 371 500kHzol 3L, 7]

KN
T

Fig. 2-13

iIE
=

o] o, 100702 7]

Aghgin

s

9l A A (1m®) 2

R
.

et ™, Fig. 2-14

AREE

B

)

2]

g

L A A <

A

4 =™, Fig. 2-9°A]
Zh&el ol el

[€]

< Fig. 2-15 ¥ #Zo]

)
S

Il

Z

Ag estel

oI 0 =
3k,

7_11—

I AHE A GeeE A

]
]

=
52+

A (cell) S

o] whe)Al

p—

=

2

(36)

Ar e rAfcosp o rAp

dV=

I

Z

23}

@_

Fig. 2-15 & &4ke] ¢
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232 AW AFS

4 ek (sea-surface reverberation) a4 A A7 (roughness)9t a4
ofgffoll EAete= ZIEo o7 Abghe] o) WAE = Ao delx o, sl
Ead At 5o A7l YA St sl o] AbekAlel] 9%k Ao WhAby
= 53] A7 H 2 ARt

o oA Ad AH WIS AH dV A S37F Foke s JArE A dA
O & upFro] A (37)3 o] G HANA LA = ST Al7|E 74]4‘}??}‘3}.

AL, =dl « ~ « 1(0,6) 37
r
1 /
=1, + b(6,0) St s, e _2.5(97¢).d14
T r

21 (37l A S, s A2 2F# A S (scattering coefficient) & YERN Y, 2317} ¢
AR He] HAAHANA B = F207] fANA 39 M7= A (38)3 &
o]

rlr

=2
o
)

_q:
o},

rev /‘dl

2 (38)oll A &1te] YAFH A (differential ensonified area) dA: 2 (39)3 7o Fig.
2-16 o2 ®FdE. o7]A, ¢= Horizontal angles YEAT

(38)

(39)

Fig. 2-16 s|44 zH&S9] JAAE A



21 (395 21(33)ell tiYstH,

]685 CT

Loy =—3 5 " b(0,0)b"(0,0)dp (40)
r 0

rlo

PRl A o] whako] e Zhgitha ZhASkd A (40)e] AR v 72
& 57F ¥ Z(equivalent beam width, ¢ )2 Fd =}

o= [ b0, 0.6)d0 (1)
o= W siEo] 19l AFE e fF& W F(beam width)¥ i, FAFF 5
(omnidirectional source)®] 7% ¢, =2w7} ®Th

I
Teb:i.ss.;.r'¢€ (42)
T
g WeFe 9 (sea-surface reverberation, RL,)S 2] (43)3} o] yrev,
Iysger
RLS = 1010g10 ?@7‘ (43)
T
A r cTP,
—1010gw[ ; —10log,y—— i + 10log;,s, + 10log, — 7
re 7€f
A (4o 2 FAFETG 7.
RL, = SL—2TL+ S, +10log, 4 (44)
wreba] 7l EEA ] AR S e A &R e S A (45)¥ 2T
RL,= SL—2TL+ S, +10log,yA + BPT+ BPR (45)

RL,= dl+H ¢S £29(dB re luppa), SLL S¢+9(dB re lupa & 1m), 7L<
b EAY S oz el AgEAWdB re Im), S, 9GHWA S sS4

AT E(dB re Im?), A4S JAHEAHAm?), ¢, = F& 5% ZHequivalent azimuthal
angle) 12131 BPR/BPRS %/421 W s€(dB)o|t}.
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T ZAgSe e A2V (roughness), alAF%E9 *<(wind speed), 18 1L
=99 Fi(frequency) 59 olg] 7k Q1o ofd] FIFES v sFHASE
]

1
e Ag Al-THAd Wyl A BF 0w el Su I ASE A
shzdl o8 7hx 89150l Agshy] Wil w
2 =94+ Chapman-Harris®] sl HAN = A4S A&t om, 2 (46) ¥ 2
o] AatAy. oA7|M, B=158(vf/?) "o g = FEd(m/s), 0= YAHZHgrazing angle),
[+ A9 Fo(Hz) & HeERATHIS]

S, = 3.3mogw(%)— 42.410g,,3+ 2.6 (46)

Chapman-Harris®] s|FHASEG = A2 HFup0 2kl 49 AL&x= Abed
e g B =RoA AAstE 400kHz o)A i FEulg s Atakrdo] A&
g A9 AAZ B AoE YeiE g4 S 7hA 2 ok 2y aFug Abete] 4
¢ g2 F A= APy g 73] FF8e 24 (46)S IUlZ ALt Fig

2-17 & Chapman-Harris® 3sjgHaa7

500KHZol . 1 AF7Fo] 60~90° Q1 Z-5-2] 3

0.014 , - ; ‘ : -19
0.013
195
0.012 )
G o -20
‘%* 0.011 g
& I 1 | ) 5 P i
E @
0.000 3
E ‘g 21
“ 0.008 ﬁ
@
215
0.007
00060 65 70 75 80 85 2 %50 65 70 75 80 85 90
Angle(deg) Angle(deg)

Fig. 2-17 A zbol w2 el A A= (3 ok A = (%)
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71323 A SRS R A A A AFSH s g dAdEA vie
EAA A (celDol] FEF= AbghAdl ogh bgto R 23 E Ro|etA| v 37 HhALY
B9 Aber o2 Fig. 2-20 3 o] FAAE siFHel A HRkALE o] FAlEE Al
S5 ROty dukile] Ag- FAlEE 2sE dlgH o A dol 1A ol
A EAE AS7E 2d?) 91419 Image Sourceo] A= Alseb 2ok whebs, 4be
(scattering) @} HFAl(reflection)®] 7]138}st4 g4k&24 o] Ao]l= Fig. 2-20 I #o] t=

A Edd

TL =20logr’ TL =20log2d

Fig. 2-20 a5 Abeks} A}

3l HEALol A & wuko] A we 7|sterA FikEd I St
G ME F5EA o *4 ANk 2ol FHM, s WhALE 9] (sea-surface
reflection level, RL.)+<= 4 (48)2 = e 4= QITH7].

TL = 20log,,2d + 2ad X 10~ (47)

RL,=SL— TL+S. (48)

q7|M, RL,S d5H WEAFEL(dB re lppa), SLi SU+9(dB re lupa & 1m),
TLE AEE2(dB re 1m), S 4™ HAIEA(B re 1m), at SFEAASF

o

(dB/km), d= €2 4 (m)elth

,2’77



ZHFa s o] ROl Fig. 2-21 3 o] 94, 7|24 X E do= Ao, @
Szt wdE @A A Yol F29(random) 94 S 7HAE ARAE WA e &
A7tA o] Al mE AddEdd /440 1 dE s ALt g o s 200pume] Al
g g e 945 E FFT(Fast Fourier Transform) ¢l 53 o] &3te] Fu4 oY
o w wWgksto] A3t AbEA Aol ] Al Abell wE A A A(time-delay)S e ¥

= e Al

o] Z IFFT(Inverse Fast Fourier Transform) &gl E5<& o] &3lo] tha] A7+
T2 WES{20]. wpAItoe 2 gojH yjxgH B wE

= aglAd el A
sleeel Aol e AAsha, A (33),45),48)e] Hol: vhe} ol SAFY, A
9ed, W Y R AA/MAL BE aeste] A 2 AwAe o% A =]
g Agele] AN Nael wal Fol 7 AAAE LE Y APAEE AT o
2 AR BE GAA el st AwAR FEHe ARAEE FA Azl
B F G stel AF APNEE mw

S, = 1010g10( U(¢)N(ta¢vz) dv) (49)

for 1:N fsig : Source Signal
N(Z,9): @gEEJ—{wﬂ,ﬂlaM agegy Ilm 2TL =20logr” +2ar

f;ig (t - tO) = F;ig (W)e_tho

- I

10’ signal from each scatterer

HaQl =BEA} 3
Time b EJEEDN }ﬁ's—z&% H
2Bl BEAL

N2 MII signal = sig(t—to)X@
Amplitude

(RL = Intensity = (pressure)’)
Time Series

Fig. 2-21 ¢a8l%

fot

=2
T -
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H ol
Fig. 2-21 o] 1.0]

o 7] A,
(Input)

5}

-
R

wheh o] 7]

fu
o

L.
o

7]

tol whedl e AA SRR

S

3 s e

el 2]

o

\

s

s

G

~
o
op
ol
o)

N
_1__o.o

I

7
NS mol AA 9

4l
%

A

3

Al T A ER T

=
L

=
-

CEAE D

o]
A ), F4(2), 7I1E9 A (p), 283l 7]

2]

At @A (o) S A AT

- I orar
= G

21 (499l A

(49)0.2 gejd 4 SlvH10,211

)
2]

gz

3]

AA (V) €]

71329

o}, agrE 2314 A

R

Al

51,

5
pul

sho] BT HRete] A4ts] Folof @tk a1}, WA

(35)= AH&

Al
2

AR
A o 459 7]

Al A

5=

e
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