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A Dynamic Analysis of Tension-legged
Cylinder in Irregular Waves

Hwang, Jae-Hyuck

Department of Naval Architecture

Graduate School. Korea Maritime University

Abstract

The technology development for ocean resources can be represented by the
increase of water depth. TLP, Tension Leg Platform, is one of the most feasible
systems for deep sea development. TLPs show a complex dynamic behavior
resulting from the dynamic interactions among platform, tether system and riser
system due to their hydrodynamic and structural dynamic characteristics in waves.
This thesis aims at the theoretical and experimental analysis on motion response
of TLP in waves. It is composed of three parts as follows : (1) wave and wave
loadings (2) TLP motion (3) TLP tether tension
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HFaEAS FAS A2 FE2A 0 -x'Y' 72 E AESH HAsHES A&7 9
ol f4, Ta, e, fAY, BAY £F 5 v depie e o daldAg 5
A Ao JMASH, o—xyzFHEAR FAHE Ao 9H ool Hd
Ao B WE (7)) = (5, 5, 57 I HA9H (0) = (0, 2, 2,)7E
g3 2ol Yebd $

(8Y={(5 &, 57
_ 6{551) Eél) Egl)}T_'_ 62{552) Eéz) E§2)}T+ 0(&®)
= ¢ {EY} + 2{EP)} + 0(®) (2.4)

{Q} = {Ql Qz 93}T



— 8{.951) Qél) .Qél)}T‘F 82{952) QéZ) QéZ)}T+ 0(83)

= {QV} + {2%} + 0(®) (2.5)

A714, (V) ok (W)= A7 FA 1A 3 g S EuEol,
(EP) ¢ (@) & 2zt BA 9 22 ¥ LEWE} 3
A% AR PAAQ Laplace BAAE WHHEZ, 47 90, 9 FE Laplace

4 3
PR wEA 5

vip = ()
vi(edW + £20® 4. . .) =
vioW = o, vi@@ =10 ,6 - .. (2.6)

221 Aw8Y AAxA

Bernoulli®] #4241 o3 o] FH AT

Lp_ 00 1lgg.vp - 427 ©.7)

(X, Y, t) = FH, A

9714, ot fAS BEelw, AfEW BANEL z
!

FHoA T Aol I

ot 2 0
gZ+ 0,4+ 3 (Oh+ v+ %) = 0 on Z=¢(X,Y,t) (2.8)
AN, Pt ddozA AfEAS GAUA G A4S Agedmz g
oz E 4 glon, AFuvelAe] AFue] Wawd SEo 7wl 47
Aol WANY £wsl prs exety 23 AFEH g Qi B
S4 zdg WSl dt o 2ASL AFEAIA o Aulio] o] o
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of grie tool AQ29R el & gl

iJQB_i@QL@QL@Qi@QL _
oo~ Crtoxax Tovov T oz oz o T VO VOteZ)

0,+280,+2[0xDx,+ Oy Dy, + O,0 4]

1

= (Dﬁ+gd>z+% [VO-vO]+ 9 VO:-v(VD-VOD)

= ( on 7Z=uX,Y,t) (2.9)
A7IM, 0(X,Y,Z t) © QA AL Akl 9 o]
12 /g

=
A0l3, (X, Y, 1) E AFEAL SRS el = FULEE T SELUAS

FRwSE v shetlE col gsl AEAAeY g 2ol ek

O(X,Y,Zt) = e0V(X,Y,Z,t) + €07 + &0 +
(X, Y1) = et VX V. Zt) + &P+ P+ - (2.10)

21(28)S z=0°lA Taylord/sta, 2245 thYste] AEz AFEsHA, v
¥ o] 1x ¢ 22 FHH SV Ao

Ist order : ¢ = _1 @gl) on Z=1) (2.11)
g
2nd order © ¢¥ = —L o — S (0" + 0+ d)“’)+ 5 00}
on Z=| (2.12)

E, HC29E z=09M Taylord7lsta 2210 tidste] A= A s,
ot 2ol 1A % 22k AfFEw AAFIo] Aol

1st order : d)gtl)—k g0 =0 on Z=1() (2.13)
2nd order :

_11_



(1)

0P+ g0P = — élt(@g(nzr oV + o) + Z(q)(n + g0l))

g 0

= QY(X,Y.t) on Z= (2.14)

222 EAREY AAxA

BARE WANE §(X, V. Z 1) =022 Fi, BARHAAL &g WA
S (n)={n ny ny} T2k 39, EAFEHANM fFA] HAWF ok BA WA

T St 2ve BARYW AAxde v

dlo
=
m
S
)
v

0, @ = n}-vo =1V, = {n{V} on Sy (2.15)

A7NA, v, T (VyE 474 BAEAA] BAe YAYF S5

e
__>,~1_,‘
lo
4
H

Wty g1y AuA o-xvz, 2ARE HEA 0-XTVZ 2
A% A BARY AFA 0 -x'y'z ® EdHE ded AANEE 2

ol
R
H
o
B

—

Xy =X YZ} (X} ={X 77} B (x)=(x" v z}'e 34, o
o] A7} *é%‘f&t‘r.

{(X} = [RI{X}—{&8)})) = [RI{X"}
(X} = [RI{X}+{5)
(X'} = [RIT{X} (2.16)

A714, [R1TE [R]Y AXWHelw, (g1 HE WHYLEN AwPhe] 54
g A B R e wAZL J Yk

_12_



(a)Roll (b)Pitch (c)Yaw

Fig 2.2 Transformation of Coordinations

[RI[R]T = [RI[R] ' = [I]

HEgE [R]1 S Q,,9,,0,% £2% Fig229 o] 343

rr
s,
o
ll
o
[z
i)
oo

{(X} = [A{X"}

1 0 0
0 cosf, sin2,
0 —sinf;, cosf,

{x} = [BI{X)

cosfy, 0 —sinf,
0 1 0
sinf2, 0 cos$,

[B] =

—

(X} = [Cl{X}

cosRy sin®2y 0
[C] = [—sinQ;,» cos 2 O}

0 0 1

[R] = [CI[BI[A]

1 0 0
0 cosf, sinQ,
0 —sinf2; cosf,

cosf; sinf; 0
= [— sinf2; cos 5 0
0 0 1

cosfy 0 —sinf2,
0 1 0

sinf2, 0 cosf2,

_13_



coSs 25c08802; cos;sinf;+ sinL;sinPycos2;  sinL;sinL; — cos £2;sin2ycos .2,
= | — cos£2,8inf; cos2cosP2;— sinQ2;sin2ysinQ2y  sinL;cosf2;+ cos 2;sinL2,sin2;

sin 2, — sin2;cos £, cos2;cos £,

(2.17)

BE, {_Q}—E U]_/;\_%]:O]EE Sin_Qljﬂr CcoS _Ql"% Maclaurin %5’“—78_7]16‘]—0:]’ é}(25):§‘ al

HetH, gk o] wrh

2.} Q,°
sin@, = Q,— ?,L + T.),L — e = eQ§I)+ 62.952)4' o(&?)
2 4 20(D2
cos®, = 1— S 2 W L I ¥ K 0(&?) (2.18)

2! 4! B 2

(21808 @217l dYste] WaAH [p] S ol a8l Aa)sd, ey 2o
[R] = [ROT+e[RVI+ E[RP1+ E[RP1+ 0(&%) (2.19)
uhel 2(2.16)9) F WA A A WA AL ey go] & 5 9

(X} = [RI'{X)+ {5}
— ( [R(O)] T+ e[R(l)] T+ 62[R§2)] T+ 62[R§2)]T) {’X}
+ {2V} + £{EP) + 0(*)
= {X}+ ({2} + {2V (X}
+ E{EDV+ (QPPAX I+ [HHUX D+ 0(Y)
— (X 4 XD} + 2{XP) + 0() (2.20)

(X'} = [R]I{X)
= {X}+ e({QV XD+ E2H{QPP{XY+[HI{X}) + 0(&*)

_14_



— (XY 4 (XX DY+ 2{X D) + 0() (2.21)

H220% el BAXY Foldel BAS FEMHE Thed 2ol & 4 3
.

(v = {X}
= e({EM+ {2V ){X})
+E{ EPY {22 X+ [HHX ) + 0(®)

= {VD} + &V} + 0(®) (2.22)

¥, o-x'yz HEAN U@ BAEAL] AN () 30— XTZAHEA
g BAE (7)) BAE AHDA [R] S o &3ke] theIt el Uuhd & gk,

{n} = ([ROT"+ e[RV1T+ E[RP1T+ E[RP1) {n} + 0(&)

= {(n}+e({Pb(u)+ PP} +[HIH{n}) + 0()

= (0"} +eln) + &{(n®) + 0 223)

¥, 3AEEel e HMANE (X ) x{n)={ny n; ng) = e 2ol T

(X' P{n} = {Xbd{n}+ eH{2VHUX {n})]
+E QP ({X P D+ [HTHUX (D ]1+ 0()
— (NO}+ ND}+ (N + 0(?) (2.24)

BAzDI wpRAAAZ Bt Aol e B

= x4
Aol Hexd g, ol AAxAeE WEdd 4 9om, Taylor A7el 938 veoE
2%

VO(X,Y,Z )]s, = vOI|s + [{(X}—{X})-VIVD|s +

- 5V@(1)|Sm+ EZV@(2)|SW

_15_



+le({EM+ {2V {X}) - v I(evo V) + O(e)

VO(X,Y,Zt) = evO P+ {voP+[({EV}+{2WV}x{X}) - vIveol)

+0(&%) (2.25)
4(2.22), 2(2.23) R A(225)F 4@215)°] Wdste] A Adesd, vs3 2
ol 12} 8l 23 =A% AAx o] Aozt
Istorder @ {n}-vo = {n} - [{ED}+{2P}<{X)]
= {n}-{v on S, (2.26)

2nd order :
{(ny-vo® = {n} - {({EP}+{2% (X} + [HHX})
[{ED) + {2V {X) - vIvel)
+ {2V (ah- THED + {2 (X)) — vo']
= {n}- {EP)+ {29} {X))
+{n) - [[HHX} - ({X") - v)vo"]
+ {2 {wh-{X VY= vol) on S, (2.27)

2.2.3 AAA EA FAH

= Al Laplace “”4*—14 A= ;}—E Aol ola] 14}

KeX ml
ERUES T 5 Atk ol AnE 149 249 AAA TAZ B & 3
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[12} radiation 74 AX] &A]

v 2¢(j}e)=0
— %o W +e(8) 2=0
(¢('1)) :;’l\,‘

(5) .= (%) 2=0

hm\/i(ﬂ&_ k¢(1)) 0

R—oo

[1x} diffraction 7 AlX EA]
v 2¢(1) :

— w35+ e(dL) ,=0

(650 ,=—(8%) ,

(65 ,= (%) 2=0
(1)

an( Dk Y=

Rooo oRrR

[2%}  radiation 72 A= FA]
v 57 =0
—(04tw) ¢Si§+g(¢%§>z=o
(¢ti;3)) n=
(¢4 » —(¢2§5> 2=0

. \/7 a¢il§3) +(2)
}Qlirolo R( aR lkl ) -

[2x} diffraction 7 AlX] EA]]
v 65 =0
— (w0 ) ¢+ 288 ,=a$H(X, V)
(358D == (%) .+ 03P (X, Y, 2)
(¢d) = ($0d) =0

out-going condition

_17_
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on
on

on

on

in
on
on

on

on

in
on
on

on

on

in

on

on

on

(2.28)
(2.29)
(2.30)
(2.31)

(2.32)

(2.33)
(2.34)
(2.35)
(2.36)

(2.37)

(2.38)
(2.39)
(2.40)
(2.41)

(2.42)

(2.43)
(2.44)
(2.45)
(2.46)

(2.47)



1R ZANEAE 334 Sol
Qe A7k FaAA D 9o

) ‘—— o E
Z 4 glow, 2z diffraction FAE B4 13 AALANE =95t =1 Q).

©17]4, p¥ Fig23elAel +3+ A5%
Aol AaEn s, ol d grEe ek,
2122008 (x) 9 A%
gall A Adeletd e o] xdEH

N
kit
i
o
=
=
o
)
P
2
2
o
e
2
)
rr
b
F
H
iz
iz
filo
=

P(X,Y,Z,t) = —0gZ — eol 0V + g7V ]

- 82[0@52)_'_ 42Q |V@(1)|2+ p{X(l)}' V@El)‘f’ ng(Z)]+ 0(63)
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— PO 4 cp 1 2p®@ 4 (P (2.49)

ol 71 A,
P(O) — _pg'Z
P(l) — _p@gl)_pgz(l)
o dhefel oI FALL thae Ao s AL
(Fud} = = [ [ P(X,v.Z)(m}dS, (k=1-6) (2.50)

224 }AAHH A2

VYAFA AFrzEd et AgARNT vaEs QA o6 dojx=
174 9 243¢ Aske 14 A wE U 23 AAET viEE 78 4
Ak AFE BAG AEaE fALN BAEE o - x vz ARAC] datel, o
2o Hom BAY F Utk

(F)=—[ [ Pln)as (2.52)
= — ’ 2.53

)=~ [ [, PUX p{n))ds (253)
A7, s, BAL £ ALRANL, ()& BA EULRE g5 w9 W
5,0 =4

AuElolt), w, ASEY 5, Fig23dAsh o] g5 ojshe] -
5
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(Fy= = [ [ [PO+ePV+PP+0()]Hn ) +e(n®) +e4n®) +0()]dS

—ffAS[SP(D-i—eZP(Z)-I—O(eB)][{n(O)}-I-e{n(l)}-I—62{71(2)}-1—0(63)]a’S
_ {F(O)}+€{F(l)}+€2{F(2)}+ 0(63) (2.54)

E, 42493 423508 42539 Hstu, fAgd e e
ek 5 sl
My = = [ [ [PO+ePV+ PP+ 0NN} + (N} + (NP} + 0(eh)]as

s

g How

— ffAS [ePP4+EPP+0(HIINDY+ &N+ 2H{NPY+0(*)1dS

= {MO) + MV} + {MP} + 0(&*) (2.55)

(FO) = — [ [ PO as=oe[ [ Z{n}as
= pgfffvv2d1/= ogVi{k} =1{0 0 pgV}7 (2.56)
Py =~ [ [ PONTYas=pg[ [ ZURM(nD)as

— —og [ [ vx1Z{ZNav=og[ [ [ (¥} - (i) av

= pgV (Vi) — Xp(i}) = {Xp}x{0 0 0gV}” (2.57)

_20_



N N I i IS [
AN v = U s ks Ve BE AFARCI, (X )= R

o mAwMEEA e g
(Xo)= 3 [ [ [ Z)av (258)

(FO)y 3 (gD} & B A Al s, +A,°0 e AES Gauss 85 &
ato] theat 2ol 28 4 At

(FOy=pf [ 0P (n}as—pg [ (8V+Q("V—0"X) (k) dXdY
= pffs OV (n}dS — pgAw(E + VY, — QP ) (k)
= (FV) + {(FP) + {FP) + (FR) (2.59)

A7IM, (X, V) = =AA AxAd oMo HIFA ] Fudoerrs v+

AW W
—~ . L — o~ o~
Y,= Ay AWYa’Xa’Y (2.60)
My — _ (D (0) (0§ Ar(D
(M) = — [ [ @V NO)+ PN as

— _ffs P(l){’N}ds+{Q(l)}X{M(O)}

=of [, 0 UXp{nDds

_21_



AwY BN+ (ZpV + Sp) 2V — 5,05V — X 5V 25V
—0g{ —AyX BV = Sp@iV + (ZpV+ S = Vv s
0

= (MP) + (M) + (M) + {(M5) (261)
o71M, 5,& FAW 24 RuERA Bt go] Felwt,

(2.62)

2(259) 2 2(2.60) 7+7t 74
14§42 2 maEol

1, 14 S
o] AelH.

{(F&} = {F1"} + {F})
=of [, (@F+05) (n}as (2:63)
(M} = (i} + {0)
_ )] (D b » 2.64
o) |, (@R+05) (X x{u})as (2.64)
21(263)7 2(264)° 12 A H} RHES 248 YAl dig 12 AL
2 g7 A8, o) o) theat gol Wk

2 —iw,
') = Re 3} [ 4} (—iw,) ¢}’ ‘1

I €

_22_



2 )
?'}) = Re P ad (—iwy) pe "] (2.65)

21(2.65)5 21(263)9 2 (2.64)° tyetd tha3 2ol A

Fii) Rekzl[a(l)(Pff —iw, (Y + ¢V (% }dS) T

Re ki[aé“{ Wye " (2.66)
{M;i>}=zee ai"( o J [ iR+ ep) (X Anyds)e ]
—ReS [aP (AR e ] (2.67)

ATV, (AR} (AR) & A% T FAF 0, 1A AFA A AGALAES] A
FrA theat 2

() = —iowu ][ (s%+ 68D (n}as (2.68)

(A} = —zpwkff (6D + 85 (X)) dS (2.69)

(FO), M@y 2 #u7), &

of W@ grEel HBe Fal ey 2ol

1)
H]

=

a9, 54 WEse A% selstn PFENA
3t

A E
sk 4 Ak
(@) U (1) (1) @)= 0) (2) _ >
(F?) = fme(P (nV} + PR} + PO P} ds ffASP (n}ds
_ _1 f D0V al + (D)< (FD)
=~ 508 M§R n

[ [ 1F eVl + 00 + (X V) v 0l (7) aS
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— pgf fA [E9+ 007 — X+ QWX + 2V VY1 (k) dXdY
(2.70)

= (PP} () + (F@) + (PR) + (FIR)

M@y = — [ [ POUNDY+ PO+ PONDYas— [ [ PU(N)as

~ Lo [ AR RN+ (V)< (M)

+ [ [ 13 0lv0 P+ 00+ o((XV)-v () ] (X)) aS

{ — (X gV = S, QNP +(Z pV + Szz)gé”gé“—é vl - o) ’

—(ZpVt siQP — 5,00 — 5 X pn 2l - e ’

— P8
?ngil)gél)_ ’XBV‘QEI)‘le)
AyY (B + (ZpV+ Sp) 01F — 8,2 — X 5 VY
—og{ —ApX B — Sp@P + (ZpV+ S1) 27— YV vy
0
(2.71)

= (M) + (M3} + (MG} + { M} + {Mis)

2127007 A Q71 7+ AAE, FFAE

AA 27 A 2

o] geldr),
(FPY+{FP) + {(FS)

{(FY) =
—J o[ G Gial+ (V)< (FD)

+ffs [%pIV(D(“I“rp(@(ﬁ”r@ﬁi))+p({X“)}-V@§”)]{?a}dS
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— pgAp2P(QVX A+ VY ) (k) (2.72)
(M) = (MP} + (M} + (M)
= —2og [ eV U D ai+ (V)< m D)

+ [ [ G elve it p(0f+ 0f)

+ o({XV} v T{XI{n})dS

{ — (X VY = S 2V +(Z g V+ Sp) 25V — % V2 — oY)

—(ZsV+ 512 Q" = 5,0000" — T X Vel — of)
Y VR s — X pvastash

— P8

(2.73)

ok
ol
2

@72 4EI)AM A Fe 1 AT Fol A% 27
HEe vEhiE, Q7% 42739 23 AFAYS ZUES 2
#OFFRE YRt AFhe YR AGFFE o] thedt ol

% 1%

=, ﬁ
m <
o,
Mo
=3 |
IS/ )

¢ (

{Fg) kzlzi [ d(l) (1) fkk(lz)} e —i(wptw)t + dél)dgl)*{fﬁy)} o 7z‘(a)fw1)t]

(2.74)

{M;ZC) kzl/z'[am (1) fézZ)} e—z’<wk+w1>t + ai“a?l)*{ﬁmizm} e—i(wk—wﬂt]

(2.75)

A

21(272)8F 2(273)S E8X AA&Ed
o) ARFss Fool HaFoan AEHow
)

mHlEe 23 d2H5E BAY

Tt Z AEE 23 A AE Y 2uE
21(2.74)9F 2(2.75)2] 22} w}7FA) = 1}

N

o

»
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(P} = () + )+ )"+ () + )+ ()
= —regf dRWdRD (w)al
+ T L) (A7) + (e} {A2)]
tyef [ (Ve ve)(u)as

el [ Y (mieve?)

+ {2V} - (— i v ") 1{n} dS

—i g Ayl a$)(a! 1)X +aiPY Y+ ay D(al 1)X +as)y Y,) I{k}
—io(w,+ a);)ffs (P + ¢5P) () as (2.76)
(Fad} = (e} + (e} + (e + ey + () + e}
= — oz aR) R (n)al
F L@ A7) + (e (A7)
tyef [ (vel v (n)as

pff[ ) (i, v 85

+ {xV - (—iwv o)1 {n} ds

— 1 08 AL P (@l X 4 Y ) + ol (P X+ DT ) 1A

_26_



—iolor—w) [ [ (6P + 65 (0} as (=70
(A2} = (A + (A + (A2 + () + (A2 + ()"
— ipgfma<}g<z>a<}g<z> (X {n}) al
+ EL({a} < {m)) + ({af} < {mP)))
+ip”5m(v¢§g>-v¢5“)<{3c}x{?¢}>ds
topef [ Y (—ieve?)

+ {2} (=i, v )T ({X {0 }) dS

— e

—~

% (1 (O (D (5 (1 D (1 D (1
‘_(XBVQ'Zk —Spay)ay +(ZV+ SZZ)aék)ai(il)_ YBV(aék)aél)_aik)ail))

2
e D (1 v 15 n (1 e
[ | —(ZgV+ Su)aik)a’z(az)_ Slza’ék)a:(az)_ 9 XBV(aék)aél)_ a§k>a§z>) '
= D (D) D (1
YBVQ§/€)Q'§/> - XBvaék)aél)

= 1 Dy (1 = D 1= D (1
‘_(XBVQ§I>_SIZQ§I))Q§/@>+(ZBV+ Szz)aél)a:())k)_ 9 YBV(a§/>a§k>_a§})a§1}e))

= (1) (1) D _ 1% D (1 D (1
+ —(ZsV+ Siailesy — SpasPasy — 9 XBV(aél)aék)_ai(il)aék)) ']

3 (D (D) _ (D, (1)
YgVay'as, — X gVay; as,

—iplwpt o) [ [ (5P + 65P) (X)) as (2.78)

(P2} o= sy + ()" + )+ () + () + ()"
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= —1oe[ aRWDaR W (X)) dl

T L)< (7)) + ({a") < {mi"))]

+
tef [ (Ve v UKD as

pff[ ) (i, vl

+ {(x0 (=i, v o) T {X (R }) ds

o

{—(XBVaéi)—Slza(”)a(“*nL(2BV+ Sp)aVeP — L ¥ VeV — oVa <1>*)’

2 3k 431
> (D (1D W W+ 1 5 (1 (1) (1) (1)
[ —(ZgV+ Sll)alk as; * —Spayas - 9 XBV(azk ayy : — A3, A3y ")
Y pVeias) — X pVasasi”

‘—<X Ve = Spai el +(Z sVt Spas el — 5 V V(e e — i "aid)

30 A3k
Ho v Sl = S dl — R v eld - i ) F
YpVail el — X pVai)"ai)
—io(w—o) [ [ P+ o) (X px(whyas @79

o714, Zrtszatz 2dE SUHAe] o= vhed 2k
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IV @12 53 12 b o] iAol &gk 22 A H I RHE 7
V12 3 dEF] Foll 93 23 Ay muE AR
VI @ 22k Sexeldel ogh 234 A=Y RuE dF

Ao o] Yatgte] Fupel %340l Aow sMAE A JomE ojw ¢
=
[¢)

E (20, Yoy 20) TS EF BAAS e 2ol EA W

N
[N
jutn
o
»

6
Zl [—wz(Mk,-l-/zk;)—iwuk,—i-(Ckl-i- Ckl’)]Ul = Fk , (k:1~6) (2.80)
A7NA, M, e FAL B AR e A

_/l:
FA0l 9% Bee Afold. RA H4Y A4E FANew wASW thed 2

o},

Mkk = m (k=1~3)

My = —m(Z,— Zg) » My = m(Y,,— Y¢)
My = m(Z,—Z¢) + My = —m(X,— X¢)
My = —m(Y,—Ye), My = m(X,,—Xe)

My = My » Mg = My

M44 = IXX + m( Ym_ YG)Z + m(Zm_ZG)Z
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M55

M56

- _IXY_ m(Xm_XG)(Ym_ YG)

= _IXZ - m(Xm_XG) (Zm_ZG)

= ]YY + 7’”()(7»1_)((;)2 + m(Zm_ZG)Z

= _[YZ_ m( Ym_ YG)(Zm_ZG)

= Mg » Myp = My » Mgy = My » Mg = My

IZZ+ 7’”()(7»1_)((;)2 + m( Ym_ YG)Z

Mo X, Ye, Zo)e FAS FATA, m = FA9 Aol =

Eolth. T, Apgtel oF HU9 A vEd Zo] dd

- P8 Awdz4
= | (Y= Y0)dA — 0g(Y,~ Yo [ dA
= —pg] (X —Xo)dA + pe(X,—Xo) [ dA

= 0gV(Zy—Ze) + o2 [, (YY) dA

~208(Y, — Yo) [ (Y=Y dA + 0g( Y, ~ Yp)* | dA
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Cis = —og [, (X=X (Y=Y dA + 02(X, ~ X) [, (Y= Yo)dA

+02(Y,— Yo) [ (X=X dA = pg(X,,— Xo) (Y, — Yo) [ dA

C45 = _ng(XB - XG)

Cs = 08V(Zs—Z0) + pg | (X —X)*dA

~208(X,, ~ Xo) [ (X~ Xo)dA + 0g(X,—Xo)* | dA

Cyq = —02V(Yp—Y()

71 o9l AEE ¢,y = 0°lHh

AZNN, v MEEA, (Xp, Ve, ZpE AN FETA, [ aas FaEACIG,

2.3 Nzt o)A St A
2.3.1 A7+ Go| A F3AH

Eqr age e FAAEE AL w, Hsul68l:= 499 Eafrzlate] Alzte]d
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v WS A °©
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3 waelAY W BFYL aelehs 4
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Q
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)
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i
dlo
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{(Fo. ()}

= (FO()} + {FP(1))

zfjo {h# (D) &t — T)df‘f'f f (WP (z), 1)} ¢(t— 7)) ¢(t— 1) drydr,

(2.81)
(M. (1)}

= (M)} + {MP (1))

= f,oo {n (“(r>}§(t—r)dr+f f (RP(zy, o)} 6(t — 1) §(t — 1) drydy
(2.82)

228D 42825 12 % 22k A Y} EAER Festd, vt 2o

(FOO) = [ (0P} et — oar (2.83)
(FOWOY = [ [ (0, o)} et — ) €t — 1) deydr, (2.34)
(MP0)) = [ (1) Kt — D) de (2.85)
M2y = [ [ (0, ) €t = 1) €t — ) dndry (2.86)

T

= (0O} (1PD)R (P0). (AP} E A7 14 R 2% AA s maEl
42 $HFFEA et o] BAR

uled

(@) = o [ {HP(@)} e do (287
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(hP(z), )} = (Zﬂ)ff %2)(601,a)z)}e_i(wlTlMﬂZ)]dwldwz

(2.88)
(BiP(2)) = f_oooo (HP(0)) e "“do (2.89)

{ (2)(71,72) (27r) f f (2)(601,602)} 7i(wlrl+wm)]dw1dw2
(2.90)
A7IM, {HP(w)), (HP(w)) = 22 134 293 wiee] dddtgola,
(H (0, 05)}, {HP (01, 0)) = 27 22 sp3AE malEs]  ddghagoln,

Fourier W 3ke]l o] of5-3 o] AT

{H}D(w)} _ fjo (h (D(T)} ior 4. (2.91)
(P, 00} = [ [ [0 w) e " drdr, 29
{HEI/})(CU)} - fjo { (1)(2.)} it g (2.93)
w0 = [ L0 )y

22472004 A9 WHoZ HAYI} BAEe] ATFLot FeAW, 4 @8 ~

21(2.90)9] Fourier @®3tol 93] d7#|5z BulES] JAA SH3FE AAE

931, 4(283) ~ 4 (286) OI3) YA SIS FHMA] Agtolee] F& HR
[e)

Fomy g BRlES AZtelH s 78 & Ak

WA, 219 FARE TAH QATe] 14 FRNsE e 2ol mAY & 9
o
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€V(1) = Re 31 Tafe "]

= |a§1)| cos(w t— &) + |a§1)| cos (wyt— &)
_ é|a§1)|(e_i(mlt_51)+ ei(w.t— e.)) + J2‘|a§1)|(€_i(mzt_£2)+ ei(wzt—ez))

(2.95)

21(2.87),2(295)5 21(2.83)° YA, 12 73418 33} o] Hrt

==
rBL

(FO) = [ (nP0) et — o) e

= Rel |ail)| {wal)(wl)} e —i(wit—¢) +|CZ§1)|{H(FD(CUZ)} e —i(wyt — 52)]

2 .
= Re 2 [ a" (H (o)) e '] (2.96)
w A289)3 2295 A@s0dl ulEE, 23 BRAYe e wol EAwT

(FP(1)) f f (WP, 1)} €(t— 1) ((t— 1,) drydry
2 2 il (ot w)i— (e te)
— %‘R@;lzi[ |a§?1)| |a§1)| {H(FZ)(wk’wl)}e [ (wp+ w)t— (e, +&,)]

+ |a§?1)||a§1)| {H}‘Z)(wk,_(l)[)}e —i[ (v, —w)t — (€k_£1)]]

2 2

Rekzlz (1) (1) H%Z)(wk,w[)}e*i(wﬁrw,)t

i aél)aﬁl)*{H}Z)(wk, —w))e —i(wk—‘”ﬂf] (2.97)
2o o g 2% FdAA g o RHEE v o] xHH)

M) = [ (aP@) Lt — e
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— Re[ |a§1)|{H([Ml)(w1)} e _i(w]t— 61) +|a§1)| {HEMZ)(COZ)} e —i(wzt— 52)]

= Rekzizl[ (1){H(1)(wk)}efmkt] (2.98)
MP0) = [ [ (P w) € — 7)) (= ) dedr,
lRekZuZ (D (D HEV%)(wk’wl)}e—f[(mkw,)t]

+ aPaV{HZ (0, —w))e T (2.99)

21(2.96)3F 21(2.66) B 2(298)3 22679 12 FHAAY B HWEES wusf W

W, 12 FgAE S maee] AEEE (HP (o)) 9 {FP(0)) B (HP(0)) S
(AD(wp) Aroldls thael w77 A d

(HP ()} = {£iP(w)} = {£i7)
(HP(0p)) = {AP ()} = (A1) (2.100)

E, 40009 23 RFAE AR 27 SRS vws] ww, 2% 934
ALRE (B (wp, 200} S {AP(0r, ) AFolol Thee] #7171 4 f @),

{HE:Z)(CU/@,CU/)} - Z{ﬁ(Z)(wk, CU[)} = 2{]‘-;/;/2)}
{(HP (0, — 0} = 2{f2P (0, 0} = 2{75) (2101

d

FR7ER 2, 21(2.96)3 21(2.75)9] 22F SAAEHNEESE nwe] B, 23 gAAERHE
Ato] 3

AT (HP (w4, 20)) o {70, 0)))

Lo

{(HP (0, 0)} = 2{AP(wp, 0} = 2{Fi?}

(HP (0, — )} = 2{fu'P (04, 0)) = 2{fu?) (2.102)

aenw 1A4ge] 2FoR WS 2 ARt 24 RgAY muEe] A9
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F7F PR, o)l AES 747 265t YalEoEMA 1xde] xFgor WA= %
Ao 22k sFAH I BRES] ADE (HP (w,,+0)) S (HP (0, t0,)) 7 ;Lfsﬂ
A, Abd 22 dEeke 83

]_

{1

O

= A 23 A I 2l E ] "d%i %%@“’F% T ElJ— 274 iR %
g7k A, 22849k A (286)d o 1xFe] xFoz LASE 23 A
A7 ZHlE -9 ]7J° 2l

¢(t) 7F one-side ~2HMEH 5, & 7FA= random¥¢l A o2 3H¥, Ricel:= ¢(¢)
U3t o] 13 ek

®
o
=y
:IOL_ll
N
Ry

‘PF(( 2 IIXL

i

¢(t) = fooocos(wt—e)\/m
— % ﬁ)oo{e—i(mt—e)_i_ei(wt—e)} 2S§(w)dw (2.103)

A7IA, & g~279 AA 7Y X3 random Aotk 2(2.103)S 21(2.83)
of t)38ta Fourier Wkol|l o] thgo] 12k A g o] Gzt

{FP(t)} = f_oo (hP(D) ¢t — v)dr
= fjo{ (1)(2_) lf {e—z[cu(t r)— a]+ez[w(t r)— e]}m]dz_

= [T{HP@]) cos (wt—e={67}) - V2S(0) do

= fomcos (wt—e—{0V}) - \/2{ | HP(0)|*) Sy(w) do (2.104)

o] 71 A,

|H(“( )| ez‘ﬁi“(@

(HP(0)) = {|HP ()]} e ") = | | HR(0)] ™
- (1)
|H§}w)(a))| e 165" (w)

_36_



— ;D
P e

{Hg:l)*(a))} = {|H§:1)(CU)|}€ *z‘{ﬁ“)(w)} — |Hé}:)(a))| e — i 05 (w)
[HP ()] e

(2.105)

TO21(2.103)% 212840 st 2 (2.92)e] BAE o] &3, th&¥ o] 23 I}

A H ol et

(FE(1)} = fi@fw (BP(zy, 1)) €t — 1) &t — 13) drydry

- fowfcos[(a)l—l—wz)t_ (e;tey) — {(9(2)(601,602)}]

N HP 0y, 02} Se(@)) S () dovydes,

+ fooofcos[(a)l—a)z)z‘— (e1— &) — (0% (w,, —wy)}]

’ \/ { |H1(¢2)(a)1 s wz)lz}sg(wl)S;(wz) dw,dw, (2.106)

ol 71 A,

(HP(w,, wy)} = {|H (0, 0,)|) ei{ﬁm(‘”"”’”}

ie}”(ml ,wy)

|H{P (0, 0;)] e
- n(2),
= |H§%)(601,602)| g O e en)

- n(2),
|H§%?)(CU1, Cl)z)| e i0;"(wy, wy)

(01, —0) = (| HP ), —ap)]) o 1)
|H{P(w,,— wy)| e 070~ 0)
= H2 (0, —wy)| e

- n(2) _
iy, — )| ™
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(" (1, @) = (|HE oy o]} e /1)

—i 6w, wy)

|H§12c)(a)1,a)2)| e
= |HE (0, 0))] e
HP 0, w)] e

— i 0w, wy)

'9(2)((1)1 T (1)2)}

(HE (01, ) = [|HP (01~} e

- 052)(01 ,—wy)

|H{P (w01, —wy) | e
—7 é?) 0, —w,
= { |HZ (0, — )| e "7 (2.107)

_ 2 n(2) _
|HZ2(w,, —wy)| e ¥ 7
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oXl

Ak elM el srkAles B EHMEZE A, &

o},

offt
o
ol
1>
rlo
v
dlo
&
mh
o
=5
r U
it

S+ (o) T + [ Kt = D UAD de+ CuUD ] = £d)

(k=1~6) (2.108)
1714, U, . Bo] 7F wrek W
My DOAl aLfrel A
my(o0) ¢+ I FaGelA L] FIFA
Ky(d 0 W= g
o DY, AFg 2 AT 9 5dY A
f(t) 0 A

21(2.108)3} o] nmE-HE WAoo 7 FHAHE
?l_

e A 7EA7E A
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M+ fika,(t— Du(dde+ Cu = f (2.109)
A A AL A G 2% gl T Al 2] S
S thesl Aol met AR,

w(t+4t) = {M+ BADCY '[f(t+4p)

- C{u(t)—l— (At'u(t)+ (é—ﬂ)(dt)z)b(t)}] (2.110)

) 2211008 AaE AEstel S (4 a0 9 A w(t+ 4 E HE Ao
]J?ﬂ‘?‘r.

u(t+ A0 = u(t) + (%){i{u) + (b + 40}

w(t+ 40 = u() + = u(t) + J%tﬁ (1) 4 Jap A = u(t)

3 A 211D 3 & ol&ste] FEFA AHES ARt

of &= 42109 HABEA u(s+ 4 = Thel Aol o8] 3

u(t+ 4t) = M_l[f(hLAz‘) - fjka;(t— D) s 4(7) dr — Cu(t+ At)

(2.112)
5) 77 FEE wW7tA (2) ~(4) o GAE W
o3t e yom zt Azivirte] W), L& VSRS FAHoR 77 F A
W oode] AFFASE wste] WEANNN wEARE P 96 AT A
REES A Bast Aok
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Fig. 2.4 Coordinate Systems
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AL Al dg wEHE ey AxAE FHs] st v 2ol Wk
=
=

| 1 0 &/L"
[ci]" = 0 1 &L’ (2.114)
—&YLT —&5/L7 1

ANNA, g, 4t AT o, y B WM Yot

==

AfRS BARY FTRABA o-yE MBLL (07 dN FoaA
sHEAZ AR, [c]7d o8 F0Ha4 AAARAG Bedo] HEF WA
o webd AFHE e el Agech

v zwelsl mAgE TAS et 2ol deh
0 T 00 .
(Fry=1[c™ o {=[c]"| o TyL’ o |[ci](&)
- T 0 0 EAIL’
(2.115)

AFde A des 7Hste] RHUE= BAeA] B Aoz g

(M3} = {0} (2.116)
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2.5 o] EAL A3

2.5.1 T IF HFAH

L 1 " _ T _ " A_,A

o o o o o o

o o o o o o

= o © < N =
(,p26d)/4

16.00

8.00
o [rad/sec]
Fig. 2.5 Calculated Wave Exciting Force & Moment(Diffraction)

T
8.00
o [rad/sec]

16.00

Fig. 2.6 Calculated Wave Exciting Force & Moment(Haskind Relation)
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Fig. 2.7 Impulse Response Funtion(Surge Mode)
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Fig. 2.9 Impulse Response Funtion(Pitch Mode)
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Surge force [kgf]

Heave force [kgf]

Pitch Moment [kgf-m]
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Fig. 2.10 Calculated Wave Exciting Force in Irregular Waves

[ C model, T = 1.2 sec, His = 2cm ]
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Heave force [kdf] Surge force [kgf]

Pitch Moment [kgf-m]
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Fig. 2.11 Calculated Wave Exciting Force in Irregular Waves
[ C model, T = 1.2 sec, His = 2cm ]
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Fig. 2.12 Calculated Wave Exciting Force in Transient Waves
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. 2.13 Calculated Wave Exciting Force in Transient Waves
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dH(TLC, Tension-Legged Circular Cylinder)ol #&3l+= 3}
L H A6 axis loadcell) S ol &stith F+x2E9 52 AE 3
e 8l FxRES AdR FAdd AAsE A 7o Ao dgrel e
Z(LED) gtAE& F-z2star 433 (light-receiving) 8 A E A WA $% 743474 X (PSD:
semiconductor position sensitive detector)E Ab-&3l= 37 ¢ X AlS7dX] (light spot
position detector)E& ©|&3] X, Y& AARE A=t} olEA ASH AANAR

o AeAde T8 24Y 2esHe AMskd

ol

Table 3.1 Regular Wave Characteristics for Model Test

H 0.02 0.04
[m]
[SE;C] 06[07(08]09]10[1.1|1.2]{13]06|0.7{08]09|1.0{1.1(1.2|1.3
Table 3.2 Irregular Wave Characteristics for Model Test

ths 0.02 0.04

[m]

T

[sec] L0 1.2 1.0 1.2

Table 3.3 Transient Wave Characteristics for Model Test

Maximum wave
slope 0.130 0.120 0.110 0.100
Number of wave 7 7 7 7
Table 3.4 Spring Stiffness of Tether
Case A B C
k (kgf/m) 25 6.34 10.71
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A2 (tether) o] WEde S FFoA AHEE & e Bd 15 2545 AESH
Rom, gare] AFeol= ARA FuAE ol &tk Table 3.1~33& TLC 23 4
ol gk FFxds et vk B sts fo9al(Hys, significant wave
height)¢} 1 57](T, mean period)ol gt F7FA] W49 [SSC ~HEHS A3}
of AAsIEY. A= 44 & 228 A (spring stiffness) & 2t A F
2H(tether) S A A slo] 1o wWE F2 &9 2 W% (tension variation)S 343}
O~ (o]

At} Table 3.4%= Z+ tether?

N

J

3.2 TLC =4

B oolFe] Adel At 62 A8sr] A 9FF Add EA(Fig3 ) A
Al xo] AR AF AGAFA] AAH 95D AAGE A7 AdeArh 4
% e A9 delHe AZS 98 wavte Gue Hassan AFAA WA

Table 3.5 Principal Dimensions of TLC

Designation TLC Model| Unit
@ c Length overall L 0.3 M
° Breadth B 0.08 M
Draft T 0.2 M
. Displacement 0.00100 M
.
— center of VCG 0.0752 M
g W .
g < gravity LCG 0 M
) Metercentric | GML 0.0267 M
5 height GMr 0 M
Ixx | 0.000250 | kgm®
Mass moments 9
@L . Iyy 0.000250 kgm
of Inertia
. . . I | 0.0000419 | kgm®
Fig. 3.1 Configuration of Model
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Tdo] 7hedt fFFs Fxo FLFAA TLC BES AAstal Ank A8S
stttk Table3be= EH FoAldS YE vk Figd2e 983 Add
He] FAAH HERFES <

Af mge] A5 ot

\;J/ mooring point

__—tether

1.1m

/ 1 axis loadcell

[ma)

Fig. 3.2 Configuration of Model Installation

Table 3.6 Particulars of TLC

Draft 0.2 m
Center of Gravity (from tl?élgrSeén surface)
Weight 0.710 kgf
Displacement 1.004 kgf
Pre-Tension 0.294 kgf




33 494

Fig. 3.3 Photo of TLC Model Installation in Ocean Engineering Basin

Fig. 3.4 Photo of TLC Model Test in Waves(1I)
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Fig. 3.5 Photo of TLC Model Test in Waves(II)

Fig. 3.6 Photo of TLC Model Test in Waves(I)
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34 24¥ HeoHY AF R

_>L
Ac)

TLC 2dd 283t FAJ34dAES et 54 $9, 48 S99 S $sh4
ofgf o} & Ao HolHE AS, A, AFstAn. ot 2HEZELS HUYY -~
8 Aol 10.71kef/m, T3l 4dem, HFF7] lsecl B 9FoA Fadd A

S =39

Aol A ASE ey Ee|th ¢4 T 3 AP By o] A (calibration)
ISSC =9 Ed S o] &3 xa7]d 4= Input signal(Fig.3.6)& 5L, 35 oA
93 (Fig.3.7) ¢t 33 (Fig.3.8~10), 27§19 Tracking targetd 229 W9 (Fig.3.11~12)
a8 WE FEe3(Fig3.13)S EAld Al=3lth 7183 Tracking targetd] W
tolEE HEgton HFH o= Surge, Heave, Pitch =9 2589 S 78 + 3

t}.(Fig. 3.14~16).

2.00 ;
S O O T TN
%ooo— A LG hi v'
: u WU u " Wkl
> S SR S 1§ JSNS S .1 S SO0 SO ,,,,,,,,,,,,,,,,, e
-2.00 ; : i , i
0.0 40.0 80.0 120.0
Time [sec]
Fig. 3.7 Time History of Input Signal for Wave Maker
__ 400
e ‘ ‘ : ‘
R — . - AE—— SRR 1 J' T S -
U L R
© 0.00— mikthA Rl I i i ‘ | ! '
£ Ul AR Wil
% R ””””” [V ””””” " R """""""" """" |
= 400 : : ; i i |
0.0 40.0 80.0 120.0

Time [sec]
Fig. 3.8 Time History of Wave Height
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Fig. 3.9 Time Histo-ll;lyrfniﬁsescl:lrge Exciting Force
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Fig. 3.11 Time His;:rcl);n; [osfe (ilitch Exciting Force
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Table 4.2 RMS Values of Motion Response in Irregular Waves

T 1T \/Eo 2\/50
Hys Case Mode T RMS : Root Significant
Mean Square Value
Surge 1.169 1.081 2.162
Heave 0.539 0.734 1.468
A Pitch 6.959 2.638 5.276
Tension 184.091 13.568 27.136
Surge 1.636 1.279 2.558
10sec| B Heave 0.301 0.549 1.097
Pitch 12.020 3.467 6.934
4cm -
Tension 304.791 17.458 34917
Surge 1.383 1.176 2.352
Heave 0.1172 0.342 0.684
¢ Pitch 5.789 2.406 4.812
Tension 324.754 18.021 36.042
Surge 1.368 1.170 2.339
Heave 0.503 0.709 1.418
A Pitch 4.549 2.133 4.266
Tension 166.142 12.890 25.779
Surge 1.440 1.200 2.400
1.2sec Heave 0.242 0.492 0.984
4cm B Pitch 5.645 2.376 4.752
Tension 236.056 15.364 30.728
Surge 2.020 1.421 2.843
Heave 0.1506 0.388 0.776
¢ Pitch 4.477 2.116 4.232
Tension 423.360 20.576 41.151
Surge [cm]
Significant Value H?ave Lom]
Pitch [degree]

Tension Variation

[gf]
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