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2e stz B dFME o)& Atk Y AFY Aol WAAZ LA
7l A9E2 s NdY 2 F4 N4Y ERh 282 o) mHSAt A
dAol ol dig 3 v Y LWL FYR FAAEHS A Lot it
AZch ARAEG QoiN A HE 4L 5 & 231 Y(implicit method) & H&
stgom uME s Tat7] 98kl Newton-Raphson WEHE AMgsich Aole¥
Zo] JuAAZAL 2T dZd FI AR g IS AdsE Bedds
Gauss-Jordan W3 53 o] Qutzgql iy nrh BSHFUYRYZ Folye] AMAZ
S 498 29 4 e ¢ 5 AT 2 A GAHN S RS dAg 23
Aol o3 olu] AZHo] Qe Aol SHMZ23WQ WHOI Cable Z233) 42
et vy AEZ aﬂr Az 2 9A8e ¢ & AUk

ABSTRACT

In this study, nonlinear dynamic behaviors of towed tow-tension cables are
numerically analysed. In the case of a taut cable analysis, a bending stiffness term is
usually neglected due to. its ‘minor effect but it plays an important role in a
low-tension cable analysis. A low-tension cable may experience large displacements
due to relétively small restoring forces and thus the effects of fluid and geometric
non-linearities become predominant. The bending stiffness and non-linearity effects are
considered in this work. In order to obtain dynamic behaviors of a towed low-tension
cable, three-dimensional nonlinear dynamic equation is described and discretized by
employing a finite difference method. An implicit method and Newton-Raphson
iteration .are adopted for the time integration and nonlinear solutions. For the
calculatxon of huge size of matrices, block tri-diagonal matrix method is applied, which
is much faster than the well-known Gauss-Jordan method in two point boundary
value problems. Some case studies are carried out and ‘the results of numerical
simulations are compared with those of a in-house program of WHOI Cable with

good agreements.
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1. A&

ﬂQ%%ﬂ%%ﬁﬂH%ﬁﬂﬁﬂﬂ%ﬂigﬁkiﬂﬁﬂﬁi%ﬂ@%¢ﬁﬂﬂﬂﬂﬂ%%ﬂ§
o] HFFREU YA 29 AFAL ROVY A € Aoz T34, AASAPEY A4
=3} gte] 1 A4 a7} Y3 gt B3 2o 5F T £F ddTT 43 2ol A £3
o2% YAl Eol T AHEHI AT

HPAo)EL o7 FXNZ 5D § gou A F7)d gt nAY AL AFY AolER
U $ ol 239 AR A% Aojgd) v3| B} o] AH8HI Jlon o 712 Al o
8 e 77 A8se] %o (rvine, 1981; Triantafyllou, 1991; Shin, 1992, Hong and Hong,
1997).

A4 AFAo) B WaAME AdH oz 2ad A7) AFsAed A4 AL R T
Aolge) Foz 3 2 A7V oS e A AFY BAE 53 Fgo) A AYno & 3
o g BE¥sizy Zudee 379 §AS Agol B gk ARY fWAclEe] s
AS2NE BEFQ AAACIEY AAW QF &, ¥F Eoo] AFEA WL Aolzel stet 3
B TASS (Towed Array Sonar System)®] 3 @R 2§ 522 1 o7} grh. &3 deizel ¥
AolBe] ALdE $8F9 delMute] dAH oz AR ALY, FAUFE ulE doe A FEA
A4 ol LA

Y Aoy Ao digoR FAHL YAl AFY Ao gAML F2E 2]
Aol gk A3Y AolEoME BHHo] 2o} g o] WA 4 Qlon o WP L 78 ula
P& HIE B ohiz fAAAA g8 WAy JEE ERHARZ AL WEA] nsot &
o A Aol tig AFE A AojBo) nis) AuiF oz Lotk Leonard (1972)€ €
Aolo fig EAE HARAM Aoz AFY Aolde FHHAQY EAE P 1 F
Sanders(1982), Dowing (1988), Triantafyllou and Triantafyllou (1991), Triantafyllou and
Howell (1992, 1994) S°] A4d Aol&e] BAE Btk EFH0=2 HFs7] AZPL

B 479 Q70 A B AAGAR 02 Bol e PAFNE dAsks e
Aolgel ngd Azt Hut FFRES BAT B FFTLY Bole A3 FH7t Rl B3¢
SHAAES HolA ot B AFdAE A%ZY Aol Ee nAd AFHNE T 85U A
Aolge) A YA AolB Agste AYL FRsuA Fh ATsHNGME AA AupiEHY
& 278 Fo £AHA R AHLE] AR e Tk FAHY e 4 FHRATL
glon} Aol kel A 71 A /Poz A FEAEES AL FEAERAA AT A
2o A ¢AF &Y (implicit method) & A43ch wAY FAAE £7] A Newton-
Raphson W3¢ A 4310, §FALE fsiMe AT Aol 7Hsd EEASUL &5 Zoge A
gat3a} 3, AaE T2adL nlF WHOI (Woods Hole Oceanography Institute) @744 =}
A sl A9 Aol s ZAY WHOI Cable Z2¥([9]9) AMtdze} vz R FEFH,
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2. AvgA 4

13 FAolge B FHol AcjEY HAE JA s FUL s AFH AojE F g
€ 9ol dastaz gEyr 4AY & Aok m2p iz g 7158 udgs A3 v
Ay A7 A HEER olF TR Ly gk Y A3Y AolEY Biole TR F
2% B4 8L 2 olF mesfof d} oAFU AJEL HUMete] Wgas R A& 33}
Y BN T AFE StEE 3Ad T A4S Hste Aol s, otgdAe Auf
RS Ssked) 9o d F8A % olF uiFoz @ AR g4 i 33 $F AL
27pE.

21 AxAY Q9

Aolgsl fNAME Aolg L2 YUSE FLAEAS VY 2AL BAREAZ Fra
292 ZHEuler angles)9] 39§ olg3tel F REAY FAUAS APk 2ol Qurgel & @
FoNE THARADN)G FAFEAE XLY,2E Fig. 13 2o] Aot F FEAZ RE
B Euler 2t9) Jolo] APstgch. WA 50 datod 23 HA5A X'nZ FEAZ BRAT
2 %ol 2 FH02 OUF AR bn ATAZ AR, AolBe) A FALH( w9
HE &%E diez BNEE ¢ & 402 IAe asA Yt

. /;‘ "
£

\n
S ¥
s=0 X

Fig. 1 Coordinate systems

F FABAC g FEAL (DAF 2ol Yerd + ok

¢ cosfcos¢ cosfsing —sinf)[X
n|=| —sing cos ¢ 0 l Y ] (1)
b cosdcosf sinfsing cosf | Z

-33-



gl AEE

22 APy

AolEe) 220 dis] Newton®] A2WHE X §33 oke) ()43 2ol ¢ n, b A W A &
FEENE 2 AR 7

m( ve+ vs8— v,dcos ) = T + 82, — S,.2, — w,cos doos O+ R,

m( v+ #(v.c08 0+ vssin O+ m,v,=S,’ +Qy( T+ Sstan 6) + w,sin ¢2 +0.257d%0 ,Cyté+ R,

m{ vs— v, Psin 6— Uxb)"'mal;b: Sy — S, Qtan 6— T.Q,,— w,cos psin 0+0.2572d°0,Cutis+ R,
@2

9 NolA 2 w4sle) BT AT ) IS e 2 wge) Zekel( ) F 59 i
UEMITL TE Aol89) 39, S, S, £n, b ¥ AVE, v, 0, 0,5 425, 0 b $F Ao
B EE AR, u, 4,8 n b BB FASE HE 0,05 n b WY IF, d= AR J7,
P B9 UET shith B 6,45 BN AGE AARE, m Aol BNl ¥ A,
wys AGIES WAL F 55 A, R, Ry, Re= 42 Aclgl THIAE 4 0, b 9T 9%
AYE, m,= Aclgel B Lolg ¥7HY, Oy WARAASE e,

B¢ 2AE BYZAL AEeW odf 2709 Ho| HFEHLH, YN AWF v} To] Sl
MERME BYHe FAYT, |

EIQ, =— EIQtan 6+ S,(1 + T/ EA)®
: (3
EIQ, = EIQ,Otan 8- S,(1 + T/ EA)?

AN Bt Aoldel @YASE UEin AL Aolds) BRde vehan,
Aol 829 2 Byl disl HY2AE olgad olake 349 He A & Atk

Ug' +‘anb —-va,, = T/EA
v + Qv vptan 8) = (1 +'T/EA) dcosd 1)
vb' ha .Q,,v,,tan 68— .Q,,Ug= - (1 + T/EA) 9

¥E ZE 24 L 959 2

Q,=¢
o et (5)
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SRARHS ol 38 AR A AAEY v AY FHAY

mebq & 10709 AuEAA L 9L 4 glon & axd g wAWFE 5 107071 ok A9 A
WA neE F924 (EDE $A849) 82 A3l 288 g . 99 @4 sle
A% §A8E R, , = 2 PN &' F Ao ofds gt

R,=—0.50,drCq vlvi(1+ )"
Ro=—0.504dCu v} v2,+ 05} °(1 + ©°° )
Ry=—0.50,dCa vy] 2+ v%,lo's(l +e)°

QA71M, Cg Can Cot 72 Aol HA L F WA We] YRFHAL, v,, v,= 27
n b 9% fASEA U AR AUSE, e & AolEe) faizold @ Fohd eole) wlal
HYEE vepdch

#8 @A Y= EAHEF mE O (DHLE EFY 5 sl 2HFAE, Cut (Cy—1)
ole), AolEat 2ol 1 Y B$ FABAAS, Cyol BF 20122 C,@2 1€ A0k

m,=0.257C 0 4" @

3. A &4

Yol By AR AolLe] tiet AuEAA L o|F o= F4ss|st ST wekA A3
A uhgo] Wa sy AZa AAZRAL HEAAN Ay §E Faof Frh & AFdAME
AAE delAo| B A FANEHE AMREH, AIFHE glojq B AR FE ¢S
3l¥ &31d(implicit method)& AH&SHA T
3.1 Aujg Ao st

(-G)NES a3 o] 3he PPHoz FIAY F Yok

JE' = KH+ T ®)

aAx b ARolA Faor & WEadels, H, Lt te 4 ©), 107 2o

—ﬁ = ( T’ Sn’ Sb, vt'vn_vb_¢’ 0,9”, ‘Qb) d (9)
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S,y — SpQ,,+ wycos pcos H— R,
~ Q,(T+ Sjtanb) — wysing— R, — O.ZSHEZPwCMzi”
S,Qutan 6+ TQ,+ wycos psin — Ry—0.257d°p..Cutis
Qw,— 0,0,
—Q2,(v,+ v,tan 6)
Qv tan 8+ Q,v,
2,
Q,
— EIQtan 6+ Sy(1 + T/ EA)? (10)
EIQ,Q,tan8— S,(1+ T/ EA)®

~

¥R J, K= 25 10x10 32719 AHZagEo] 8k Jof Fgol dAd 8L ohd3 2en 2 9 A
B2 25 ol

J1,1)=](2,2)=J(3,3)=J(4,4)=](5,5)=J(6,6)=J(8,8)=1
J7,7)= cos B, J(9,9)=J(10,10)= EI an

K38 A4t 9ol S A3 9ol A & ¥l EAstZ ded 9ol ohd B2 oHs
2o

K(1,4)= m, K(1,7)= — muv, cos 8, K(18)= mw, K(2,7)= mv,cos 8+ mv,sin 8 _
K(25)= m+m,, K36)=m+m, K37)=—mv,sinf, K38)= —mu (12)
K(4,1)=1/EA, K(5,)= (1+ T/EA)cos 8, K(6,8)= —(1+T/EA)

@48 As 2402 nAZ the Amode)dl tis) o1Aksk A7IT, 1 Fol ArehEe} AT 27
o2 the 4oz BEY, (BN B4 j9 j+1 Alol, 19T AT ish i+1 Abole] FHHAN Eeh, b
B4 (9)4E FIRET A7Y QAL et go) AelEnh

Hit H H:
[]; +];+1]__L_J_+[];H+f]_z+lA_s_L = .
f+ i+1 3 i X
(Kt} +K;+l]uz+_1+[1¢+1+K]EI_HZ+Lr+1 LM 4 Li, + L

A9 BAAL 10m-D7le) $44e] g0 (e A $). XD FAAFE F 100710122 1079
E TE WAde] ass Hed, olRe AAZAE olgste 7 & itk
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FRAEYE o148 A3 A0 e v 4y FHAY

dAg FAojEel st EW(s=0) AFEE FHojnz FH3 RAE, J2%
g4 b9 57 AAZAE & F A

(¢,0) = EIQ,(t,0)= EIQ\(t,0)= EIQ, (£,0)= EI2,'(1,0)= 0 (14)

Hgo] FRBHs=L)L A8 qUMde] ABHE HolBZ Aol FEE AN £&

9 o 33 BWES} Golk

vdt, )= U, v(t,L)= W,
v(t, L)= W1), ELQ,(t,L)=0, (15
ElQb(t, L)=0

ol

o

A7 vt L), vtL), vt L) £ ZRAFA A9 AR Bu &EH

U, (), (e 2AREA 49 a9 =248 vehit.
webd, XA Qe 10n-1)709) W% 10719 AAZZE ol &84 F 10n A9 w|A¢

g 78 4 9o
3.2 9] 3 4L 9 Newton-Raphson B4
ADHE olehsh go) BA 471 4ok

JH—KH-L =0 (16

gl (16)49 9% 2 st PAUF o1l = I (164 o 2ok

oIt = 0, 7=0,...,n—1 an

AAZVE 2L PYOT RAE F WA 240] thstel EBSY AA AERAE o 43 2
o] st Aeet

OV H HY) = 0 (18)

°~1 7')\‘]
i+1/2 _— i+1/2 i+1/2 i+1/2 i+1 i+1/2 +1/2
¢ ! — ( 00 ! ’ ¢]/2 ! » @3/2 ! $s0essy 0"_3l/22, ¢"..11//2, ¢’fl u )
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9HEd - AFE

SE Fot ARe BT (1649 2 A WANN HE Fohe 340, 2 3L e 2o,
® HLH & s H'ge 3¢

X . L i __ -1
B Vinitial guesy) = H+ ar]-Ho—] 19
i-1

@ AYPAANE Folgo2A H gl tF 24 F(correction)E AT
o*2AH = ~ 0" (20)

A4 0% = (11A 9 Jacobian BPolw ofefe} 2},

. i+1/2
@H- 1/2 — aa%ﬁu -

21

AolA dolzl AHE A% H''lo dtezd ayzpes 7o

@ A9 2 & FA Ho ¥ste] Aoigto] AR VAARG AT T ARIGAZ doirt
A @ 290z it a2x god H'lY A e AHgsd @ #AL wEe

ol4e] H4E A% o Zt ARFTEA e HE 7Y F A

(17)4 9] Jacobian HZ@<2 21)AE AAA2de] dalM FPL T4 Fig. 23 go] B24F
Wzt H(block tri-diagonal matrix)9] & Jerdtt. 99 4& £7] H43td o9 71X FAY
< L8 F A & AT E AAAZLEE F017] YA vdiZt JEQA 9 3 AHEEA] g3 o
4 JET AR 38 Eolde HLsyd14]

5x10

node 1 | node 2
node 2| node 3
ZERO
node 3
lnode n-2|node n-1 .
ZERO
node n-1|node n

5X10

Fig. 2 Block structure of Jacobian.
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SHRY L ol 2% ARY oAA B B 1B FHAY

4. 4AIGYH R AT

chfel e & AT AALE dnES olgsld A dArelR AFEYS dvnan
. Fig. 3914 dAs4 g A2l Aeg RoiFa gk & dAHHAA A8 Aol
e Aol

2 9 E4o] YAY FPAcIEH ALE Y Flo[EE Table 19 24 AfF<
3} uigyrgo 2 sEdy MRS,

te o

\

ok

qq;

Fig. 3 General configuration of model for case study.

Table 1 Input data for case study

Cable Length 170 (m)
Node number 7
- Diameter - - 0.035 (m)
Weight 1 te: i
eight 1In wa ‘r per unit A 177 (N/m)
length
Current velocity -10 (m/s)
Young Modulus 4.4x10° (N/m”)
Ca, Ca 15
Cu B 001
Vessel speed - - 1.0 (m/s)

zol & g0 Wg PP 271E 10x1001 22 2459 J7t] @t 4
2zl B dT9 . Ag gARAE gutyez o] Hgshe
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Gauss-Jordan W& ol@ste] $X AN e 7709 842 threlal Aol gl /NS
A%E WY 150MHzE o 83819 100 F¢ Ak AS$E ANE At £ 12470] 2250},
mep B AN SAANARS AN 915k Gauss-Jordan PH WAle] BZ 4Edz9Y
We HesgEn 2e 2289 ga AN o 10850] 22500 BE AZHZgARe gt
Hoz go| &L= Gauss-Jordan WHHRT} o} Te JUAAZAL FE FIA oNE
oF 72u)0] gaks AMALS 29 £ LS ¢ & AN

JAHNANE HA dAdee] AFF & D wgow A RS e FoE
o, Aute] 6AFE €5 5o 98 WASE uas 5 FHuss FASE AolBd A By
& A9 YT %A 244 FHo B & Utk Table 16] Fold z7o] s & AFoIN gy
T2aYS ol4aa AR els 241 FHe Adsa.

9 B 2o AL s HYAelE 4 ==Yl uj=Fe] WHOI 9749 WHOI Cable
T2IWL o439 THY). WHOI Cable Z2IYL AFA Ao} A NE $A84 Ag =2
ageozx B d3g vV R {83 23 (implicit method)& 24315 tt. WHOI Cable
=2y A AelME AolRe) MEANAR nestgou #A M o P& nalEkA
gttt Ed B AFNE AuEAAE FUHEe] o A wtele] WHOI Cable 220
A FE9d o8 ASAT. WHOI Cable Z2addiE vl 42 98 g4
(relaxation factor, w; 0< w<1)& °] &% WHEHE L8l AMAZE ZolE ¥ BL 238 F
om FA Ao QoM EA ASAAANE HLEAT).

Table 2= Table 1914 FojA 7o tis] ¥ AFoA 7gg 2o A3 WHOI Cable
=239 AAE M2 v Aok Table 2014 ¢ § %ol 829 AAWS 19 A8 B¢ 4
A9 FHE o} oo Ze] Ty BB (AWWS 7)02 BLE Ao ¥H Zvldm .
2 A7l 4 3k WHOI Cable 23 o] 2 9xdlm € B 4 ¢

Table 2 Comparison between WHOI Cable and
Present results for static tension (N)

Node No Present Work | WHOI Cable

1(free end) 0.0 0.0

2 19550 195.42

3 390.38 390.78

4 . 585.57 586.19

5 780.76 780.79

6 975.96 975.87
7(top end) 117115 1172.32
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FEALGE o] §F AR AA B v Y TN

Loz dedrte] AR £E YA EL ATt 9F 02 05(° /sec) At B
$-2 fNsluA} 3. Fig. 4% QA0 89 AR £ H(Top Vessel)# 3 € FH(Bottom End) 9
OlEA2E 24 XYRUGEIFA oA £ BA)PAA & 23E HAFI Qe F d 4F s
B AREe Jehge 1002 59 2 39 o]5A2E Yehlx Ytk Fig. 4914 2 # glxe] &
F¢] #1428 3HPresent Work)$} WHOI Cable 22199 sj4 237l M2 & X8tz o). 413
e 712240 dF doAolEe] AL AW 5Ty AL 10039 Alte] Ad F

L

re

ol

Y wgoz o 40mE ol g el AF2E BUe o 6m Wl oJFHA %S ¢+ A
o AR 2O o 2Ue 498 ARelE AEA ASRE B 4 Qv Dol F7he
3} ol Aolt B F7H8 Ao dAE
[-—A— Present Work
0 —i=+— WHOI Cable If
g i op Vesse /
Fad » /4
Bortom End //
0 — //‘
0 35”7//1 - ]

X (m)

Fig. 4 Comparison between WHOI Cable and
Present Work for top and bottom ends trajectories

GedNE e JAE $E2 AsTr AFeis Ao AR B FEE A AR
ol WaE AN Table 3& 4% 2 AN Fezt ¥sts 0% FF o2 ¥jFE3 i o]
A3E Table 2014 A 24F FHo] 4% B¢ (APWE 7 F3 HIZHA QMo] M= F
otd] A3 Bud] e AP oA 4TS D F A AT AHe BHHO HAl AT
gt ¥ Z2de A ARE vlEsd YoM sl E A2 Z dARS ¢ £ Uk
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Table 3 Comparison between WHOI Cable and Present
Work for dynamic tension at top node

T1m “ | WHOI (N) |Present Work (N)| Deviation(%)

1 20(s) 1169.72 1168.35 0.12
30(s) 1167.86 - 116620 - 0.14
40(s) 1164.02 1162.15 016
50(s) 1161.46 1159.60 0.17
60(s) 115982 | 1157.35 017
70(s) 115775 1155.32 0.21
80(s) 1156.82 1154.15 0.23
90(s) 1156.45 1153.30 027
100(s) 1156.32 1153.15 027

Fig. 5& dlQAddte] A& F<t A L9 AfEde] +4USE vepin gl o] A
33 Fdo AFEDL AAD o2 AAE qYol AFS & F Aok AT 09% FAS F
Awsiyt A7t o Fo) shas 7183 Utk o3 £ BeHos d4d & e PesA, 1
olfre TF3he AolEol a A= WY HEY Ao Alr€EH.

1T
0 —

&

= i

2

=

B4 -

-]

>

= J

Qa.

o

a \
y R
! B L N B S B B SR A

0 2 @ @ 0 100

Time(sec)

Fig. 5 Depth variation of end node while ship
is tuming

Fig. 62 AQ4ute] Adgsh= S o aA 1L AAFYol oFA AFste 718 X, Y I8y

oM 20x THo2 & FIE RAFa Qo AF EUL Auts e AFoz £AddN 2
Aol 1 o9 AolEL AF 9 thE HAAE Bolx Yot ol2e AL Fig. 49} 59 ZA7e}

-42-
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Bg ol Utk

100 (sec)

Y(m)

/
» -
/ 60 (sec)

4-4 20 (sec) i

0 (sec)

0 5 100 150 200 250
X(m):

Fig. 6 Snapshots in X-Y plane

5. 48

B ATAE dUZd AP AolEe) 58 AFL FAROE Mt A dAA0l g
g 3 B AY SEHRAL £7) 9std FeAEHE HEsgd wdg A T st
Newton-Raphson ¥I3¥& Hgsiglon @523 ZAAE 9 £ At I2YR4 Fole
Gauss-Jordan W% % 4Z3UZHd Folde HEsged, e of8ske E54FUR
H@ Zolyo] Az QoIM HF3) ALAHYL & F AN Mg T2aYE o8t HF
JANN S $AHT FA B =299 B4L AFe7] 8o fF 9 WHOIS Z2a3 23t
st MESQsY F GARS ¢ 4 U B 2R §UFA A% AolRY AFL nrh 4
3 A2 5 Jou o AEUF PAY BHol AARALEY Aolg AF ANl {FE3A o
28 4 g Aoz Andr B Z2adL ddeld B ol dE §x9 A3 AojEd of
AME Hgo] M5tk FEH7] JAFolY $A8FE B AcjEe AFE HNE F Ae A
goz dodd Aoz AREL
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