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on(s) = 11 (T’ ) (2.4.11)

ggoo
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(2410)000 @], OOOOOOOODOOOOCDOOOOOOR-[e;0 000000000
0000000000 D0DU00U000OOdO n-[a)O

n-la] = n-([a]. +[a];) = n-[a].

= —ky (W])* = =k, (Vo —v, —w x7)° (2.4.12)

goodoogoboooboobooboouobooboooboo
oP

I —kp (Vo —v, —wxr)+n-(a,+wxr)

+n-wXx(wxr)+n - 2wx (Vop—v, —w xXr) (2.4.13)

gooo

242 0000000000
(1) 00000000

(2413)00000000000000000000000000 200000000
a,,w 0000000000000 0C0O00O0OD0ODOOODOOOO0000000000000
0000000000000 00000000C0000000000000000000
0000000000000000000000000000000(24.13)000000
0000000000000 D000O0000000000000000000

000000000000 00000000000000 Fig2200000000000
00-XYZO0OODOOOOOOOOOO w=wi+wj+wk000000000000
0o—2yz00000000000mO000000000 @ = ot + oyd + a0k 0000
00000 f=fui+/fj+fk0000000000000000

ma, = mv, = m[v,] +w x mv, = f (2.4.14)

U00O0e—-2yz000000000

Moy = Moz + Vorwy — Voywsz) = fo
Moy = m(@oy + Vo — Uozwx) = fy (2.4.15)
Moy = M(Voz + Voywy — Vogwy) = [z

OboooobooO00oooO00DbOO0o0O0DOO0O00000DD000 H=Ha+Hyy+HEDO
oo0oooooooooDo0o0D M=Ma+My+MEOOOD

H=[H+wxH=M (2.4.16)

oo oboboboobuoubtbe—eyz000000O00OO0O

Hy + Hw, — Hyw., = M,
H,+ Hyw, — Hw, = M, (2.4.17)
H.+ Hyw, — Hyw, = M,

oo obodb  HOUUUOUUOUDwl o—2yzx 0 0oooooboono r

Ixx Ixy Ixz
I=| I, I, I, (2.4.18)
sz Izy Izz
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goobobb0 H=lIwUOOOGOooO

Hls ngj Ixy Ixz wl’
Hy y=| L I, I, w, (2.4.19)
HZ sz Izy IZZ <'uZ

OO0O0C0c0O000D 24100000000 COO0OO0DOOCODOOODOD
I

Lipwy 4+ (L — Lyy)wyw. +  Lpy(@y — wzww)
+ sz(wz + wxwy) + Iyz(wz ) = M,
Iyywy + (Ixx - Izz)wzwx + Iyz(wz wxwy)
. 2.4.20
boLyG o)+ Lole?-w?) = M, (2.4.20)
Izzwz ‘|’ (Iyy - Iww)wxwy ‘|’ Izw(wx - wywz)
+ L@y +wewe)  + ;- WZ) = M,

Loy(w
gooogooboboooboooobooooobobboobobuooboobobobDuoobo
gooooooboon

goobodoobooooooob MmO

fm 0 0 0 0 0 7
0 m 0 O 0 0
0 0 m O 0 0
= 2.4.21
M 0 0 0 [l Iy I ( )
0 0 0 Iy I, I
L 0 0 0 sz Izy IZZ J

00000000000000a0000000 @, = auwi+ ayj+a.k 0000000
w=lw]twxw=|w=witw +ek00000000000000000

a = (Aopt + Aoy + ok, Wpt +wyg + w2 k) (2.4.22)

o000l eaedd00O00ooooooooooooooan
ODO000Q00 (2422)000000000000000D0ODOOODODOODODODO
(Goms oy Gozy Wry iy, w,) 0000
0000000000000 0000000 f=fiitfyjtfk 000000 M =
Ma+Myy+MEOOODDOOODOODOODO

= (fei 4 fyd + [, Myid Myj+ M.k) (2.4.23)

OO0000000C0COO0OOO0O0ODO (24.15),(24200000000000000000C0O
HREN

m 0 0 0 0 0 T Uop

0 m 0 0 0 0 oy

0 0 m O 0 0 Ao

0 0 0 Lo Iy L. || @

L 0 0 0 I Izy 1. J W,

; . (2.4.24)

0 Ty
. 0 _
(Ls — Tyy)wyws — Lyywswy + Lpwpwy + Iyz(wz —w?) - M,
(Lpe — L.z )wowy — Lypwpwy + Lywyw, + L (w? —w?) M,
(Iyy — Lo )wrwy — Lpwyw, + [yawowy + Ly(w? — wZ) M,
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O00000C000000000D0D00 o—2yz0000000C000OC0OOODODO (24.24)
gooob200 0000

Ma+B=F (2.4.25)

gooo

(2) 00DO0O0DOOOO

000000000000000000000000000000 FOOOOOOOODO
00000 f;=fui+ fri+ f-k000000000000 My = Mpi+ Mgj+ Mgk
0000000000 é00000000000000000 £,00000000000
M;00000 60000000000

fle;pn% (2.4.26)

M; = / pnxXrds (2.4.27)
Ss

0000000 n=neitng+nk00000000000000000 r=aityj+zk0
0000000000000 0000000000000000000000 f; = fi+
frd+ fi-k 000000 My=Msi+ Myj+ Mk 00000000000000

Ff:(ffxl+ffy]‘|’ffzkv fo7f+Mfy]+Mfzk) (2428)
O0000000000o00o0ooio0otd»n0nxryr O0OOOGO

N=(n,nxr)

= (npt + nyg + nk, (nyz —n.y)t + (nz — ng2)g + (npy — nya)k) (2.4.29)
O000000000000000D (24.26)(2427)00000000D0COOOCOCODO
Fy :/ p Nds (2.4.30)
Ss

OO00000p0 (234) 000 p=—-@—-Z4const. 0O0O0D0O0O0D0O0O0ODODO const.=0
dooooooao

I}:iéf—é—Z)Nds (2.4.31)

gobobobooooooboobooobooobobbobooobbobb Py ODOODOO OO0
godbobooboobooooooo

F:FﬁJQ:Ap@—Zuwu+m (2.4.32)

gooo
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(3) 0OoOOO

gobbooooobbooboobooobooboboboooooboobobbobOoooo
00000000000 o0oDO0o0Ofd 43y 0oooOoDOO0oOooooooooooogooo
2000000000000 o0bobo0obobo0ob0ooboooobon
q=—ky (Vo —v,—w x7r)?
+n-wXx(wxr)+n - 2wx (Vé—v, —w XxX7) (2.4.33)

gboooboboboz200b0b0bi0«ebgbobobobboo NODOD
n-(a,+twxr)=n-a,+w-(nxr)=N- -« (2.4.34)

00000 OoooooooOo (e413)DO0000OO

8_45
on

0000000000000 e (2425000

=N-a+yq (2.4.35)

a=M"1(F-53) (2.4.36)

000000000 FO (2432)0000000000D0DC0ODO0OO (24350000000

8—¢:NM‘1 {/ (—@—Z)Nds—l—Fg—ﬂ}—l—q
on Ss

=N M™! / —® Nds (2.4.37)
Ss

+N M {/S —ZNds—|—Fg—ﬂ}—|—q

000043 DO0O0O0O0OO0OOCOODOOOOOOOOOODOOOOOOODOOOO
gogo

Q=N M {/ _Z Nds + F, — ﬁ} +q (2.4.38)
Ss
000000000
0P _ N ! / ¢ Nds+Q (2.4.39)
on S

0000(2439)00000000C0000O00O0O0 00000000 O®/OnO0D00O00O0O
gobobdooboobobodouoootbotbobboo bbb oboUoboOobo
goddooboboouobuoooobtooobbooobboobbbuoobbooooo
godbooobooboobobboouobbooobooooubboboobooooboo
O0000000C00O00D(2439)000000000C0OOCOOOOODOOCODOOOO
godboobobbooobbooo

243 U00OOLOOOOOUOOOObLDOOOoUoOoO

gooobobdoouooouobuoobtoooboobboobbUobbuobbuooboo
godbboouoboouobuoooobtooboboubbreg24a0000boboobon
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gooobbobbo0oobobobobboobo0obUUg s ODbO0OD Q,UD00O0OO0DOO
Jo0ooodoboobobuobuooooooDooobD xkbO0O0O0 ¢,e, 0D 0ODODODDODODO
(245) 00000000 Q. 0000000000O0DOOODOOOOO

0P,
on

gooodooboo N, OOO @, U000 obuobuobboouoooo
gobdouobogoooobooouobtoooobboobbooobboobuoouboo
goboobooobooon

=N, -a+q (2.4.40)

Ff:Z/ PNHdSIZ/ pe(=@p — Z) N uds (2.4.41)
k=1 Shs r=1 Sks
gooodooooooooooooooooooooooooooooood
Ma+B=Y [ pd-0.—7) Nuds+F, (2.4.42)
k=1 Sks

JooooodvDOO00ODp, 0000DODO0DOO0DOODLDUODLDUODOODOODLOO QOO0
gooobobgooo

0000O(442)00000 (2440)000000C00000COO0OO0OODOOODOOO
goooboooooon

oP v
N, M H/ —®,. N.d
o pyn !

+ N, M {Zp”/s ~Z N.ds+F, - ﬁ} + . (2.4.43)
k=1 Ks

godbobooobtogobtooobooobuooboobuouoobooo

244 U0O0OOOO

ooodo0o0oo0o0ooD0ooooDUOoOo0oO0oOoOoboDooooOooUD (234000
godbdooobboooobogoguoobooobobooobboobbbooouUoub oo
000000000 @234)000p=const.=0 000000000 00O0C0O0OO

b=—7 (2.4.44)

gooooon

25 U0OoOoooobooooooood

gooboboobobdoooobuoouoobuooooboooob23obooboboo
0VieA£A00000DO0O0O0DOD0O0DODO0OO0OOD0OO0OODOO0OODO0OOOODOOODOOOOOOOO
gooooooooboodooooootboboobboooboobobo0oUobobo
godboooobooobobbobuoobtoooboooo
Vi¢4A0000000D0D000D0O0O00O0OD(233)00000200000000000
godbdoobboooobotoouooboooobobotooobboDbobooobboo
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Oo0000000O000o0o0 (233)0000010000Q0O0Q0O0UoOoooUoDOO
Viogp/ot) =00 000000000000240000000000000000000
0000000/ 00 000000D0DDODODOO00O0OO0ODUODODODDODODOODODODOD
000000000000/t 0000000000000 0O0ODO0ODODOO0ODOO0O0O0OD
Oo0o0obboobobobuooeoobboboboob

¢
¢ =

$,000000000000000000000000000¢00000000
(2.4.35),(24.39),(2444)0 0 0000000000000000000000000000
000 (2435)00 (25.1)000

- _(w) (2.5.1)

a(bt_ !
000000 0o0oo0n 0
!l R 2
¢ =q-5- (2(V¢)) (2.5.3)
00000000000000000 (24.39)00 (25.1)000
3¢t_ d /1 9
O N M <¢t——V¢))Nds+Q—a—n<§(V¢)) (2.5.4)

oo boobboobbobobuoobuoobuoobbooboo

/ _ 1 0 1
Q' =N M /S —§(v¢)2 Nds+Q — Em <§(v¢)2)

=N M! {/S (—Z - %(w)?) Nds+ F, — ﬁ} +q (2.5.5)
0D000000000O0o0oaQ
%(it =N M / —¢¢ Nds + Q' (2.5.6)

00000000000000000000 (2444),(25.1)000

o=@ — %(Vcb)2 =—-7- %(V(/ﬁ)z (2.5.7)

0000

000000000000000000000000 ¢,0000000000000
000000000 0(25.1)00 (2.4.40),(24.43),(2444) 00 0000000000000
oooooo

=N, -a+d. (2.5.8)

googobooooogn

8¢m€ _ -1 - /
= NeM {; . /S —(meﬁds} + Q. (2.5.9)

r_ -1 g B _1 2 _ /
Q.= N,M {;pﬁ /S ( 7 = 5(Vor) )Nﬁds—l—Fg ﬁ} +q, (2.5.10)
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0ooooo0 )
brt = =7 = 5(Vx)* (2.5.11)

gooooon

25000 0000Db000000 o000 DbUODDUODLDUOUOUODODDOO,UODUODO
gooobotouooououuebobbbbD Db UL D0 O0DDLOOOO
J0oooobDob0ob0ob0oooobobobbdooob oo oo UoUg oo™
goboooobobooooobobooooDooD bbb oobobboooo
Jo0obob0ob0obO0oooboogbDAIODbDOO

2.6 0O U

gooboobobdooobuoouooooooobboobboobbuoobDoUoUuUb oo
godboooogogobooobtooobboobbooboobbuooobooub oo
goboobobbooobooo

l.dbooooobooboooboooboobboobooboobooobbobbon

ggg

2. 000o0ooboobb0o0bo0bb oo bbOoobbooobbooooo

goboobuogoooooon

. 00ob0o0bo0bo0boboboobooDoobbo oo boboobo

gooboogogoooboouobboobooobooboobooboobuobbuobbo
godooobooon

4. 0000000000000 Oouobooobooo
.0Joboboobobo0boobuoouoooob bbb oo boubbo O
6. 00 000000ODOO0ODbOO00ObOU0bODODO0bOU0Ob0bOD0bLO OO 0OUDbDObDOOD ¢,0

goooboouobooboobbobboobooboouoboooboobo o

ot
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3 0 Jooooouoddogoo

3.1 0O 0O

g20bdgoobdoouobooobotoooobbooobbooboooDbuoooboo
gobooboboobbobobouobouoboooobbo sgbboobooboUob o
godoboobouoboobtoobtbooobobbobooboboobobobDboob b

goooboooobbdooooobtouoooob bbb bboooUobbobo
oo spgbobooobuooboobooodoobouoboobooboobuoubooo
gobooboobouobooboogbooon

g3bgbooooboobobouoooboobboobobbooboobobobououob o
MELOOUOOODOGOUOUDO400000 -00b00b0bOooo

3.2 JOO0boooboobobdobobobobod
321 0000000000

Fig.210 000000 S, 00000000005, 00000000005,00000
0000sS00000000Q00000000000000O0000O00000000

gooboboboboob0oboooobobUD oD OUDUODO ODDODODOO
O00¢U0O¢, 00DDODODODO0DOODOOOOOO30000001/RO0ODDODODOD

Q) oP) | 2 1 1 -
_ 9 _ P
on
0000000000P,QUO00000RP,Q 00 PQINIDNDNKQ) U0 QOO
Ddddooooood CavchyUOODODODODODODO2000000 mROODOOOOOO
99(P)

C(Q){ 25(99)) }:/S{ 25(7;)) }%lnR(P,Q)—lnR(P, Q) aﬁf{‘m ds (3.2.2)
on

ggoo

0000002000003 00000000000D00000¢00ODO0O (3.21)0
O0000000oo@s22)y00oooOoooDOoog sSoMOO0O0O S, k=1,2,...,M
godboboboobtoobbooboobuouououoouoobo

(Q)H(Q) = é/sk {¢(P)% (R(Pl’ Q)) — R(Pl’ o) a%(:)} ds (3.2.3)

ggoo
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gobodoboooobuoboboobobuooboboobooobobuooouob b oo
goboobdooobuoobtoooboobbodboobbuooooouobbooooo
gogoooboboooobouoouootboboobobobuooooboubobo
gooobdooobboouoboboobbooooobbooobbDbobbouoboboo
gooooog P(Collocationalpoints)ﬂDDDDDDDDDDDDDDDDDDDDDDD
gooobooboboobodootbooboboooboooooboobooboobLon
googdoooboobooobbooob bbb boooub oo
gogoboboogogoogobtboouooooboobuoobouoobuoobooo

gobooobbdoobobuoouoooubooobtboooboobbboobooboboo
gooboobobobobobuoobuoooboooo

goooon M
goooooooooo Mg
gooooboboon k
goooooo P
gooooooo N
goooobooon Ng
gooooboboon vor g
gooboobooon n
godboooobooboobboobboon l

goodoboboobobtoobotbobobobooboboUobobDUouob oo
gobobooboobooobuoboooboob oo o kObDOobU jLO0O0
gooobobooy=40000000MUO0ODOODNODOOM=NUODOOUOODO
DDDDDDDDDDDDDDDDDDDDDDDDDDEDDDDDDDDDDDDD
0000000000 AS, 000000000000 O00DB0DOO0O0DBD0OO0O000 (3.23)0
goobdoooooboboobtboobobobboobobobbooboboboobobo

00
¢ = P)
; i) (3.2.4)
¢nj

|
QD ©-

goooobooo

ﬁA
R(P;, F;)
goooeuooono ]ADZ'DDDDDDDDD(B.Q.B)DD

N N
cigi =y Hijpj— Y Gijbn; (3.2.6)
j=1 j=1
oo Hy; - 0000 H;00O0DO0ODO0ODO0O0ODO0OOOoooo
N N
Y Hijoj =) Gijon; (3.2.7)
j=1 j=1
gooooao
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bobooboobboobdoobUoouooDbUoDbooboobooboobOon
gogbdguoobobuoouootoouoobtooobbooobboobbbooouUoub oo
godoobooobodooooboouoooobbooobboobbbuoobbobboo
godbooobooobuoouoboouobotoobooboobbbuooobuooobbo
gobooobobobooobobbooobobboooogboboDobo DD o kOO
gd,b0ooboboooboob oo MmO NOODOODOODO
godoobobooboobooobboobbooboo

J 1 - J 1 .
‘/Sk ¢(P)3- (7]%(7379)) ds = Zwua—n (71%(]3 Pu)) ASEd(Pre)

L 09(P) L 1 0b( Pry) (3.2.8)

s, R(P,Q) 0On

[
||M
S

=3

00000000 P, 0 k00000000 /(0000000w, 00000000000
gooooooopoOoOoooooDOo(@DbDOoO0o0oOoooooDOoOoooooDoooD oo
go0oOoooco0O)oooOo0oooopoobobobCbOOOoDOoOD

Jd 1
ke Wt (R(PZ',PM)) Sk
1

ASy

(3.2.9)

Gike = Wkt— == =
R(P;, Py)

0000 @28)000C0O0oDO0o0oooD s, 00ooon

‘/Sk </5(77)6% (@) s = Zn:hikﬂb(f)kz)

=1

ds = ;
s, R(P.Q) on ;g“ an

gobooboogotbooobbobbobbuoobuoobbooo

¢ = (b))
bre = ¢(Fue) (3.2.11)
Gppe = 0P(Pry)/On

0000000 (3210000 (3.23)000000 Q0000 000000000000
0000000000000

M n M n
cidi =Y > e — DY GikeOnki (3.2.12)

k=1/=1 k=1/=1

gooooao

gdodoooooooodooooooooooooooooooooooooon
gdddoooododooooooooooouooooooooooooooooon
0000004000000 00«/00D000D0KDODOODODOODO¢YODODOODOOO
go0ooo0opDO0odoOo0oO0obDOoOo0ooooboOoOo ;0000000 O0B212)0D000
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dMOOobOoboooboo-00b0020000000000D0OULDODO0ODO0ODOD O

Hij = hin
ki=jy
3.2.13
Gij =Y girt ( )

ki=j

0O00@3212)000000NDODDODODOOODOODO
N N
citi =y Hijoj— Y Gijbn; (3.2.14)
j=1 j=1
dooouodg Hy;, - 0000 Hy0oooooooooooon
N N
S Hijbj =Y Gijon; (3.2.15)
j=1 j=1

000O000(3.214), (3215 0000000000000 (326),(327)00000000

0000(3215000000
i ] {¢} _ {¢} (3:2.16)

0000 |[H||G|0ONDNDOOODDODOOOOOOO00000 (3216)0000
000000 ¢000000000000000 ¢00000000000000000
000000000000000000 H,;,G,0000000000000000000
0000000000000 000000(256000000000000000000
0000000000 (256 00000000(3.216)0000000000000000
0000000000000000 (256 0000000000000

G

3.22 OJUO0O0Oooooooo

3210000000250 000000000000000O0(RS6)0000000000DO
ooO0Og s, 0M, 0000 S,k=1,2,....M;,00000R256)000000000000
gooooogoooon

094(Q)
on

M,
~ N(Q) M™! Z/S _6(P) N(P)ds + Q"(Q) (3.2.17)
k=1 kK

OO0O00000 N@Q),NP)OOOOGO S, D0 QUOoOoOopPOOOOOODOODODODO
00000OMmMOD0000000D000000D0ODOO0QE(Q)OR,3) 0000000000
0000000 (253)000000C0000COD0O0O0OODOOODOOOOOOO

M
' _ 1N 1 2 s
Q@) = N@ M 3 [ (~2(P) - 5(VOP)) NPX

£ N(Q M (F, - B) g 5 (Vo))

(3.2.18)

gooo
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god32100000000000000000000OO
/S f(P) N(P)dszzwkgf(Pkg) N(PM)ASk (3.2.19)
k =1
ODO00O00C00ODO00000O0 fo@21m)00000O0 f=-¢,0000(3.218)0000

00 f=-2z-4(Ve)!000DO
0000000000 $,00000000 S4,k=1,2,...,M;00000000000

M,
[ sy Ny = 3 [ ) NP

= 3> wpf(Pu) N(Pr)ASy (3.2.20)
k=1/¢=1
M: n A
= Zzeuf(Pu)
k=1/¢=1
00000000 ey O
exr = wir N(Prr)AS) (3.2.21)

goo0oboobob0ob0ob0oUob0obob0obU0oUUbUbUbUobDUOoUbDUOkEO
gobobobooboobbooobuoobuoouobooo

ej =) eu (3.2.22)
1=kt
0000000(322000000
SN R
/S J(P) N(P)ds = e; f(F;) (3.2.23)
| j=s1
Ng nodes

0000000 /00 f(P)000e, 0000000000000 j(j=%,..,sy)00
000000000000000(3223)000000

/ J(PYNPys=| e | {f} (3.2.24)
Ss

oo0ooooon [e]mﬁmNSDDDDDDDD
(3223)00 fO -4, 00000 (3217)0000000 QOO0 200000000

8(/55(7?) = —N(£) M7 EN% ejo( )+ Q'(P) (3.2.25)
000000
Aij = N(P) M7 e (3.2.26)
000000000 A 5
8(%7(7?) = ZN: Aijdii + Q; (3.2.27)

J=s1
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gooo

0000000 (3223)00 f0 —Z—-4(Ve)?000D0D0 (3.218)00 000 0(3.2.26) 0
0ooooo0o

SN 1
Qi Aij (=2i = 5(Ve;)*
];sl ]< T2 ]) (3.2.28)

0 (1
+ NiMT(F =) +ai— o <§(V¢i)2)

gooogoobobooobooouoboboobobooo bbb ouoobDoboo
o000 0000O000ODLDDyUD0000D0ODLDO0DLODUOUUODUODUOODDeDUDODODOD
gobooooboboobooooouUt bbb DD bobobboUooo
gobooooboobooobooogooooboobobbobobouoooobobbobo
gooooobdoooboboooobbobooobboboboobboobbbuooboboo
goooboooobodooboooboobobobooouboooboLoooboOoDbo
agd

0 /1 J 0? d¢ 0 [0
o <§(V¢)2)) = —k(Vo) + a—i (_87(5) + G_f% (8_?) (3.2.29)

00000000 (00000000000000000A20000(3.229)000000
0000000000000000000000000000000000000000
00000000000 (3229)0000000000000000000000000
ooo

(32260000000

:[N][Nﬂq[ e | (3.2.30)
0000322000000

SRR

D[]DD[]V]DANSDGD[][AA]DGD(H]D[e]D(ﬂ]A@D[][A]D<Mﬂ]A%D
0000000

A

3.23 OUOUonooog

ODO0000D0D0O0O0@G216)00000000DO ¢, 000

Rl e

OO0000000D0O00@G23)00000oo0o0ooooogoooooooooooooo
gooooboon

G
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O0000000D0O000000DO0000D000000 ¢,¢mO0000(3.232)00
gooooboon

(3.2.33)

0000000 [H|,|G|ONONDOODOODODOO [Hy|,[G,;|0000000
00 |Hy»|,[G» |0 NsONsOOOODDOOODOOOODO0O000 0(3233)
00 (3231)000000

H11 ‘ H12 ¢t G11 G12 ¢tn
H21 ‘ H22 # G21 G22 _A(ﬁ; + Ql
G11 _G12A ¢tn
= (3.2.34)
G21 _GQQA (f’;
G..Q’
_I_
G..Q’
dodoouoooooooooo
H11 ‘ H12 + G12A ¢t G11 ‘ G12 ¢tn
= (3.2.35)
H21 ‘ H22 + GQQA (ﬁ; G21 ‘ G22 Q/

gooo
0000000000000 00DO000G232) 00000000000 (3.233)00

gogooooogoo [A]DDDDDDDD@DDDDNDNDDDDDDDDDDDD

goooboobobobooooboobboboooooobouobobo

] on S )
1] 1] 1]
a _ 0 A 0 on 5. (3.2.36)

24



goooooooooo

of

/
t

[ H+GA

of

gpooobooogo

Q' (3.2.37)

3.24 OJU0OU0UOLOOOOUOOODLDOLOOOOUDLDOOODbDOOOLO

oobooo22000000 @, 0000000000 0DO0DOD0DOD0ODODDODbDODb O
O000DO0OC00O30000000 (Fig24) 000000000000 COOOODOOOO

gooooboobooobon

0003216) 000000 0,9 0000000000000 0O0O0OO

B
&S {¢} _

0000(3.2383.239)0 000000000

H1 ‘ 0 ¢1t Gl ‘ 0 ¢1tn

G, {dmn} (3.2.38)

@ ‘ H2 ¢2t

)

goobooood

goon

(3.2.40)

G

{(ﬁm} (3.2.41)

OO0O0oocoD0O0 (254) 000000000000 O,00000000000O
gooo v, NpOOUooooooNOeOUODDOOooboooboono

i)

OD0O000@B22)00000000

— on S,

(3.2.42)

— on Sy,

ké/sk fe(P) Ni(P)ds = [ el ] {fl} + [ es ] {fz}

25



D0O0O0O00ooooo
0 [A]D

=[0ei0|0e:0]

0
fi
0
0
f2
0

-1
SN
o
Ny
0 -1
= || M| [0e0]0e0]
N,
L 0 ]
K 1] 00 1] 0]
0 NiMler 00 |[NiMley| 0
o 0 0|0 0 0
| 1] 00 1] 1]
0 NQM_lel 0|0 NM_162 0
0 0 0|0 0 0]

Doooooo[ |Jooooo

gooooooboon

(3.2.43)

[e|D60NDDODODDOO(3236)000000NONDOOD

(3.2.44)

gobooobuooobooooobbouobboon

ODO00O0ODODOO00O0Q00O0O0ooO@es,4)00D00000D

0
(ﬁlltn
0

0
(ﬁ/Qtn
0

0
gy
0

0
gy
0

(3.2.45)

00000000 ¢4,,¢5,00000000000000324)00000000O0O0OO0O

gogn

gooo

[ H+GA

¢)1t
1,
P
Do
?,
Do

26

¢1tn
Qi
¢1tn
¢2tn
Q;
¢2tn

(3.2.46)



3.3 oo oooouognoo
3.31 OJUdggood

(1) 00000000

0000000000000000000000000000000 é,,¢, 0000 6
0000000000000000000 (229 000000000000000000
000000000000000000000 (24300000 (2441)000000000
0000000000000000000000 (3224000 (324300000 f(P)O
0000000 Fy=|el|{f}0000000

(2) 0OOOO

OO0 rF,000000000000000000000000000000000 F,
000 F=F;+F,000000000000000O0(2436)00000000

3.32 OJUOoboooon

000000000000000D0:00000000000000000000000
000000000000000000000000000000
00000000 (224)0000000000000000000000000000
000D000000000000000:0000000000000000000000
000000000000 ¢000000:0000 X)) =(X,Y,%4)00000000
000000000000 0O0000O0s,»00000000000000000000
00000000000 ¢,000000000000000000000 ¢ 000000
000000 ¢, 000000000(224)00000:000 Vi(1)0
DX,
Dt

ooooooboot:t+Aa:00gogb:0b00on

V,= =V =0¢ss+ ppn (3.3.1)

Xi(t + At) = Xz(t) + VAt (3.3.2)

gooooon
O00OCo0O00000ODO0O0OO0DOOOO0OoDOooOoooDOO((226)000

Gill+ A1) = (1) + (=7 + (Vo)) Al (3.33)

gooooon
goooo0oooQoo0oo -oDoc0o0OooDMEL))ODODDODOOOOCOODOOODOD
gobboobobooboooboobuouobuooo

333 UUoubuooubooubuooubbougooo

gooboooobodooobdooouobuooob bbb booooboo
godbooobdooboouoobtooobbooobboobbbuoobuooub oo
godoooobobotooboooouootboobooooboboobobDbobDUoUob o

27



oot otbooboobobououbobobboUobUobo
ggoo

Ub0Fg3 1000200 00000000000 0000b0Oob0boobOoOobOoboDbO
godoobooobouobouob vioououoobooboobooboobooboboobo
n; U0 O00000000000000000000000», OOOOOO0O0OO0OO0OO
googoooobooooboogo ppO0000O0O0O0OO0ODOOO0 RPOODOOOP,O00
oobobbooo 00 p 0000000 ¢, 00000000 O0OOOOODODODOOOOO
000000000000 ¢FPy)=¢p)0000000C0000000O0P, 00000
good e, 00ooo0

Ud0b0¢,, 0¢, 0VUR;,O00n, ODDODOOOOO0OO0

Gny = Viomy
3.3.4
¢nb = V'nb ( )
0000000 V,n,n, 00000000 (Vx,Vz),(nsysms,),(nsny,) 0000000
oo

(3.3.5)

%f:wmk+wmz}
Prag Vxnpy, + Vzm,
gooo

(Mgxonsy)s(y,my,) 0000000000000 ¢, 0000000000000 ¢,
go000oooo0ooooopoooboO@s3s)oo0oog (Vyx,Vz)OOoooood

gf0oogs3gdoooooooouooooonooooooooonoooooonoooan
voboooodoooboovioooooooooodooooiobodd =, J0DOO0OOO00O
D0dodduod»n, D0000000OO0O0OOO sOOO0OO0OODOO0OO0 oOOOOOOOO
U000 o, 000000020000 0000000000O0O0OOODDODDODODOOOOOO
Upuooboooboboobobb pO00O0OC0O00O0OO00O00DOO0O00P,, 0000000
DD(bnfDDDDDD

000 ¢nyrbny¢s 0 VO ngmy,s 10000000000

Gn;, = V- my
O, = V-my (3.3.6)
¢s = V-s

0000000000000V OO0O00000

300000000000000000000000000000000000000000
3000000000000000000000000000000000000000O
0000000V OO0OO0O0000000000R»,0000000000000000
000000 n,,n, 000000000000000000 P,00000000000
PP, 0000000000000000000P 0000000004, 000000
B pr by Sny, O V O mypmy,my, 00000000000

Gn;, = V-my
Ony, = Vo, (3.3.7)
¢nb2 = V . nbg

goboboboooboooboviooobuooo

28



34 U00O0OUOODODOOOOOOOODLDOO

goooooboboooboouooouobotooobtboo bbb oooo o
godbodooooboooooboouobbuoouobuooobooobbbobboooboo
godbooobdooobdoouobuoouob bbb bUooub oo
gogbooboobooboooobuootboooboobooooboobobbUobO
000000000000 Sommerfeld 00000000000 ™808.8)000000
0000000000000 0%880ooo00i00000000000ooonoooon
gobooobooooboooobotooobtboooboobbooobboouboo
goobdoooobotbooboobooboooobbbbbbboooooobobobbo
godboobbdooobdoopbooobbooobbooboobbbuoobbbooob oo
godboooboobodooooouooboooobtboooobbooobbboobbobboo
godboobbdooobdoouoboouoboobbooboobboobbooboboo
goooooooon

gobooobbooboboouooouobuooobtbooobboobbuoobUoboboo
godboobboobobdoooboouboooboogobboobboobooboo
goooobooboobooobboo xgoo

Dé 1
E:—Z+§(V¢)2—V(Xe)(¢—¢e) (3.4.1)
dn
D= 6z = (X)) (3.4.2)

DDDDDDDDDDDDDDV(XB)DDDDDDDDDDDDV(XB)DDDDDDDD

270

godooobooboooboooboon
k

v(X) = aw[ (X - Xo)]’ (3.4.4)

DDQDDDDDDDD(3.4.3)DDﬁDDDDDDDDDDDDDDDDDDDDDDDD
0oooboooood ¢, 000000000 Doo oo O
oot oboootreg32000gooooooooon
ddooooobooobooooooood ¢e=0p.=00000000 Fig.3.30 OO0
gooobooooooouoobboooooouobobooogdrigl320 000000000
oo obooobooooog ¢.,pe DO00D0OD0ODODODODOODODODO
godoouogogoogooooooooooog b o oo ooooooao
DD87)
6(X, Z,1) = igzzhfzsf;:h’g cosh k(7 + h) cos(kX — wi) (3.4.5)
J 4ssinh? kh
“X”:‘fzﬂ:ﬂ%;ﬁﬁm
Oe¢.,ne 00 000ODOO0O0OO s, 00000DOD0O0O0ODODDODOORODO0DODOOOODOO
gooooooooooooboooggguoooooooo oo oo ooooboao
goodooogooggdg

sin(kX — wt) (3.4.6)

29



3.5 Uouooooooood
3.51 0OO00O0OO

O0o0ooooogooooo(()yoo G)boooooooooooooooDooOooOooo
gooooooouoooooad
(1) ¢0D0D0DDODDODODODBEMOOOOODODODODODOO
(2) J000000ODOODODDODDODDODODODODOOODOOD
3) 0000000000 BEMODODDODDODDODODOOODO
(4) 0000000000 DODODODODDODOOOOOOODOOOUODOOUOOOOOOD
() O0(HOO4UOOODOoOOOODOOUOODUOOODOODOoOoOoOoOoOooDooooDOoOoO
ogoooood
lrg340 00000 O0ODOODOODOOOOODO(2),3)00000000000DOQCODOO
goooooooouoooooouoooooooooooaa
00000 120000000000 @CDOOO00000C0OOCODODOOO0OO o000
go0oooDoDOo0ooDO0O0ooO0oooOooooDOOo0oooDOoO)yoooooOooOooo
00oooobodriegdhdionoooooodoooooooooooooooooao
Jop/Ot 00000000 0DDODODODDOODO0OO00DODOD0O0D0ODODO0OO0O00OO:000¢
000000000000 ¢(ty) D00+«000D0D00».00000C00O0CDOCOODOO
00 di(t)/dt O
doi(t) _ 9oi(1)
dt ot
O000000Ode(t)/dat DO0D0D0DOO0DOO00ODOOO0O0O 0¢;/0t0
6i(t) _ dill) — éilt — Al)
ot At
oo oooooooooooooooon
gooooooooooooooooooooooooooooooonooonoooon
gooboooooooooooooooooooooooooooooooooooonon
gooooooouoooooooooobooooooooooooooooooooon
0OooobodoooooOo0ooooDoOogoooDogoogde),3yooooooooooooo
gooooooooouoooouooooooooooooooooooooooooon
410000000

+ v Vi) (3.5.1)

— v V() (3.5.2)

3.5.2 OJU0O.0oooooogobood

330000000000000000 0A)0D0000000000000000000
00000000000000000000000000000000000000000
oAt)Y0DD00.-00000000000000000000000000

00:0000000000000000000000000000000000 400
000000000000000 X,(1),¢(1) 00 0000000000000600000
0000000 R, U D0D0D000000 X, ROI00000000000000 S(t)=
S(X,t),R(t)0000000000000000000000000000000000
0000000000000 ¢(S(t) 000000000 ¢(S¢)000000000000

30



D00 ¢(St) 0 ¢(5t) 0000000000

a(3(S(1),¢(S(1) 00000040000

-0 At bo0b4b bbb Do boboobogo

goobooooobogood

g1good

g20000

g3000d

e Y | A VR 1 | oAb e

e Y Y | R 1 1 |

Athb(S(t))
At(=Zi(t) + 5(VO(S(1)))?)

Ata(9(5(1)), ¢:(5(1)))

AtU (1)

Xz(t) + %AXH

$i(1) + $A¢i

U(t)+ 1AU,

R(t)+ 1AR,

S(Xa,Ri)

B.E.M.

B.E.M.

AtV $(51)

At(= z+%( #(51)%))
Ate($(51), 6:(51))
AtU,
Xi(t) + 1A X5
$i(1) + FA¢i

U(t) + AU,
R(t)+ AR,
S5(Xi2, Ry)
B.E.M.

B.E.M.

AtV $(S7)
At(=Ziz + 5(V$(52)?))
Ata(d(52), $1(52))
AtU 4

Xz(t) + AX 3
(bz(t) + A(sz
U(t)+ AU;

R(t) + AR3
S(XB? R3)
B.E.M.

B.E.M.

31

(3.5.3)

(3.5.4)

(3.5.5)



40000

AXiy = AtVe(Ss)

Ay = Al(—Zis + 3(V(55)?))

AU4 = Ata((53),¢:(53))

AR, = AtU;

Xi(t + At) = Xz(t) + %(AXH +2AX ;9 +2AX ;3 + AZBM)
di(t + At) = ¢i(l) + 5(Ad 4+ 2A6; + 2A¢3 + Ady) (3.5.6)
U(t+ At) = U(t)+ (AU + 2AU, + 2AU 3 4+ AU,)
R(t + At) = R(1)+ $(ARy +2AR; + 2AR3 + ARy)
S(t+ At) = S(Xi(t+ At), R(t + At))

S(S(t+At)) <« B.E.M.

¢ (S(t+ At)) < B.E.M.

400000-000 00000000 b0bU0de¢eUd 0oL DbDAtO0OUOO
OopooDoOoDODODORODOOOOObDOAHYOOODODOOOoUO400000000
OOooooOD 1/20000000At0000D0D0DDDODOO0O0OOOODODOODODOOOOD
godbooboooooboooboon

3.6 0 U

goobodoo 20b0ouobtooobotboooobobooobboobbobboooboo
godobobobouobooboobuoobboooooo
l.doooobbbbbbobbbobbbbbbbbbobbdoooooouoooo
ugobooboobooooooo
2. 000000 obobooobboo0bboobbUobbooobObboobOouboo
goooobouoooobooboobboboobuoobuooboboobuoobo
godboobbobooooouobobooo
. 00ob0o0bo0booobobobooboDoobLoobOoboobooboob o
godbooboouooooooobooo
4. 00000bo0bobdoobuouboooobobbU0obUooboooobooo
goon
5. 000o0boo0bo0bobobouobooooboobb0oboUobOobobobo
gdboobuoobooouooououooobooobooo
.bobobobobo0obdoobuoooooboUoboUobDbbUooboboo
r.gbdboboboouboboboboooooboooobobuobooooooo
gdd40bboo-ooboobouoboobboobboboom

@

32



4 0 Jogoooood

4.1 0O O

40000 sOooboodooooboooboobodobobooboboDouobo
gooooooooobooobooobobobbobobboobbobobOoUo
ggobooooooobtooobboooobobboobooobooobboboooo
gdobooooobtooboboboobbboobobooooboboobboobo
goboooooboooobooobtoobboobbooobuooob oo b oo
godbobooobdooboooobtbooobboooboobooobbuoouboo
ggooobooobooooobdoobooooobbobboobuooboooobooon

gbobo400000b00D0200000000000D00DOUbDOUbDOUOOLDO
gobobdooooboboobobbooooboobobooouoboboobobo
gdoooboobooboboobboobog

goobooobooboooboooobuoooooobboobbboobbbooboo
godbooboooobdoobdoooooosgbbooobbuoobooboUooobOoo
godbooooboobooboboboodou 4000 bbb ob oo
godboboboobooboooon

bbb 4000020000000000Fg410000000D0O0O0OO

42 JU0U00OO0O0OObDOOOOd

googbobobo0oboboboboobooboob0obobuoubooUoonUdrigs.s
goboobouobobboboobbobbuoobuoobouoobooo

421 OJU0dUoobooo,gbo,ggbooobboogoubooobod

goooobobdoooboouooutbooobboobboobbuooDooub oo
gooooooOopDOoO0oO0oO0oOo(@UooooopDOoOoooooooooO)obooooooo
goboooboooouooboootbooobbooobboooboubbboooboo
god
eI OODO

Vi = Z//Q dv = Z Z ng ds (4.2.1)
r=1 "

k=175~

e ODOOO

Pf:f;//mwﬁ dv=> [ ¢umnds (4.2.2)

k=1"%x

33



eI UOOOODO

Ef_E:// 7+ (Vo) 2: —Z%ng + s ¢” (4.2.3)
=1"%%
«00000000000000
v 13
I:Z// pndsdt (4.2.4)
k=1 0 Jsw
«000000000000000
~ [ 0
W= ds di 425
Z//p 2 s (4.2.5)

oooooobooooo y,,00ooooboObODbO0O000ooobooooOoo e, o0
gooobobooboobooo

googgooooogoooobooooobo vy, oodd P, 000000 F, 00000
gdoboboboouoboobbobooboborocoowpooobuoobuobuobobo
gdboobobdoodouoouobtooobbobbbooboobbuoobDLoUoob oo
odbopP,0robooooooogdododooodey,,dwidddddodoood

422 QJUO0UOOOOdod
(1) 20000000000000

Fig4200000000000000200000000000000000000000
000000000000 00O0003000000000000000 180000 2000
0000 1400000000000000000000000000000000000
O0000000000000000000000000000000000000000
000000000000 0000
O0000000000000Fieg4300000000000000000 T, =226s00
000000000 At = T,/320, T,/160, T;,/80, T,/40, T,/20 0 50 0 O O O OConventional
Method 000000000000 000000000000000DOOO OThe Present
Method 0O O O0O0OD0OO0O0ODO0D0000D00000000000000000000O00
0000000000000 0000000000000000000000000000
0000010020000 00000000000000000000000000000
000000000000 01001600000000000000000000000
O000000000000000000000000000000000000000
O000000TFe440 0000000000000 00000000000OO0O0OO0000
0000000000000 000000000000000000000 0.007% 000
0000000000000 0000000000000000000000000000
00000000
0000000000000 00000000 Fig450000000000000000
00000D0000000000 P,000I00000000000000000000
00000000000 000000000000000000000000000000

34



000000000000 0D00D0 At=T,/3200000000000000000000
At=T,/20000000000000000OCDOOO00O0O0O0OODOOOOOOOOOO
goooobooooobooouoooootbotboboboodggbobobbobobo
goododouoooboboobooouoobobbo Db LoD Oobo
godboobooboooboooboobuoouooouooooobooo

goobooooobooobob Feg460 0 D00 DODO0OO0OO0ODLODDOOUODOOODODOO
godbooobobooobuoooboboobtooobboooboubooobboooboon
At=T, /800 0 0000000000000 DDODDOOUODODODODOOOOOOOOO
goobodoobobdoououooubotboboboboooobobUobobUobobo
gdbooboooobobbbtooooboooooboob rig4a6s D0DDDOOODODDDO
gdbobregd4asb0ooobooboobooobbobooboobogoo

gobdouobogoooobooouobbooobboobbooobboubuoouboo
godobobobouotoobuooboobd rgda7bO0boobboooobbo o Erryp, O
gogoooboobooon Erre O

T
| st - 1)

Err? = - (4.2.6)
/ P (1) dt
[ sty = winyan
Err? =20 (4.2.7)
/ Es(t) dt

godooooroboboodbbobrigday bbb booobooooboo
godpoolod20bboobboooobbooobbooobboobobbuoooboo
gobdoobogooboboooboooobooobbooobbuooobbuoooboo
godbodouogobtboooboobooooouoboobiog320bobbooboobo
gogbpopoogogboobbooboobuoouobooobooobuoobDooUu o

(2) 200000000000O000

0000000000002000000000000000000 Fig48000000
0Fig42000000000000000000A=4m00000000000000
00000000000000 T,=1.60s, awy =10cm 000000 At=T,/400000
0000000000000000000000000080%00 5%00000000
00000000000 12°000000000000000000000000000
0oo

0000000000000 00000000000000000000000
Fig.4.9(1),(2) 0 000 0000000000000000000000 Figd.93)0000
0000000000000 0000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000003%00000000000000

000000000000000000000000000000000000000

35



gogoopoobdooouoboobotooootboboobooboboobobobUoob o
gobooobooooon

(3) D0O00OU0U0U0U0U0200000000000O0O00O0O

Fig4100Oooooooooo4o200bb00ooobooobboo3sgouobbooon
00000o0ooooobbbobob ccallOboo’sbUObOU0ObDOC2000000 080
gbb00cC30 cal20 0000000 bo0o0bo0booobooboooboooboo
JddboobobobuobboooobooboooDobUobboUoboUO A=2mOO00OO
godboobooboobboooobuoouooou0 Ty,=113s, awpy=4em 0o

U 0O 0OFig4.11, Fig.4.12, Fig.4.130 00 ¢+ =2257, 00 ¢t =377, 0 7v0dooooonog
goboooobobooobbooobobbbbbooobbbobbobbooooboo
goboboooobobotbooboobobuoobotbobbob0obuooooUoouUoo
godbooobooooobboobbobobouoo

0000000 b0o0b0ob00b0D0b0obU00UUbUFegd4d0Db0D0DOODOOCAlLL
OcCd2000000000D0DO0O0ODOD0ODO0O0O0ODLDODLDDODODUOUUOUODDbDUODbDOOUOO
Jo00o0b0b0obboO0obOobobo0ooOoobbclao cal3gboboboogooooooboo
goooooboooboooobtbooobbooobbooobbbobboooboo
godobobbooboobuoobuoobboooooo

Cal2000000D0O0ODODODOODODODOODOODUOUDUODODbDODODOUOOOO
gdboobuoouobouobuooobooobboborgdhbbobobbbobbooon
godbooooboobooobboouobbdoooooooubboobbboooboboo
godboobbdooobdoouoboouobooobooboobbuoUobbuoooboo
0000000000 DO0O0OOgo00%000ooooooooD

goob200bb0oboooobboboboooobboooobbbuoooobbobo
gooobooboobodboobooooooobooboobbooboboobbon

4.3 UU0O0OoOooOoOod

gooob3s4a0dobouobuoouobuoobtboobbobbooobobobuooooo
Oo00oDOO0O0C00O000oC0O0O00ooboO0OO00O0o0oOoOEB43),344) 00 o,p 00000
goooobbobbooooboooobbooobbooobboobobbuoooboo
goobooobooobon

431 0OO0O0OO

Figd22000O2000000bo0otboobobuobo0ooobooboobnoboon
gooobooooobooobbbbbbooob bbb booUoob oo
godwboboboobogsoooobo0 vooobooboooboobbooobo
200000000000 00000D0ODOT,O01/2000000

U00Fg4d4l60 000000450 00000000000O0O01 000400000000
000000000 11/20000000000000000e=1,p=1000000000
godboobboobobooooboouobooobooboobboUobbuooboboo

36



goooouoboobdoodouoootbotbobooboboouboboboUobobo
goooooooon
godoouoooboooboobooooobobbbobboboobobooobLob oo
0000000000000 000000 Fig4.17000000000000020000
goboobooooboobbbobooobooobooobooob oL obb oo U o
gooooboOo0obb00ooUg ¢, 0Feg4160000000000 Xy =3.00,X, =3.05
g200boboobdobogouobbboboboboubobuobobobbUobobobo
O0000D00D0D0O0aar,eg O0000D0D0er/e; 000000000000 0ODO0OD
O0oooOoooooooo(t>107T,) 000000000000 ODoooO18%0000
Joo0o0boobob0obdUd e,p000000000O0DOO Fig4.180 p=100000
aJ0000000DOO0ODOODOUODLOODOODOUUOO0ODLDODOe=000000000OO
oJ000000D00O0D0D0O0OD0O0O0D0Oe~100000000DOD0O0O0OODODOODOOO
bbbt bbb Db oo
0oo0oQgFrgdl9Da=100000p000000000000OD0D0ODOO0ODO
gobooob p=0000000000p0O0O00ODDO0ODDOODDODOODOODOB>1
godoobooboobdooobbodobbobobooo1obooboobuobobo
Joobbobo0ob0oouobbdUbee,pO00b001ID0D0Ob0D0DbDODbDODUODOO
0o0ob0o0ooooobuobobobrgd4200 000000 =p=10000000
gooboooboobdooobboooooooboboboobboooboboUoUoob oo
oooooooOO00ODOODOO00OO0O0DO0U00DU0DU0U00D0U0ODDU00OUOOO Y120000000
300000000 1/lcoco00)0DO000O0DOO0OO0ODODO0DO0OOOODOOODOOOOO
goboooboobooobon
U0 0OFeg4200 0000000000 ODOO0OOODODOO0O0ODLODDDOOODLDDODDDO
godoo0o0ooDOoOooO@oooU0oooDOogooboz200yO00OobOOOoODOn
godboobboooboboobtooobbooobbooboobbuoooboouboo
godbooboboobobbooboooobbooobbooboobbuoobbuooboboo
godoboooboooboooobtoouotboobbooobbooobbooob oo
goooobgooo

432 OJU000UOOoOoobooon

U0 0Feg330 000000000 0O0OO0DOUDDLDDODO0OOUUDLDDODOUOUOUOUDbDDbDOOO
godbbodooobboououoboooobbobooobbbuoUUb Fg3200b0Db0O0O
Jo0ouoobouoouoooobb e=p=100000000000000O00 ¢.,n OO0
(345),346) 0000000000000 0ODOCOCODOOOODDOOOOLOO

Fg4210 00000000000 O0ODOMO000O0)0CO00ODODOOCOOOODODO
001/400000000000D0DOODOO0O00ODDODOO0O0OODDDODOOOODODOD
gdooooooobooboobobouootbotb bbb o
gooogo

gooboooooooboobobuouoooooboobooouoobooboobuououo o
gdddddddddouduouobouobobobobobooboboboobouobbbbUub OFiga.220
X=300OOoOoooobooboooboobobuoobobboobuoUobooboobob o

37



t= 7, 0000000 bo0oubbodgoot= 1", 0000 oooboboo
gdoobooobbobooobo200b0oobooboogobooboobuobobo
godoobooboooobototbooooobbbooboobboboboobuobobo
godoboobooboobobobboobbuoobuoobooo
ooboooobooouogb e, pe bbb OoO
O0O00000(345),346)0000000000000000000 Fieg423000000
000000D400000b50000 1400000000000 0ODODODOODO0O0ODOO
goobdooooooootboboboboubobobobobooDoobob10b o
gobobooboboobotboobo2b0ob0boooobbobobOobuoobo
gdobboboouoboboboobooobbbuoboboobo0ooDoobo bbb o
godobobobooobbodob bbb oo bbb oo bUobobo
goobbogboboobobouoooooboobob bbb obob O
godbooobooboooboooobtooobbooobboobbbuoobbooboo
godoboboboooootboboboobobtoobooboobooouboboUobUob o

4.4 0 [0

goooboo3poobooobooobbobbuouobuoouoouoboooboo

l.dboogoboobooboooo20b000bb0o0obbOoubooo3ubboon
godooogobooobooboodboooouooobooboobooLbo
goooboooobobobboobuooooouobouobooobooo

2. 000000 bo0bbdoboboouboooooobobUbbo0obbUoono o
godboobdoouooouooouooobobbuoobuooobooob oo

. 00b0o0bo0bo0bobobooboUoobbobooboobOooboubo
0000000000000 1.8%0000000000000D00DD0o0ooDoo0D 3%
gobodoooooboobuoobooobuoobuoooo

4. 000000OO00DbO0ooboobtoobboobbobbobboobopnbooo
godbooboboobobooboobuooooouooooboobbuooo o

5. 000bo0obbouoboouobuooobooobbooobobobboobobOooboo
godboobooooooooobooo o

38



1 5 [ Jodoooouotddd

5.1 0O O

goooob 20,030, 04000000000 b0o0bDbDDbOo0ObDbOoOoLUbUOO
gdogoobooobouobobuouoboobouooboob soboobboboobO
gdobbodoboboobobobbobuooooooboobuoboob200020
gdobobboboooobobooobobuouootbooboobboboboobobbo
goboobooboooboobobooboouboooboooboobooobLoooo o

52 UUOO0OOoOoon

gooobooooboooobodoouoobboobobooooooobooobboo
gooooon

52,1 UU0UOooooooboodn

goobooobobdoooboouooouobotooobtbooobbobboobooLoboo
FighlOOooooobooooooooob3mUbbo smOd0d 4m 000 oooon
gdooboobobdoboobobboboboobobooooobobbobDboob o
godboooboboooboboboouoboobbooobbobobbboobbooouo
godoo0oO0pooOoOoOooDOoOoo(@Oo0ooDUDOOO0O0OoDUobDOoOoOooDOo
O0000D0)0 Table5.100000000D0O0O0OCOO0OODOOCOO0OODOOCODOOOO
godboboooboooboobdoouoooobboooobboobooobbUooub oo
gooooobobooobotboboobobobobobobbobb , 00O UO
Uowr, b oogogoooog s, gbgoboooboooboobonobobobo
U0, 0000000000 00000 AS/mIOO0O0O0OD0O0O0O0ODO Im<A<hm
gooodouoooboboobouobuooobobobbobobuooboubobo
godbooobdooobdoouoooouobtooobooobboboobbUooob oo
gogoboboboooootbobooboooooboboobooouboboUobUob o

godooooboodooooo2bbbboboo0o0ooobbooooobDbDoLobbOon
Figh200ODODDODOOOOOUOLOOoOooOoboooooboob3mdd ImO00O0 1.8mOogn
goooobooooo

gooboooboboboobobbuoouobbuooobboound Figs.3O0 Figh4al OO
00000 Table 5.20 Table 5,30 0 OO

39



5.2.2 UO00OO0OOOOOOOOd

goooOO0oOdoo0oOdooOO0sgo0oU0oo(@UuoOoooooOooo)bObooo0oooDOooO
gooooboooboo
j0o0oboobobooobobooboboboboboobobbboobobon
U0 rgbhsdD0ooooooobouooobobbooboobobboboboboboon
gooobooobbbooboboboboboboboooooobbobooooonn
gboobboooooboboooboobobooobobbonod £440em 0O 00O £20em O
goLoeooobooooboooooboboobbbooobboooobboooboboboboDboD
gbooboobobobooobboobooboooboooooboobbbobboooonn
O00O0O0SIN/mOO0D0O

gobboooboobbooboobogob2bb0oobobo0oobooboobooobboo
gboboooboboboobooobbooboboobooobooooboboooboobobob o
gboboboooboooobobobooooboobobooobobbobobobobo
gboboooogogoooboobboobooboobobboboobooboooobooobDbo
gboooooogobon

ggboobMMDbobOoooOoobooOwOoooOO0OO0O FOODODOODODOODOOOO
gooboooooobboooooboogooobobooooobobooob fODODODOODOO
gbooboboboboobobobobobuobobeeboobbboboboboDbo
googon

F+G=(M+m)a (5.2.1)

gbooobooobooobooon
f+G=ma (5.2.2)

000000000 GOO0OO0000000On
F=Mao+f (5.2.3)

ggoo
00000 Fig.h30 FigbhdD DO OODODOO Py,Pe,...,Ps 000 000O0ODODOODOOO
00000000 2kg/em? 0000000 6mm 0000000 WKHOOODO
0000000000 b0Ob0o0oboObO Table540 000

53 UUOUOooond

Figho6U DU ODUOOOOUOoooooooboobooo400+40000 100 x206000
godb1i1gboobooobooboobooboboobuouobuooboobboobbo
gooooobobsobboobbbdt12o0boobboooobooobboooboo
0300000000000D0D00DO0O00O1/2000000000000D0000 1/20
O000oD00ooooog 1/4o,1/800000

gooboobobdooobobooobbooobboobboob oo oob oo
O (345),346)0 0000000000000 0O0DOO000O0OO0OODODOOOOOO
googooboboboobobooboobobooboboboboooLobLob o
godboobooooooboon

40



gooboooobooboouobtooooboboobboobbboubuoouboo
godbooooobooobooooboooobtboooobboboobbbuoobbobboo
gobooboobooobobobbuooo

54 U0O0O0OOUOUOOOOOOO
54.1 UU00O0ODOOOODOOOLOOOOObOOOOd

(1) 000000000000

gobooooobooooooboogoob bbb bbb bboobboo
1.8m,2.7m,3.6m 030 0000 sem,10em 02000000000 60000000O00O00OO
U000 0OFighrOD Figh 200 OO0 OO0 O0O0Oo0obOoogboobooboobooooobo
godboobogoguobogooboossboobbooboobbbbboobobbuoouoboo
00000000000 b0b0ob0obUooDOoUoDOoUbOUbDUOdTablehr oo O
goobdoboooboboobouooooooooob bbb oboUoboDbo
gogoooooo
gooboobobooobdoouooouobuooobtbooob bbb oo
gooboboboooootbootboobobobobobobobbobobobbUobobo
gogobdoooobboouobobouoouobooobobtooobbbooobboboo
goddoobboooboooobtooobbooobboobbbbuoobbooboboo
godboobboobobdooobououboobbooboobbuoobboUouob oo
godbooboobooboooobooboobboboboubooobobbobDoob o
0000000 @oOoooooDoOoooooooooDOooooooUoooDoooon)
goooobboboboobobouoootoobbobobooboboboUoboOobo
gdoogooboooobdouooobooboooboooboboobobooouUobo
gooogobobuoouobtoouoobtoobboobboooobuooobbuoouboo
gooogoogboboobobooouoobobobboboboooooobbobobo
godbooobdooobdoouoboouobtooobooobboobobbboooboo
godooogoobooboobobooobboobobbo0oboboouoboboubouUobo
go0oooOoQU00oO0obDO00ooOoO0oooooOoDU0UO0O0ODODOOoOoO0D ) ODOooOoo
goooooboobdodoobobooouooooobboob bbb oooboboo
goobooobobbdoooboouoobtuooobtbooootboobboobobbboboboo
godoguoboobooobtboooooobobooboobooobboobooo
gobobooboboooboouooouobuooobooobboobbuooboUoboboo
OO00o00oO0ODOO00O0O0oDOO0O00ODoCoODO0o0OOoDOoOoogooD(t=507T,)00000
godboobobdooobdoouoboouoboooboobooobboobbuooboboo
gooboooooooooobooboooboboboooooobooboboboDbo
gdddbobouoobuobobuoobuobobuobrgbhlooooboboobuobobo
godbooboboobobdoouoooouobooobooboobbuoobboooboo
gogboooboooboooobtooobtboobooobbooobboooboo
godbooobdooobuoouoobooobboobbooobboobobbuooboboo
gopoOoOoooOoDOOO0oO0oO0OoDOoOo(@OoODOO0OODOODOOODOOOO)DOOOO

41



gooboboobooobobuouboob oo obobobboobooUooboo
godobooboobbobuoobuooo

(2) 000000000

oooooo()yoooooobooooooDoDOooooooDOoOoooooooogoooDoo
bbb bobobouououoobouoodrighs3sbobobog P2
gopsOudbooobooboob0obouooboobooboUrFegbh30boboonbnO
gdooboobuouoboooobbooboobbbouobouobooboobno2rm 0O
b 10em U 0OFigbh 110D UODOODOOODODODODDODODODODOOOObODOODOODODODODO
gdobobooooobooboobobooootbobboooooooboboboDUoobo
goobodooouoboobooboobbouo bbb oo obOoboOobbo
00000000 %000000000000D0D0UOUOOUOO

gboooooobodobobboobobopPlbO0bo0ob0obobooboobooboooo
P200 pAO0OO0O0O0OOOO0ODOOOO0ODODDODDODOOODDODDODOODODOOODbDDbDDOOO
godbooobdooobdoouobtoouboooooboobbuoobboUooboo
gdodobdoodobooboboooobtbobobooboouooooboobobboo
goddoobbooobtoooooboobobooobboobbbobbuoouboo
gdoobooobdoobuouobooooppO0bbobobDbbDboDbbbboobb O
gooboooooooboobonpoobooobobbobbbuobobbbOoboOobo
gogopgooboboooooboboobobobbobobouooboobUoLobobo
gdprO0bbogogoboobtboobooobbooboubooobboobooDb o
gdbooboogouobuooobbobboobuoouobuoobooobbooboobD P
godoboboboobooboobtoobbooboouoboooboo

(3) O0O0D0ODOO0oU0ODUUdODUOoOooo

0o00bOO0D0Do0oo0o0oO0oDO0ObOobOO0oDoDOoo0DoooOO0obOO0obOOoo0DooOoooooon
0000Oo0ooDoooo0oooOooDo0ooDOoODooDoobOOooooDooDoOobOoooOoboonoa
0ooooOoDOobOO0oO00oDOobO0oooDOobOO0oo0o0o0DbOO0o0ooDooOOooODDOoDODOooDooDaO
000o0OOooDooDooOooDoobOO0ooOooOboObOOobOO0obDoODO0ObOOobOOooDOoOooOobOoonoa
000o0o0ooDooDobOOobOOooOooOoDoooDonoo

0000D0000000000000D0D00000OD Wicheres and Slujis ®®, 00, O
O,000,00 99, Faltinsen ®®, Hearn and Tong %), Nossen, Grue and Palm %, Zhao and
Faltinsen %9, Eatock Taylor and Teng 67,0 0 ™, Newman 90 0000000000000
0000000000000 bOO0obO0obOOooDo0obO0ooOOooOOoOooooooobooa
000bOO00OO0DbOO0OOO0bOOoDOooDoo0oo0ooDO0oDOobOOooOOobODoDOoooooDOoobOOoona
00oO0o0O0obOo0obOO0o0ooOo0oobO00obOO0oo0ooO0o0ooDOoooDooooooooooDooa
000000000 DOO00bOoOO0O0D0DDOO0ObOO0oODOO0oDbOO0ODOD0O0o0D0ooooDoooOoOooao
0000000000000 oOo0Do0O0o0o0o0o0oOoDo0oODo0o0obO0oo0oDoooDOoOoooooa
000bOO0OO0bOO0OOO0bOOoDOooDoo0oOooDO0obOO0obOobOOooOOooDOooDOooobooa
00o00oooDooDoooooOooDooDooooDo0obOooooobobooooooooa

42



000000000000 00000000000000000000000000000
0000,00,00,00%0000000000000000000000000000
ooo

0000000000000 00000000000000000000000000
0D0000000000000000000000000000000000000000
0000000000000 0000000000000000000000000000
000000000000 000000000000000000 Figs110000000
(A=27m, hy=10em )0 0000000000000 00000000O0O0O00OO0
oo0o0o0oo

D000000000000000000000OFig5.14000000000¢=000
00000000000 000000000000000000000000000000
000000000000 00000000000000000000000000000
00000000 &, =03%4rd/s0000000000000000000O0O00O000
00000000000000000000000000 0 me(@) = 155.75 kg, csa(@) =
0.1091 N/(m/s) 000000000 & 00000000039%0m0000052000000
D0000000000000 w—00000 my(0)= 14856 kg, c(0)=0 N/(m/s) OO
000000000000

O00OFigs1l0000000000FFT00000000O0OOOOOOOOOOO0
Or0000000 FyOODOOOTFigs 150000 Fx000OD0D0O000D00OO0O000 Fy
0000000000000 000000000 Fx00000000000000000
00000000 ®=0420rad/s 0000000000000 00000000O000O0
0000000 Fx000O00O00000

00000 0000000000000 0000000000000000000
0000000000000 0000000000000000000000000000
000000000000 Ties500000000000000000000O000O00O
00000000000 000000000000 GyOOODODODOO0OO 27m 000
Wem 0000000000000 O0O00D0ODODOO0D000O0OOOO0O0O0OOOO0OOO
00000000000 Gy OOOO|Gx|=18N0OO0OD0D0DO0DO0DO00O0OO0O0O 2% 00
oooo

O0000Fighl6000O0O0OOD00OO0O000OO000O0000000000000000
002~40000000000000000000000 ¢t=150T, 00 ¢=2007, 000
000000000000 D0000000000000000000000005~7000
O0O0O0O0FFTO00ODOO00D0O0DOOODONDODOONODONODOOODONODOOD FxOODO
00000000000 FyOODOOOD0OOD@O0O000000 Fy 00000000
000000000000000000000000000 my@ 00000 ey@) 00
000000 Fy,0ODODD0O00000000000000000000000000O0O
00000000000 0000000000000000000000 Fuy=Fx — Fy
00000000000 000 F,,OODODOODODODODODDOODODODOODOODOO

F,000000000000000000000000D0000000000000
0000 OFig5170 Figs 160 00 0000000000000 0O0OO00O00O0O0OOO0O
0000000000000 0000000000000000000000003000

43



t=1507, 00 ¢t=207, 0000000000000 0O0O0O0O0O0O0O0O0OOOOOOOO
gooboobobooooooog Fgoono

00 0OFegb1600 F U U OO0 Py 0oooooooooogao
N A A A Y 0
OUDO00 |Fyl,|U|000000 0000000 |Ful = 1814 N, |U] = 0.0551 m/s, 0 =
2712rad. 0000000 |Fwl=|Gx|00000000000O0ODODODOOOOOODODOO
oo ibddbibodUdUdUUUdrig.h.aed Figh 7o oon
O000000000D0D0ODD |Fuw 00D |Gx|0000D00O0O0O0ODODODOOODOD
gooooouooooooooooogaa

oggon

U = |U|sin&t (5.4.1)

ooogF,Osn,cos0D0OOOOONO
Fuq = |Fpal cos@sin Ot + | Fyq| sin 6 cos &t (5.4.2)

goooobgoF,000booboboobgono
| Fopq| sin 6

Ax = ————— 5.4.3
¥ &[T (5:43)
goooooooon
| Fop| cos 6
By = — -wdl 297 (5.4.4)
U]

000000000000000000000000(G43)00 (54400000000
Ax = —32.65 kg, Bx =29.93 N/(m/s) 000 000000000000000000000
0000000000000 000000000000 Ax,ByOOOOOOOOOODO
0000000000000 0000000000000000000 0 mg,eeq 0000
000000000000000
Ax0D000O0O0D00D00000O000000000000000000000000
00000000000000000 191.79%¢ 000000000 51.07N/m 000000
000 155.75kg 0000 000000000000000 0.383rad/s 0000 &, 0000
0000000000 0000000Ay,000000000000000000000
000000 0403red/s 000 400000000
BxO0OODODOODODOOO0OOO0OOOOO0OO0OO00O00O000000000000 By OO
0000000000000000000000000 FxyOUOO0O0OO0O0000000
00000000000000000
i OFx
Bx v |,

=0

(5.4.5)

000000000000 FxO0U0&@00000000000000000000000
000000000000 00000000000000000000(5.44)0000
000000000000000

000(4.1)00000 (542)00

| Fp| cos | Frog| sin @ .
Fypa = p
U] G| U]

(5.4.6)

44



0000000000 DO0oDD |FelO|oboo0o0ooooogoogooo FyO0UD

gooocoooao )
OF,q  |Fuglcos  |Fq|sing oU

= 5.4.7
i U] ol au (54.7)
goooooao )
il U
2 = ot 4.
i O (5.4.8)
goooooooogvu=00 8U/8U:0DDDDD[I
0F 4 | Fop| cos 6
= 5.4.9
R i (5:49)
0000000 (544)00
By = —2Lw (5.4.10)
x aU U=0 o

0000000000000 00 FxOUO&O00O0O0000000000000000
00000&—000000 Fyy—0,Fy,— Fx0O0O0OOOO(GA45 00 (541000000
0000000000000 0(G44) 0000 (5410000 0000000000000
0000000000000 0000000

(4) DOODDODO0ODUODODODUOOOOOO

godoooboobobobouoootbotboboboobooobobbobobUobo
goooobuoouobooobboouobooobuoooboobboobbuooboboo
boobooododoooooooooobobooboooboboooboOobon s;,000n
NOODODOOD S, 000000000000000000O000DO0O0DO0 YV, 000 NODO
0000V, 00000000000000000000000000000O0O0O0O0O0aO0
gooogoboooboobobboobdoobuoouobooooobbouoboobboobboo

Galt) = ~S(1) = 5o Val)

w

1 t M t
= — Se(m)dr — 7/ Ve (T)dr 5.4.11
NT, Ji-NT, #(7) (NT)? Ji—NT., (7) ( )

oo yoooboooooooobob NOODODOOOoOOoOobDoboboDbo
godbooooooooboboouobobbbooobbooobbbobbooobooo
gddobuooobouobbo0bb0boouboU Fgs 80D ODOoboobDnO N=2
godbogboogbooobiod Fighllbooooooooboobbobobuoobooo
gooogobobobooouoooo wr, bbb obobobboobo 2T, 0b00bo
000000000 DO0O0000D0O0000oooDOoOdG,(yy Doooooooooobao
gdboboboooboobbobbobobouoo

542 UU000ODOUOUoboooooooooo

Fighr DO DODDODODODOOUOODDODODODOD 40 0D00D0O0OD0DOU0OObDODUODODDO
godbobodooboouoobuooobooobobobboooobuooobbboboob oo
godboooboobobobgoguoobooobbtbooobbobobbbooouuoobobbo

45



godboooboogoobz20gbbbooobboobbo0obbuoobbuooboboo
oooooo{@Woooooo)oooOoooooooDOoOoooooooDoooooo
godbooobdooobdoouooooubtooobbooobobooobooub oo
godoobooooobdodouoobuooubbooob bbb ooUoub oo
goooooboboboboobuoboboobotboboogooboboobo oo Uob o
godooooooboobbobboboouoboooboobuoooo

(1) 00000000

goooodoodouoooobtooboboobooboboobuoooboobbooooo
googboobood14mdiUsen D0000O0O0O0OO0ODO0ODOODOO Figh.190 0000
gdodboobooootboboobobooobobboobobooboooobobbo
gogooboboobooboboobooo bbb bbb Uoboboo
godboobbooobuoouobooobobbbooboobbuoob oo boo
ggooboboobooboboob oL bobboUbUoboo
godboobbdooobdooobobbbooobbooboobbuoobbooboboo
goooboobuoopboobuoouoooubooboo

(2) OOoOOOOO

gbodooouooooobobobogoo 3embd8em D000 O0ODOO0OOOOnLO
U Figh200 D UOOODDOOODOOUooobuooooooooobooboobnuouoobobo
godobodoboobooobobbobbbobouooobooooboboubbboboobo
godbooobdooobdoouobobbboobboooooobuoobobbooboo
gooobooboobdooooooooooboobobooouobobobobbooo
godooboboobobuoobooooboboobobooobbobbobbbuoobo
godboooooboooooboouoboobob bbb obuooub oo
godooboobooboboooobotobooboub oL ooobuoobo
ggdotoouobooboobbooboobobooboboobbouobuooo

000000000000 0000D0D0D00DO0FegSs2000000000 /T, =
21.25,21.50,...,25.00 0 0 0 000000000000 O0DDODO0O0O OO bOOOU0DOoOoOob
gooooooo2r, oo bbooobobo 2, 0000 boo
gobdoobbdooodoooboooobboooboboobbooobbuoouboo
gooboooobooooboboboooooooboboobUobobuooboobb o
gbobooooboobooobooooboobboboboboooobobobooboDbo
godbogobooboobbobbouoboubuooboobboobooobo

0000000000 DODDD OFig.5.220 Fig.5.230 000 ¢/T,=24.00000000
Jo00o0obb ¢o00D00D0ODLDD 0 00000DL00ODLD0ODLDDODO0OUODODODDO @000
gobooooboboboboobobob g0 bobobooUoUooUoo
gooooon

I A A A A A A I E - 5 9902
goddoooobooooooobooobbooobboboobbboooboooob oo

46



godoboobooboobouoboboouobouobooob oL oooooboo
gdoobooooobuoobtooboobuoop3aboobobboobobboboo
googoogobooo

(3 00DO0O0DO0OOO0ODOO0OO0OO

goobooobobobooboouoooobotooooboooboobooDooub oo
0000000000000 000D0DOD0OVFegs20000000AD0D0O0O0DDOODOO
0000000000000 0000000000000D0ooO0vYoOoooooooo
gooboooooobooboboboooboboboobobobobobobboboDbo
go0oooopoooDOo0oOoCobooOoDOO0oO0o@OoOo)boooOoooooOoooOooo
bbb 2zmiibbd0oobtbo0oooobbooobbbuooob o
goooobz2bb00bodboboooboobooboobooouoboboo

gooooobdoooooouooouobuoobbboobbo0obbuoobUoUoUobo
00000000000 b0obobbob0o0bboobOon0 MathiewOOOQOGQoooo
Joo0o0ooboobbbob0ooooobobbo0obUubbobobDU0obO0oO0bOd MathienO
godbooobodoooobooobobbtboobboo0obbooobooUouboo
godboooobooooobobobbooobtboooobboobboobboooboo
gooboooobooboobobdouoo bbb bbobooboobo
godbooobobdooobooobtboooobooboooooobbooobboUoboo
godobboboooobtodobootootbooboobobooooobboboo b o
godbooboooboobuoouoboobboobb bbb bobboo
godbdoguooboboooboooobtooobbooobbooobbbuoobbobnboo
godbooboboobobdoouoboouboobbooboodoUoUgbbuoUoboboo
0000 O0OMathiewOODOOOOOUOOOOOOODOoOOoOoOoDOoooobooobooonoo
gooo

O00OFgbh260 0 000000O00O0O0OMO0O ZogOOO 60 MathienOOO OO OOGOQOO

(M + M) Zg + CiZ¢ + Fi(Zg —n) = 0 (5.4.12)
(I+ M3)O + 20 + Fy(Zg—1.0 —nx) =0 (5.4.13)
O0D00000000M,C,000000000000000000M,,C, 0000000

oo ouoooobbbb 00D 0o oD ooD My,Cy, Mg, Cy
ggo

M, | 15.62 kg

M, | 0.8595  kgm?

Cq 189.5  kg/sec
Cy 102739  kgm?/sec
ooooM,Ci,M,Co00000000DODO0DOOODDOD0ODODODOD0O0ODODOUOUOODbDOOUOO
gdododqngUgx 0o boobobobo
godbboooobbuoouobbuouoouobuog ;A /RO000Fgb2000 000000
godooboobobootboobobdooboboouobooboobboboUoo /R ODbOo
b0 Zg—-nUO0O0O0 F/ROOODODO Zg—mOOOO0O0OO-—nx 0000000

47



00 p,/RO00000000000000000000C0CO00b0D0U0b0U0U0ObD AdOO
oooboAwdOUooGMUOO AGM O Figh2rO D OOODODOOO2000

AW = A1Ad + BiAd? (5.4.14)
AGM = A;Ad + BoAd? (5.4.15)

gooobopoooooo

Ay [2975. N/m
Bi | 7969. N/m?
Ay | 1.293

By | 1627 1/m

O00D00000AddO Zg—pOUOOOO /,/,0200000000000

F\(Za —n) = Mi(Za —n) + Bi(Za — ) (5.4.16)
Fo(Zg —1,0 —nx) =~ W GM sin(© — nx) (5.4.17)
~ AWo + Ai(Za — ) + Bi(Zg — n)*}
x {GMo + Ax(Za — 1) + Ba(Za — n)*} sin(© — nx)
~ WoGMo(® — x) + (WoAs + GMoAL)(Ze — 1)(© — 1x)
goooo

OO00D0OO000000 (h4.12),(54.13)000000000D00O0DOOOCDOO0OO B,O
Ur,0ddbbg, bbb p bbb 200boobooobboooboo oo

000 Mathiew 000000000
z’&;—l—clz'g—l—al(ZG—f)—l—bl(ZG—£)2 =0 (5.4.18)
0+ c20 4+ az(0 — &)+ ba(26 — E)(H — €)= 0 (5.4.19)

00000000z, 000000000O0DODODO0OO0ODDODOD0ODOD0O0OOOODDODODOO
gg

A B WoGMyB
a = _— = 2.839 a = —_— = 0.3495
! (M + My)g : (I + M3)g

B, B? A Mo A,)B?
by = —2 = 4562 | by = (Wodz + GMoAr) = 9.783

(M + My)g (I + Mz)g

Cl B CQ B
c = —— [ — = 0.7308 c = — = 0.02541
! M+ M\ g ? I+ M\ g

gooo
O0 Mathieon OO O QOGO OOOODOOODO

£ = &y sin(wi) (5.4.20)
o = k&, cos(wi) (5.4.21)

goooobuoouoboooobboobboobobooobooobboobbooboo
OO00D00000000D0O0D00O0D00ODOG418),(5419) 00000000 0O00O0ODO0ODODO

48



0000000000 bo0obo0ob0MathiemOOOOOOoOOoOooooooboooooOo
goboooboobooooon
0000419 00000000000000

04 c26 + {ay + ba(2c — €)Y0 = {ag + by(2c — €)}Es (5.4.22)
00000000000 MathiewOODODOODDOODOOOOOOOODODODOODODOOO
§ = Yec2(:6=8)/2 (5.4.23)

D000 (5422)00
D+ {ag — 24+ by(2a — )} =0 (5.4.24)

DDDDDDDDDCQQDDDDDDDDDDDDDDDDDDDDDDDc%/4:1.614><
10*0000000000000 00000000

0+ {az+ba(zg — €)}0 =0 (5.4.25)

gooboboobdoobuoouooououoouoo
O000o0ooooogn x-£&60000

zq — & =&, cos(wt) (5.4.26)

OD000000000¢ O0G41) 000000 oooooooonO

\/w4(a1 —w? 42?2 4 afdw?

&= (a1 — w?)? 4 Aw?

£a (5.4.27)

OD0000000D00 (h426)00 (5425)0 0000000000000 0O0O00OOQCOO
Mathien O OO OGO GOGQOQd
0 + {ay + by&, cos(wt)}8 =0 (5.4.28)

000000002 =wt00000 MathiewnDOOODODODO
4+ {\—2h%cos(2r)}0 =0 (5.4.29)

0000000 ANOAO MathiewOOOOOOOOGQOOoOOO

4@2
4b2£r
2h* = — — (5.4.31)

gooo

Mathieu OO DOOODODUOOODOUOO0ODODODOODODOUODOUOD OMathien DOODO
—x <7< 4000000000 0O0OO0O0ANDORAOODODODODODOOODOON —0o<T <4+
0000000000000000000000000000 (A\LA)ODODOODOOOO
0000000000000000000 Figs.28000 0000 A oooooon
O MathiewnOOODOODGOOODOUOOoooobooboboboboobbobooobooooo

49



Uo0ooobooObobo0o00o0b0o000oooooobobbo0o0oooDbboOon D
R2O0O000000OOOODn

N(R?) = 1 — % — %h“ + O(h®) (5.4.32)

1
Aj(h*) =1+ h* — gh‘* + O(h°) (5.4.33)

00000000 OoODOpDOoOoooDoOoo M, O00D000DO 43)0OoOoOOOOOO
(h427)0000OD0ODO ¢ O EOODODOODODODODOODOOODOOOOOOODOOO
godobobdouooogbotbooobooboooooooouboooboo

000000000000 000 Figh2900000000O0ODO 1/1000000000OO
00000 1/io000oOo0oooDoODOD0O0000000D00D0ODO0O0OD 00D Fig.s.250
J0obooooo MathewOOOODOODOODODOOOODODUODDODODODODOODDODODO
gobooooboooooboooobootboooobooobbuooobbboooob oo
ggg

O00000D0DO0O0O000ODODOO0O0 Figh300OODODODODO ADODDDDODOODOODOD
000000000000 000000000000o0ooovYoUOoOOoooooooo
000000000000 0000000D000DooDooDAO0VYOODOOODOOoOooo
000000000 ADVYOOODUOODODODOODOOOOOODOODOOODOOOOOOOO
godbooobouoboobobobboobnobo

o0o0ob0oobobobuogoMathiewnO OOOODOoooo300b0ooooboOon
godooboDbFrgh3lDOooboooooobooobooboobooouooouoooboo
godbooobdoodouooobtooobboobbooboobbbuoobbbUooob oo
goooboon

MathieuO OO OO DODUODOODOODODOODOOOODODOODOOOOO0ODOOOOUODOOUODO
godbooobooboboobooobboobbooboobbbuoobobbooboo
googoooooobdoodouoootbootbobooboboooooobobobbUuoo
gogobodoooooobootbobobooobobobooboobobUobuoboooUu oo
oottt oobobobDbOobobo
godobboboboooboobobotoooobobob bbb obobDuoobo
godoboobouoboobboobbooobouobuooo

5.5 00U

gooooz20,030,0400000000000DOD000DDO0OLODDOOLDDOO
godbdoguooboboooboooobtooobobooobboobbbobboooboo
godbooboooboooboobooobobn
gooooboobooobooobooboon
l.doogobdoboboobobobooobtogbboobo0obooboubboob oo
gooboobouoooobooboobboboobuoobuooboboobuoobo
gogboboobuogooooo
2. 00000000b0o0bobboobooooboobLbOobOobooboubo
gogooooogo

50



. 0oobooobo0obbo0o0bo0bbOo0obuooobobo bbb obbbooboo
godbdoodouobdooboooguobuououoboooobboobbbbooboboo
ggooooogo

4. 00000b0o0bo0bbooboobbouboooboobboooooobo
godbdoobuoouoboooooobouoboboboobobobobobobuoobbboo

s, 0000o0ooooobooboobobobotootodooUooobO bbb ooUoUoUoU o
goboobdooboooooboobuoobooboobooooUoDUoUoLb o
ggg

goooboboobobobouoboo

6. oo ooboooooboooubooobooobooo

o000 boobooboboubooboUobobDbuoobo
godboobgouonogoonon

. 0000000 bL0bU0ODbU0ObOU0bU0UUUU DO UDUOU MathiewODOOOOOQOogno
gdboooooobooobooobooob bbb bobbooboo
ggdboobuoouotboouoboobuouoboouobboobobuobobooo

. Jo0oobdoo0bdouoboubouoobtboobbUooDOoo0oUbOooboubo
godbooboouooouoboodotbuoobuouobbooo o

gooboobobdoooboouooouobooobtbooobbobbooboooboo

goooouooooobotobobobooobobobobbbboboboobobobo
gooobdooooobotooooooboooobooo

51



1 6 [ 1 O

goobodouoooboboobobooboubobooboboobobobUoUobobo
gogoobooboobouooobtootbooboboobuoubLoobobUoboo o
oottt oL bbb oo oobo o
goobooboooobboobbooobbbooobobuoooubbooooboboobobOon
oo ooooboobobooooboboobobobDUoUob o
godboobodoouobooobooobobooobbooboobbuoobobuoooboo
godbobobdoooobtooobooobouobuooboooo

glgbogoobtooobboobboobooobbobooobboobbuouoobo
000000000000000000000 197600 Longuet-Higgins 0 Y000 000
goodoobooboobooobboouog2wb00o0obbbobbooobbbooob o
00000198100 Vinjed ¥O0OD0D0D0000000000000O0D0D0O0O0DOOOO
gdboobbooboguobooob hbhboooooboooobbooboobooso
godboobobdoobobdoouobtoouooobbooboobbuobboUoooboo
godboobboobobdoooboouobuooobooobboboobbbUoooboo
go0ooooopooO0OoDoOoO0oOooooDoDOo0oOooooDOoDOoOoUoOoODO()yDoooo
ood0o0O0(opoodoooDoogooOo3)oooopodoo0oooooDpooo0ooo
goboobooboobtoobtoob oo uboooboon

g20bdgouobdogouobtooobotoooobboooobooobboobbooboo
ggoooboboobbooooboboobuooboobobbobobobDuoOobo
gogogbobooobobouobobooooboboboboobobbbooboboo
gobooooobodoouoobdoouobdooodogoboobbooobbUooob oo
godboooboobuogoobtooobboobbooboobbuooobuooob oo
godboboouooboouoobooboobbooobbobobooobbboooboo
gdoobooouobooboooobooboob bbb bbb oooooubo
goooooooooootboboobobouooonobobobDobDbbobobo
gobooooboobbobobtobuo bbb boboooUobOo
gooobooooooobooo

g3fgbbdooouobuooouobuoououobtoooboboboooboooob oo
godbodoobdogoobotbooobtboooobbooob bbb oou oo o
godbooooobodoobodoooobooobboboobbooobbuooobbooob oo
goooobobuoouobtoouoobtboooboobbooobuooobbuoouboo
goobobooboobuouooootboobobboubooDbooUbobboouU o
gogoobdoogbootbooooobuoboobob bbb ooUoboo
godoobobuooooboboobobuouobobtoobooboobuobuoUobuoUuo4g

52



gooo.-oooobooouobobooub bbb oo ooobbooooboo
godbooboobooobboobbobobuooo

400000000000 oboz2bbobbobboUobo
godoos3sgboooboubooobbobooboobooboobobbUoDoUoU o
goodoouooouooboobobboobobobbobobouooboUobobOoUoUo
gooooboboouobtoooobtbooobbooobboobbbobbuoouboo
gdoooobobootbobbbobobobobooooboboobobobDuoobo
gooooooooooboobobouooobboboooobooboboboUoUOobo
oot oobobboboobooboooooboobuoobo
godobobobdouoboooboobooooboobooo o

gsfjbdouoboouobooobotoooooobbooobbbuooobuoouoboo
gdooboooooooobboobbobdbooboooogboobobbUoboubo
gooooobboobbooobbobooobbooob bbb oubboo
goboboooobooboobobouoootboobobboboobobboDUoUob o
godobboboobooboboobobouobobuooooboboobobobDUoUoUo
gooboboooooooobbboboboboboboouooboobobUooo
googbooboboooboobouoooonooodo oo UboOobo
gdoobdoobouoootboobbouooboobobbobooboooobUub bo
Jo0oooobobOMathiewOOOOOOOoOOoOoOoDOOOO0LOOOOoDoooboonoo
OOMathieoOOOOOOODOOODOODODDODOODODOODOODODOOODODOOoOoboOooQoo
godboobuoobboobboobbouobuoobooboo

gooboooobouoouobbtooouobtooooboobboooboooubboo
godbobooooobooboooobooobooobbooobbooobbuooob oo
gdoooboooboboboooobotooobboooobbooobbobobbuoooboo
godoobodobooosguoboouooobobbooobbooobuoboobobuoobo
ggd

j0goboobobooboob 200030030 boOobboOon
gogooobob3sgbouobobdouooobooboboouooboboooDoobo
0000000000000000000000003%3®¥0000000000000A0
gobodbooboboboospoobooobouoboboboobobobobDbobo
goboooboan

gooooooobooobuo 2boobbooobbooobboobbbooboo
ggoboboboobootbobobooouoooboobobooooboobUoLoboo o
godoboooooboobobbooobboooboobobboouobbooUoboboo
godboboooboboooobobbobtooooobo20b00bobobobbooUooboo
godboobboobobdoouobooboboobbooboobbuoobbboUooboo
goboooooboooboon

goooobooooboobosgooboboooboobuoobobboobouubo
goooooboooboooboboobogooo

gogogobooobobooo

53



[] []

gooobobdoouoooobuoobtoooboobboobooobuobbuouoboo
gdboobobdoobobboobbuoobobuoooboobuououobooo983b0bon
goooooboobobooob -bbotbobobuooboobuoub oo LoUoobo
0000000000000 0000000 ¥YOoooo0o0oo000000000oooo
gobobdooooobdoboouoootbootboobboobob oo ooboUoboDbo
gooobobbouoouotbotboobobouoobobboobobobDoobobLon
Jobdb0obooboooob0ob0ob Do bUobUobUoUObLD OODUgeOUd
godboobbdoobobdooodooobbooobbooboobbbuoobbboouboo
godboooboooboooobtooobtbooobbooboobobbbooboboo
godoboobboboooboboboouooobboboobbooooobboboboboOobo
000D0000000000000 VinjeO OO ®OOODOO0DODO0OO0O0OO0ODOO0O0O0OO0D0OOO
goooooboooooboooooboooob bbb bbbooUoLob oo
gooooisoooguboobuogogoooboobo1oobooobooobooo
vyoooooooooobooobooooboooboobooooboobooUu o
goodobobooootboboobdoboobbobooboobobbobobobbo
gpooogooobooboobooboboooboboboobooboobbUooboobooo
goobdooooootbobooogobobobobboobobooooooboobb o
godobooobobootbobbbooboobobooootboboobobobDUoobo
goooobogoooboooon
gooboobobdoooboouooouobotooobtbooobboobbuoobooboo
godbobobdouobouobooboodboououooouoouo
goodoboodooobdoboobouobobooboooobobobDbobooobo
O00o0bo0oboooOoDbickK.PYeDODUODODODUODODOOODOUOOo4oobobob O
gobobooobdoooboouooouobtooobtbooobboobboobUooboo
gooooooo(@obDOo0oOoooOo)ooooDOoU0O0ooOoDOoUOOoDoOoDOOOO
gdoooobobtootbouoooootbobooboooooobooboboobo
goobooooobooobboooobtooobboo bbb booub oo
gdoobdoobouoobobouoooboobouoobooboobooobuoubo
gdoooobobooboboboobbobobboodobobbobboboob o
godboboboobouoboobboboo
gooooobobooooobooooon

54



A Jbboooooouubbbbooouogd
Al OJ00OO0OO0oOoooon

0000000000000 DLO0O0DODLDUObLDUOLDDLDUO oD DOODODDODUODO
gooobobgobonog

20000000000 Fg220000000000000b0O0bOO0bDO0oO0obDobDOoDbDO
godobooob  pPpPOCOb0DDODODD ROODODUODDDODOODOUUOD R,OUDOODODOO
oo rPOD0DODDOO0OUOUO-00C00OPOUOODLOODOODOO

R=R,+r (A.1)
DR
E:vo—l—[v]—l—er:qu (A.2)
DR .
e =a,+[a]ltwXx(wXr)+2wX[v]+wXr (A.3)

00000000000000000 B 0o000000w, =R, a=R,, [v] =[], [a]=
#0000
00000000000 ¢000000000000000000

¢ _

8n_v¢-n (A.4)
oooooooood D (06 DV6 D
n
E{a_n}zw.mwﬁ (A5)
oood
DY - Yo+ (Vo VIV (A.6)
Oooogoao
D 8¢ B Dn
P 5o = Vo n 4 (Vo Vo n 4 Vo 7 (A7)

0000
000(A2) 0000000 2000000

S = B+ bl 4w x ) )

:mfuﬂ+wxWXTHawxm+wXTyn+v¢%§ (A.8)

0000000(A7)(A8)00000 Ve, -n00000000

Véor-n=n-(a,+wxr)+n-wx(wxr)+n- 2wx[v]
+n-la]—(V¢-V)Vo-n (A.9)

55



gooooooogn

Vi -n = % (A.10)
(V6906 = 5 (5(707) (A1)

0o0o0b0obobo 0000000 0bobogooDonUo

991

f) =n-(a,+wXr)+n -wx(wxr)+n-2wx [v]
n

o /1.
+n-fal - 5 (5(V0r) (A.12)
000000000 200 (24.10),(24.33), (243) 00000000000

9 o /1
% “N-atq- o (§(v¢)2) (A.13)

OO00000DO000DOO0000O000O@es,2)Doooooo

A2 Z(Y(Vve¢HhDOOOo

FgAlODOOOOOOOOOODOOOOOOOOOOD (r)0O0D0ODDOOODODO
dod-g0boobogoouoo

g (1 09 *¢  I¢ Ld¢ 1 0%
7 (3079) = 5, 5% * 19 {‘;@ * Farao} (A1)

O0ooooooooogao
P26 196 1 9%
o o Toae 70 (A.15)

gogn

2 (eon) =H{()+ (5} () e () o

gooooooo 3

9 9
on’ rob

Il
Il
Il
e

=S| =

0 0
ar D5’ (&.17)
O0oo0ooooooonOod

d (1 B 96 [ 90\ 060 [0

an (§(V¢)2)) = —k(VoY + 5, (_0_) T 95 0s (a—n) (4.18)

gooo

56



B UbbOooooouuobbbbouooood

O0D00O000000DOD0O0ODO00000DbODOO0O00000000e,y, k000000
gogoogoobooboboobbooooooootboooobbboboboboUobLoUobo
gdbodoogbtoobobooboobobuoouoooooooobo

ooboobuoo-XyYzZ0OoUOOuooooooboboouoUoouoboeoboboobooo
o—nnx 0 000OFegB1O0O0OD0ODUOD0ODO0D0OD0OD0ODOD0ODO0O0O0O0OO0POOODOO OODO
O0000y0600 0000000000000 0o—s1y1, 00000000 o—2ayz
0000000000000 0000020000000 o—z1h21 0 0o—22y2220 000
U000y 0000060000000 o—ay2zo 0 o—23y323 00000000 23000
U0 0000000 0o—23y323 0 o—zyzx 00 0O0O0OO0OOOOO0OO

T costyp siny 0 xq
Yo ¢ = | —siny costyp 0 Y1 (B.1)
Z9 L 0 0 1 21
3 [ cosf® 0 siné o
Ys ¢ = 0 1 0 Y2 (B.2)
Z3 = sinf 0 cos# Z9
@ 1 0 0 3
y =10 cosg sing Y3 (B.3)
z | 0 —sing cosyp Z3

00000003000000000000000000000 M(¢),M(8), M(¢) 000
0o0O000Oo000o0

T 1
y ¢ =M(EM@O)M(Y) ] (B.4)
z 1
goboooooooogo
1 T
o= MM TOM (9)] v (B.5)
1 z

00000000000 MY () =M(—), M~Y(0) = M(-0), M~ (p)= M(—¢) 0000
0000000000000 00000

xq cosfcostp —sinpsinf cos Y — cospsin
7 = cos@sint —sin sin @ sin + cosyp cos ¥
21 sin sin ¢ cos 6

(B.6)

]

— cos @ sin @ cos 1 4 sin psin
— cos @sin #sin ¢ — sin @ cos
cos @ cos 8

ISEINSS

000000 (e1,y1,21) =2i+yj+2k 00000000000 4,5,k000000000
00000000000 000O00

57



C UUdbbooooogobboouod
C.1 Mesh function 0O OO0 OO0O0O0OO

gobododoobgooooboobooboboubooobbobobbobobooUob o
goooboobdooobbdoouoobdodoouooobbon bbb oooubbDbo
godbooobdooobdoooboouobtooobooobboobboobooboo
0000000000000 000000 Mesh function *®0000000000000O00
godboobooobuoobbooboobboobbobbooboobbuoUoboo
gooodbgdUoreClO0DbDOODOO0DDODODD SsOUp00000O0ObOOODOODOO
Mesh function 0 00O D000 O0OOOOOODOOOO

000 S, 00000000 sO000OMesh function O sO0 00000 f(s)0000
fm(s) 0000000000000 00O0O0O0O000O000O0000000O0O0O0O00O
goobobob0oboouobbouooob k00O obOoo

uls) = k| + k.

= T £ F (C.1)

000000000 |klme: OODOODOKODOOOODOOODODOOODOCODOOOO
gbooobooooboobobooobDbb

ke = |Elmae/5 000000 fr(s) DO 000 Fp(s) = 5 fn(s)ds O Fig.C20 00 00 OO
000000 (2=2(s),y=y(s))0 Cubic-Bspline0 0O O0O0O0O00O0O00DCO0O S0
nO0000000D0C0O00 fu(s)D0D00000ODODOODOOODOOO

Fm(5n+1)

t1=1,2,... C.2
n ¢ » &y s I ( )

Si41
Foi= / fm(S)dS =

doooooono S;00dd s, 0000000 s, 000000000 DO0ODOOOFig.C.20
O000D0 Fau(sny) O O0OO0ODOOOODOODOO Fu(s)D0DO0OO0OODOCDOOOO
0000000000 bOO0o0oObOO0o00o00obOo00bO0o0oDoOOo0oDbDDoDOoOooDoDOoan
000000 s, 0000000 0rgClO0000O0ODODOOODOUOoODODOODbOOODd
Jddd0o0O0o0o0oOo0o0ooDOooOo0o00b0o00bO0o0oDOOo0oDoODOoOoDooDOoaa
00000000 DOO0o0bOO0o0oDOo0oobDoOobDoOooooooao

0d0000000O000b0bOO000o0bOO0o0oo0DobObOo0o0oo0ooOoo0oO0ooooOooOoogoa
000obooooooboogn 200U Smoothingspline0 0O ODOOOOO MELODOO
Jdd000d0bO0D0D0O0oOoooO0bO0o0oooObD0od0DoD0oDOooDooooOoobDOoDOoOooaa
godooboooooooooooooobs00 oD 0ol1looobooboDoOoOoon
oooao

OO0O0O0O000 Mesh functionO OO O OOOOOOOMesh functionO OO OOOOOO
0000000000000 000D0O0000D000D0D000D0DO000O0 Mesh function O
Jdo00D0DOO00Oo00b0o0o00o00oO0dbO0o0obDOoOooDoDooDoOOooDoooooan

C.2 Smoothing spline 0 00 00O OO

goobooboboooboouooouobtooobtbooobbobooDoouboo
godoboooboboobobbboobbooooobbooboobonboobUobUob oo

58



00o0D00bO0o0OO000bOOoooOobOO0o0oO0ooOoDo0ooOo0ooO0oo0ooDoooooooonoa
000000 oDOOobOOo0oo0ooDbOO0obOO0o0oooDOooODooDoOOobOobOooOoooDoOobOoDoa
000000 oO0oO00o00o0oDO0o0oOo0o0bO0o0oODDOobOo0oOooOoDOooDoDoooOooDoa
000bOO0O0o0oOO0bOO0obO0obOO0ooOOooDOooDoo0oO0obO0oo0ooDoo0oooOOooDoooOooan
0o0o0ooDooDooDooooooooao

0000030000000 00000000000000DO0O00DOO0O000DOO0O0
000000 oOO0oOO0o000obO0oo0oooDOoDOooDoOOobOo0o0ooDOoDoOoOoOood
clO00OobDO0bOoooooooboDOobOOobOOooDOOoDOooOOooDOoOooDooooOoOooon
000bOO00OO0bOO0o0OO0ObOO0obOO0OoOOoDOOoDOooDoo0oO0oOooDooDoooOooOoboonoa
000000000000 grFFTO0 FFTOOODODODOOOOO0DOODODOODOODOO
00000000 o0DODOOO0O0DbOO00oO00DOO00oDoDOoDbOOoO0ooODoODOoooOooooooa
000000000 DO0DOO0DOD0DOO00O00D0O0DO0DOO00000000 Smoothing spline
0oo0ooDoooooooo

Smoothing spline 0 0 000000 OOOODOO Cubic-BsplineOOO30000000O
O000D00000D0DDO0OSmoothingspline0 OO 00000 O0OO0O0ODOOOOOOODODOO
00000000 000000FFTO0000D0000O0D0O0O0O0O0O0O0000D OSmoothing
spline0 00000000V OIIDO00000000OOOOD Smoothing spline
000o0D0DooOooOOooOOobOooooboooDooooooaon

0000000 y=y) 0000000 gy =y9(x), 1 =1,2,...,m) 000000000
000 O Smoothing spline0 O 00O000000 ) O00O000 f()0J00002,0000
O0D00000O000DOCubic-BsplineOdO y(a;) = f(2) 00000000 OCDOOCOCOO
Smoothig spline 0 0 000 0O0D0DO0ODOO0ODOODOODO KODODODODOOODODDODODOOO

K = J(f)+ KE(f) (C3)
I =[P (C4)
) = [ @) - )P (C5)

0000 J(f)O Smoothing spline 0 D 0D 0000 E(fH)0DOODDODDODOOODOO kY
0000000000000 4000000 O0oooooooo

000 y2), f(x) 000000000

y(z) = ny = Zc]‘eikﬂ’ (C.6)
=0 =0

f@)y=3"fi =3 gjcje” (C.7)
J=0 J=0

Uobobododde,k0;th00000000000O0 g; 0 Smoothing splined 000000
00000000 ;th00000000000000(C6),(C.7)00(C.3)00000000
ogod KO0
K= [T (Rgieses e + [ 1Y kg5~ eses P (C35)
1]‘:0

[
T1 j:O xT

59



00000000000 <2<2,)0000000000000000¢w* 00000
000080000000

K=3) K;= Z/ " Hklg? + ki(gy — 1)*et v da (C.9)
i=0 i=0""

gdbobooobo KOooboboobuoobuoooboo

8[(]‘
=0 C.10
dg; ( )
00000 O0(Ccoyooo
kig; + k(g — 1) = (C.11)

ooooooooobbooobgyth0DbDO0O g O

1

9; = 9(kj) = T /) (C.12)

O000OFiegC30 (€C12)0000000000000000K 0k 0D0000DBO00O00O
¢g; 1 00000000000000000000000K; 0400000000 9,0
O0O00Q0D0O0kj/ke=1000g¢g;, 00 1000000 100000000000000 k%O
Smoothing spline 0 Cut Off Frequency O 0 O OSmoothing spline 0 OO £ 0O Sin 00O 0O 0O OO
00000000 FigC4O0OOO(C.12)D0O0O00O00O0O k. =k O Smoothing spline 0 0O
O00sSsn00000001/20000000000000

00 OSmoothing spline0 D000 0O0O0OOOD0OODO0OOO A DODODODOODOOOODOO
000000000000 O00oo0o00ooDooDoo0ooooDOo A A=1000Fkk=2700000
0000000D010D0D0 0000000000 00ODAC=XA/n000000D00OD
O00D000000000 A =2M00000000 knep =7/A000000000
O 00 Sawtooth instability 00D 0 0000000 000ODOOOOOOO 100000000
000000000000 knee 0000 glhkmery)=01000000 k. 00000DODO1
O00C00000 (n=10,20,...,80)0 0000000 g(knee)=01000%k O0ODOO
O TableC1OOOOOOOO

OO0 000000 Smoothingspline0 OO0 ODOOODO1IO0O 10000000 DOOODO0O
glk)DJD 0986 00000014%000000000000100200000 g(k)=~0.999
oodoooodol%0D00o0D000oDoo0ooDooooooooOoooDooooooo
OO000022000003x:0000000000001%0000000000000 40
O00e0000000O000O SmoothingsplineJODODODODOOOD3000000O00O0OOOO
00o0ooooooool%00000000»>600000000000000 Tabled O
ooono

000 OSmoothing spline 0 000 00OO00OOO FegCHUOOUOOOODDODOODDODOOOOO
00o00Oo0oOOobOO0o0oO0obOO0obOobOoOoO0oDOO0ODO0oo0DbOOooOOoO0ooOOobOOoOoobDooonoa
O00000000 sO0D00 z=2(s),y=y(s),¢p=¢(s) 00 000DOO0O0DOOO0O0OO0O
Smoothing spline 0 00 D000 0O00O0O0O(UDOOODOODOODODOODOODNO Smoothing O
0000000 bOOo0o0oO0DbOO0o0DOO0bOO0ObODbObOO0bOO0obOOobOOobOOoDOoOOooDg kOO
000DOO00OO0DbOO0ODOO00bD &k O0DODODDODODODODOODOODOOODOODOODOODOOd

60



OO0k 00000 AODOOOCOOOOD03/A00000000000%.00O0O0OOO
Jo0o0oobobooobobbo0oobuobbouoboboooboccabonn Mesh Function
00000000000 0ODO0OUOOMesh Function O Smoothing splined O OO O ODOO0O
00000000000 0bO0o00oooooooo

61



D Ooooodgd

0000000000000 000000000000%0000000000000
godoboobobodooo20b00o0boboooobbooboboooboouobboooboo
godbdoouooouoooobbooboobooo

gogoboooboooboooo

n; = aj cos(kx — wt + 67) (D.1)
nr = ap cos(kx + wt + 67) (D.2)
Oo00b000b0D0en,egU 6,000 - 0000000000k« 00D0O000O0DODOO0O

O00OFegD1ODO AIDODOODOODOODO x1,20=21+AI000000O00O0O0O0O0O0O
gooobbobboobooobboboooooo

m = (1 + MR )r=s, = A1 coswt + Bysinwt (D.3)
2 = (N1 4+ MR )r=a, = Az coswt + Bysinwt (D.4)
oogao
A1 = ajcos¢r+ arcosopr
Bi = aysin¢r — arsin¢r (D.5)
Ay = arcos(kAl+ ¢1) + apcos(kAl + ¢r) ’
By = arsin(kAl 4 ¢1) — apsin(kAl 4+ ¢R)
¢ = kay+0;
D.6
¢r = ka1 +0gR (D.-6)

ODO00O0Mds)O00000000 ar,aer,¢1,op 00000000000 O0OOCOO0OOCODODO

1
ay =

[(Ay — Ay cos kAl — By sin kAl)? 4 (By 4+ Ay sin kAl — By cos kAl)z]% (D.7)

2[sin kA
aR = m[(%lz — Aq cos kAl + By sin kAl)? + (By — Aq sin kAl — By cos kAl)Q]% (D8)
P rg&:ﬁil kAAlz_ +szlc ZisnkkAAlz] (D.9)
R B Y T o

O000A,A,B,B, 00000 m,np 0000000000000 DO0O0ODOOO ar/ar
gpooobooogo

62



ERERERN

D

2)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Weinblum,G. and St.Denis,M. : On the motions of ships at sea, Trans. SNAME, Vol.58,
pp184-231, (1950)

St.Denis,M. and Pierson,W.J. : On the motions of ships in confused seas, Trans. SNAME,
Vol.61, pp280-333, (1953)

0000 :00000C000000DOO000D0O,0000,00020,(1957)
Tick,L.J. : Differential equations with frequency-dependent coeflicients, Journal of Ship Re-
search, Vol.3, No.2, pp45-46, (1959)

Cummins,W.E. : The impulse response function and ship motions, Shiffstechnik, Bd.9, pp-
101-109, (1962)

Ogilvie, T.F. : Recent progress toward the understanding and prediction of ship motions, Proc.
of 5th ONR, Bergen, (1964)

0000 :00000C000000D0ODO000OoDO,0000,0D000, (1980)
Adachi,H. and Ohmatsu,S. : On the time dependent potential and its application to wave
problem, Proc. of the 18th Symp. on Naval Hydro., Tokyo, Japan, 1113-1 16, (1980)

Ogilvie, T.F. and Tuck,E.O. : A rational strip theory of ship motions, Rep. No.013, Dept. of
Nav. Arch. and Marine Eng.,Univ. of Michigan, (1969)

Maruo,H. : An improvement of the slender body theory for oscillating ships with zero forward
speed, Bulletin of Faculty Fng., Yokohama National Univ., Vol.19, pp45-56, (1970)
Newman,J.N. : The theory of ship motions, Advances in Applied Mechanics, Vol.18, Academic
Press, pp221-283, (1978)

0000 :0000000000000300000000000000,00000
O000,0 1500, ppl75-189, (1981)

Oo000O,000 000000000000 DOO0O0O0O0DOO0DOO0ODOOOO0O,00
O000000,0 1660, ppl87-206, (1989)

000 O:30000000000,0000000D000O0 000 DOODODOODO
O, pp219-292, (1994)

Nakos,D.E. : Ship wave patterns and motions by a three dimensional rankine panel method,
Ph.D thesis, MIT, pp1-172, (1990)

000 : RankineSource U0 OO O0O0O0O0OOOOO,0000000,02190, pp47-56,
(1993)

Longuet-Higgins,M.S. and Cokelet,E. : The deformation of steep surface waves on water, Proc.
Roy. Soc., ser.A350, pp1-26, (1976)

Vinje,T. and Brevig,P. : Nonlinear Ship Motions, Proc. of the 3rd. Int. Conf. on Num. Ship
Hydro., pplV-3-1 1V-3-10, (1981)

Tomita,H. and Tanizawa,K. : Numerical investigation into nonlinear water waves by means
of the boundary element method, Papers of Ship Research Institute, No.69, pp1-12, (1983)
Yeung,R.W. and Wu,C. : Nonlinear wave-body motion in a closed domain, Computer & Fluids,
Vol.17, pp351-370, (1989)

Yang,C. and Lin,Y.Z.: Time-domain calculation of the nonlinear hydrodynamics of wave-body

63



22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

interaction, Proc. 5th Int. Conf. Num. Ship Hydro., partl, pp341-350, (1989)

Sen,D., Pawlowski,J.5., Lever,J. and Hinchey,M.J. : Two-dimensional numerical modeling
of large motions of floating bodies in waves, Proc. 5th Int. Conf. Num. Ship Hydro., partl,
pp257-277, (1989)

0000 :0000000000DO00O0O0OO0OO0DOO0oDooOo0bOooboooooao,
O00000000,0 1680, pp221-226, (1990)

Lin,W.M. and Yue.,D.: Numerical solutions for large-amplitude ship motions in the time
domain, Proc. 18th Symp. on Naval Hydro., pp41-66, (1991)

Van Daalen,E.F.G. : Numerical and Theoretical Studies of Water Waves and Floating Bodies,
Ph.D. thesis, University of Twente, The Netherlands, pp1-285, (1993)

Sen,D. : Numerical simulation of motions of two-dimensional floating bodies, Journal of Ship
Research, Vol.37, pp307-330, (1993)

Beck,R.F.,Cao,Y. and Lee,T.H. : Fully nonlinear water wave computations using the desin-
gularized method, Proc. of 6th Int. Conf. on Ship Hydro., pp3-20, (1993)

Cao,Y.,Beck,R. and Schultz,W.W. : Nonlinear motions of floating bodies in incident waves,
Proc. of 9th Workshop on Water Waves and Floating Bodies, Kuju,Oita, pp33-37, (1994)
Tanizawa,K. : A Nonlinear Simulation Method of 3-D body Motions in Waves, Proc. of 10th
Workshop on Water Waves and Floating Bodies, Ozxford, pp235-240, (1995)

Tanizawa,K. : A Nonlinear Simulation Method of 3-D body Motions in Waves, 0 0 0O O [
O000,0 1780, ppl79-191, (1995)

0000 :000000000000D00DO0000O00DO0DOO0OO0O0O0DOODO0Od
O00,00000,0 660, pp33-38, (1995),

Tanizawa,K. : On the paneling technique for the nonlinear simulation of free-surface waves,
Proc. of Symp. on Nonlinear and Free-Surface Flow, Vol.4, pp37-40, (1995)

Tanizawa,K. : A Nonlinear Simulation Method of 3-D body Motions in Waves, Extended
formulation for multiple fluid domains, Proc. of 11th Workshop on Water Waves and Floating
Bodies, Hamburg, (1996)

Wu,G.X. and Eatock Taylor,R. : Transient motion of floating body in steep water waves,
Proc. of 11th Workshop on Water Waves and Floating Bodies, Hamburg, (1996)
Tanizawa,K. : Nonlinear simulation of floating body motions in waves, Proc. of 6th ISOPFE
conference, Los Angeles, California, Vol.3, pp414-420, (1996)

Saubester,V. : Numerical simulation of transient nonlinear free-surface flows with body inter-
action, OMAFE Vol.I-A, Offshore Technology ASME., pp281-290, (1991)
Cointe,R.,Geyer,P..King,B.,Molin,B. and Tramoni,M. : Nonlinear and linear motions of a rect-
angular barge in perfect fluid, Proc. of the 18th Symp. on Naval Hydro., AnnArbor, Michigan,
pp85-98, (1990)

Kang,C.G., and Gong,l.Y.: A numerical solution method for three-dimensional nonlinear free
surface problems, Proc. of the 18th Symp. on Naval Hydro., AnnArbor, Michigan., pp427-438,
(1990)

Wang, X.M. and Spaulding,M.L.. : A two-dimensional Potential flow model of the wave field
generated by a semisubmerged body in heaving motion, Journal of Ship Research, Vol.32(2),

64



pp83-91, (1988)

40) Dommermuth,D.G. and Yue,D.K.P. : Numerical simulations of nonlinear axisymmetric flows
with a free surface, Journal of Fluid Mechanics, Vol.178, pp195-219, (1987)

41) Dommermuth,D.G.,and Yue,D.K.P. : A high-order spectral method for the study of nonlinear
gravity waves, Journal of Fluid Mechanics, Vol.184, pp267-288, (1987)

42) Greenhow,M. : Wedge entry into initially calm water, Applied Ocean Research, Vol.9 (4),
(1987)

43) Greenhow,M. and Lin,W.M. : Numerical simulation of nonlinear free surface flows generated
by wedge entry and wavemaker motion, Proc. of the 4th Int. Conf. on Numerical Ship Hydro.,
Washington, DC., Vol.2, pp94-106, (1985)

44) Telste,J.G. : Calculation of fluid motion resulting from large-amplitude forced heave motion
of a two-dimensional cylinder in a free surface, Proc. of the 4th Int. Conf. on Numerical Ship
Hydro., Washington, DC., Vol.2, pp81-93, (1985)

45) Yim,B.: Numerical solution for two-dimensional wedge slamming with a nonlinear free-surface
condition, Proc. of the 4th Int. Conf. on Numerical Ship Hydro., Washington, DC., Vol.2,
ppl07-116, (1985)

46) Lin,W.M., Newman,J.N., and Yue,D.K.P. : Nonlinear forced motions of floating bodies, Proc.
of the 15th Symp. on Naval Hydro., Hamburg, Germany., (1984)

47) Fenton,J.D. and Rienecker,M.M. : A Fourier method for solving nonlinear water-wave prob-
lems; application to solitary-wave interactions, Journal of Fluid Mechanics, Vol.118, (1982)

48) Isaacson,M. de ST.Q. : Nonlinear-wave effects on fixed and floating bodies, Journal of Fluid
Mechanics, Vol.120, pp267-281, (1982)

49) Vinje,T., Maogang,X. and Brevig,P. : A numerical approach to nonlinear ship motion, Proc.
of the 14th Symp. on Naval Hydro., AnnArbor, Michigan., (1982)

50) Vinje,T. and Brevig,P.: Breaking waves on finite water depths, A numerical study, Norwegian
Hydrodynamic Laboratories, Report R-111.81, Trondheim, Norway., (1981)

51) Vinje,T., and Brevig,P. : Nonlinear, two-dimensional ship motions, Norwegian Hydrodynamic
Laboratories, Report R- 112.81, Trondheim, Norway., ppl-97, (1981)

52) Haussling,H.J. and Coleman,R.M. : Nonlinear water waves generated by an accelerated cir-
cular cylinder, Journal of Fluid Mechanics, Vol.92(4), (1979)

53) Faltinsen,0.M. : Numerical solutions of transient nonlinear free surface motion outside or
inside moving bodies, Proc. of the 2nd Int. Conf. on Numerical Ship Hydro., Berkeley, Cali-
fornia, pp347-357, (1977)

54 0000, 0000:.:000000D00000O0DCOD2000000000,000
000000, U9%043, ppl-43, (1996)

55) Tanizawa,K. : Long time fully nonlinear simulation of floating body motions with artificial
damping zone, 00 0000000, O 18 O, pp311-319, (1996)

56) Kashiwagi,M. : Full-nonlinear simulations of hydrodynamic forces on a heaving two-
dimensional body, 0 0 OO O0O0DO OO, O 1800, pp373-381, (1996)

57) JO000,0000:0000020000000000000000,0000000
, 0510, ppl31-152, (1975)

65



58)

59)

60)

61)

62)

63)

64)

65)

66)

67)

68)

69)

70)
71)

72)
73)
74)
75)
76)

7)
78)

Wicheres,J.E.W. and Slujis,M.F.: The influence of wave on the low frequency hydrodynamic
coefficients of moored vessels, Proc. of Offshore Tech. Conf., N0.3625, pp2313-2324, (1979)
Faltinsen,0.M. : Slow-drift damping and responses of moored ship in irregular waves, sth
OMAE Symp., Tokyo, (1986)

Wicheres,J.E.W.: A simulation model for a single point moored tanker, MARIN Publication,
No.797, (1988)

0o000,0000,0000,0000 :.000000000DO0O0O0O0DOOO0ODOODO
O0,0000000,0 190, pp51-59, (1984)

oo00,0000,0000,0000 :0000000000000000000O00DO
O000Oo00bOO0oo0o0obOOooDbOO0oOooooDoooboooo,0ob0oo0oooaon, o
166 O, ppl51-162, (1989)

Hearn,G.E. and Tong,K.C. : A comparative study of experimentally measured and theoreti-
cally predicted wave drift damping coefficients, Proc. Offshore Tech. Conf., No.6136, (1989)
Zhao,R. and Faltinsen,0.M. : Interaction between current, waves and marine structures, Proc.
5th Int. Conf. on Num. Ship Hydro., Hiroshima, (1989)

Nossen,J., Grue,J and Palm,E. : Wave forces on three-dimensional floating bodies with small
forward speed, Journal of Fluid Mechanics, Vol.227, (1991)

Kinoshita,T, Bao,W. and Sunahara,S. : Wave drift damping of multiple vertical cylinders :
prediction and measurement Subcommittee of performance committee of Ocean Eng. of SNAJ,
70th, pp1-20, (1993)

Eatock Taylor,R. and Teng,B. : The effect of corners on diffraction/radiation forces and wave
drift damping, Proc. Offshore Tech. Conf., No.7187, (1993)

Clark,P.J., Malenica,S. and Molin,B. : An heulistic approach to wave drift damping, Applied
Ocean Research, Vol.15, pp53-55, (1993)

Newman,J.N. : Wave-drift damping of floating bodies, Journal of Fluid Mechanics, Vol.249,
(1993)
OO00D0:0000000D000D000D00000,0000,0000, ppl-158,(1994)
Tanizawa,K. and Naito,S.: A study on wave-drift damping by fully nonlinear simulation, Proc.
of 12th Workshop on Water Waves and Floating Bodies, Carry-le-Rouet, Marseille, (1997)
Hsu,C.S. : On nonlinear parametric excitation problems, Advances in Applied Mechanics,
Vol.17, pp245-298, (1977)

Skomedal N.G. : Parametric excitation of roll motion and its influence on stability, Proc. of
2nd Int. Conf. on Stability of Ships and Ocean Vehicles, Tokyo, pp113-125, (1982)

0000 :000000000000000000D0000,0000000A0, ppl1-82,
(1977)

Tanizawa,K. and Naito,S. : A study on parametric roll motions by fully nonlinear numerical
wave tank, Proc. of 7th ISOPFE conference, Honolulu, Hawaii, (1997)

0000 :00000000000D00000,0000, ppl46-180, (1960)

0000 :000,000, pp32-48, (1968)

Romate,J.E. : Absorbing boundary conditions for free surface waves, J. of Comp. Physics,
Vol.99, pp135-145, (1992)

66



79) Liu,P.L-F. and Abbaspour,M. : An integral equation method for the diffraction on oblique
waves by an infinite cylinder, Int. J. of Numerical Methods in Fng., Vol.18, pp1497-1504,
(1982)

80) Nestegard,A. and Sclavounos,P.D.: A numerical solution of two-dimensional deep water wave-
body problems, Journal of Ship Research, Vol.28, pp48-54, (1984)

81) Takagi,K. and Naito,S. : An application of boundary element method to the fluid-body in-
teraction problem, Proc. of 8th Int. Conf. Offshore Mech. and Arctic Fng., Hague, pp9-15,
(1989)

82) Chan,R.K.C.: Two dimensional time-dependent calculations of large-amplitude surface grav-
ity waves due to a surface disturbance, Proc. of 1st Int. Conf. on Numerical Ship Hydro.,
pp315-331, (1975)

83) Chan,R.K.C. : Finite difference simulation of the planar motion of a ship, Proc. of 2nd Int.
Conf. on Numerical Ship Hydro., pp39-52, (1977)

84) Yen,S.M. and Hall,D.R. : Implementation of open boundary conditions for nonlinear free-
surface wave problems. Proc. of 3rd Int. Conf. on Numerical Ship Hydro., pp163-176, (1981)

85) Baker,G.R.,Merion,D.I. and Orszag,S.A. : Application of a generalized vortex method to
nonlinear free-surface flows, Proc. of 3rd Int. Conf. on Numerical Ship Hydro., pp179-191,
(1981)

g) JOo0O0O,0000,0000,000:0000000000-0000D00000,0
00000, No.248, pp3-24, (1976)

87) Dean,R.G. and Dalrymple,R.A. : Water wave mechanics for engineers and scientists, World
Scientific, ppl170-186, (1991)

88) Lancaster,P. and Salkauskas,K. : Curve and surface fitting, Academic Press, pp87-111, (1986)

89) Hyman,J.M. and Naughton,M.J. : Static rezone methods for tensor-product grids, Lectures
in Applied Mathematics, AMS, Providence, Vol.22, pp321-343, (1985)

90) Wahba,G. : Bayesian confidence intervals for cross validated smoothing spline, Technical
Report No.645, Department of statistics, University of Wisconsin, ppl1-60, (1981)

91) Craven,P. and Wahba,G. : Smoothing noisy data with spline functions, Estimating the correct
degree of smoothing by the method of generalized cross-validation, Technical Report No.445,
Department of statistics, University of Wisconsin, ppl-46, (1977)

67



HRERN

5.1
5.2
5.3
5.4
C.1

Valid measuring time of the experiment . . . . .. ... ... .. ... .. ... 72
Principal dimensions of the midship section body . . . . . .. .. ... ... ... 72
Principal dimensions of the bow section body . . . . . . . ... ... ... ... 72
Principal dimensions of the measuring equipment . . . . . . .. .. .. ... ... 73
Effect of smoothing spline to higher order waves . . . . . .. ... ... .. .... 73

68



HRERN

2.1
2.2
2.3
2.4
3.1
3.2
3.3
3.4
3.5
4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23

Computational domain . . . . . ... oo Lo L 74
Frame of reference . . . . . . . . . 74
Local coordinate system . . . . . .. . .. L Lo 75
Fluid domains inside and outside of a ship . . . ... ... .. ... ... .. .. 75
Intersection of the free surface and the body surface . . . . ... ... .. ... .. 76
Damping zone as a simple wave absorber . . . . .. ... 0o 0000 77
Damping zone as an absorbing wave maker . . . .. ... ... o000 77
Computational flow of the present method . . . . . . ... ... ... ... 78
Computational flow of the conventional method . . . . .. .. ... ... ... .. 79
Coordinate system for 2-D simulation . . . . .. . ... ... o 0oL, 80
Simulation of a 2-D floating body motions with a round bottom . .. ... .. .. 80
Simulated free heave motion of the body . . . . . . .. ... ... 0. 81
Conservation check of fluid volume . . . . . . . .. . .. o oo oo 82
Conservation check of vertical momentum . . . . . . .. ... ... 0oL, 83
Conservation check of fluid energy . . . . . . .. ... o Lo 84

Convergence plot of momentum and energy conservation error in relation to the

number of time steps per heavecycle . . . . . ... Lo oo oL 85
Simulated body motions in a wave generated by the piston wave maker . . . . .. 86
Conservation check of momentum and energy . . . . . . ... ... ... ... ... 87
The target of the numerical simulation . . ... ... ... ..., .. ... .... 88
Simulated fluid and body motions (Cal.1) . . . .. ... .. ... ... ....... 89
Simulated fluid and body motions (Cal.2) . . . .. ... ... ... ... ...... 90
Simulated fluid and body motions (Cal.3) . . . ... ... ... ... .. ...... 91
Floating body motions . . . . . . .. . ... . L 92
Conservation check of momentum and energy (Cal.2) . .. ... ... ....... 93
Wave profiles inside and outside of the damping zone, a =1,8=1 . .. ... .. 94
Reflection coefficient of the damping zone estimated by Goda’s method . . . . .. 95
Reflection coefficient vs. « . . . . . . .. L o L 96
Reflection coefficient vs. 8 . . . . . . . . 96
Reflection coefficient vs. hy, /A . .. o 97
Wave profiles inside and outside of the wave making damping zone a=1,=1 . 98
Wave amplitude at X =3 . . .. .. .. o 99

Wave profiles inside and outside of the wave making damping zone a=1,5=1 . 100

69



5.1
5.2
5.3
5.4
5.5
5.6
5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17
5.18

5.19

5.20

5.21
5.22
5.23
5.24

5.25
5.26
5.27
5.28

Test basin used for the experiment . . . . . ... ... . o0 oo 101

Two dimensional portable wave channel installed in the test basin . . . . .. ... 101
Body shape of the midship section model . . . . . .. ... ... ... 0. 102
Body shape of the bow section model . . . . . .. .. .. 0 o o oL, 102
Measuring equipment . . . . . . .. ..o e e e e e 103
Simulation with damping zones . . . . . . . ... .. L oL 103

Comparison of body motions and hydrodynamic forces between simulation and

experiment (Midship section body) . . . . . ... ... L o oL 104
Comparison of body motions and hydrodynamic forces between simulation and
experiment (Midship section body) . . . . . ... ... L o oL 105
Comparison of body motions and hydrodynamic forces between simulation and
experiment (Midship section body) . . . . . ... ... L o oL 106
Comparison of body motions and hydrodynamic forces between simulation and
experiment (Midship section body) . . . . . ... ... L o oL 107
Comparison of body motions and hydrodynamic forces between simulation and
experiment (Midship section body) . . . . . ... ... L o oL 108
Comparison of body motions and hydrodynamic forces between simulation and
experiment (Midship section body) . . . . . ... ... L o oL 109
Comparison of pressure time history between simulation and experiment (Midship
section body) . . . ... 110
Simulated step response of the moored midship section body in still water. . . . . 111
Simulated slow drift motion of the midship section body in a regular wave . . . . 111

Simulated slow drift motion of the midship section body oscillated by an external

Simulated forced slow drift motion of the midship section body in still water . . . 113

Simulated motions of the midship section body in a regular wave with the mooring

force give by eq.(5.4.11) . . . . .. 114
Comparison of body motions between simulation and experiment (Bow section

body) . . . . 115
Comparison of body motions between simulation and experiment (Bow section

body) . . . . 116
Simulated parametric motions of the bow section body . . . .. .. ... ... .. 117
Contour plot of ¢ . . . . . . o e 118
Contour plot of dp/Ot . . . . . . ..o 118
Comparison of pressure time history between simulation and experiment (Bow

section body) . . . ... 119
Criteria of parametric and harmonic regions given by experiment . . . . . .. . .. 120

Reference frame of the Mathieu type simultaneous equation of heave and roll motions120
Variation of displacement and metacentric height v.s. draft (Bow section model) . 121

Stable and unstable regions of Mathieu equation . . . . . .. ... ... ... ... 121

70



5.29

5.30
5.31

Al
B.1
C.1
C.2
C.3
C4
C.b
D.1

Criteria of parametric and harmonic regions given by the Mathieu type model
eqUAtION . . . . L L e e e e e e e e e e e e e 122
Criteria of parametric and harmonic regions given by the nonlinear simulation . . 122

Criteria of parametric and harmonic regions. Comparison among experiment, the

nonlinear simulation and the Mathieu type model equation . . . .. ... ... .. 123
Local polar coordinate . . . . . . . . . ... .. e 124
Euler angles . . . . . . Lo 124
Collocation points generated on the bow section body . . . ... ... ... .. .. 125
Mesh function and its integral . . . . .. ... .. oL o oL 125
Gain of the smoothing spline as a functionof k. . . . . . . ... ... ... ... 126
Smoothing splines applied to a sinusoidal function . . . . .. .. ... ... .. .. 126
Simulated profile of a plunging wave . . . . ... ... L oL 127
Incident wave and the reflected wave inside a wave basin . . . .. ... ... ... 127

71



Table 5.1: Valid measuring time of the experiment

Wave Length | Wave Period | Valid measuring time
A(m) T (sec) T, (sec) | T,/ Ty
1.0 0.801 59.25 73.97
2.0 1.132 41.90 37.01
3.0 1.387 34.21 24.66
4.0 1.601 29.62 18.50
5.0 1.790 26.50 14.80
6.0 1.961 24.19 12.34
7.0 2.118 22.40 10.58
8.0 2.265 20.95 9.249
9.0 2.402 19.75 8.222

Table 5.2: Principal dimensions of the midship section body

‘ Item ‘ M-K-§S system ‘ Nondimensional value ‘
Breadth B 0.740 m 1.00
Depth D 0.415 m 0.568
Length L 0.997 m 1.347
Draft d 0.250 m 0.338
Displacement w 184.3 kg 0.337
Center of inertia KG 0.220 m 0.297
Radius of inertia Ry 0.266 m 0.359
Metacenter height GM 0.083 m 0.112
Natural period of heave Ty 141 sec 5.12
Natural period of roll T, 1.78  sec 6.46

Principal dimensions are nondimensionalized using breadth of body ( B = 0.74m ),
density of water ( p = 1000kg/m?> ) and gravitational acceleration ( g = 9.8m/s? ).

Table 5.3: Principal dimensions of the bow section body

| Item | M-K-§S system | Nondimensional value |
Breadth B 0.600 m 1.00
Breadth at W.L. Bwr. 0.304 m 0.507
Depth D 0.532 m 0.883
Length L 0.997 m 1.347
Draft d 0.370 m 0.617
Displacement w 48.55 kg 0.135
Center of inertia KG 0.242 m 0.403
Radius of inertia Ry 0.193 m 0.322
Metacenter height GM 0.032 m 0.053
Natural period of heave Ty 1.07  sec 4.32
Natural period of roll T, 2.66 sec 10.8

Principal dimensions are nondimensionalized using breadth of body ( B = 0.60m ),
density of water ( p = 1000kg/m?> ) and gravitational acceleration ( g = 9.8m/s? ).
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Table 5.4: Principal dimensions of the measuring equipment

Swaying carriage | Weight 5875 g
Measuring span +40 cm
Heaving rod Weight 453 g
Measuring span +20 cm
Gimbal Weight 525 g
Measuring angle +30°
Load cell Weight 137 g
Capacity 15 kgf
Mooring system | Balance weight 500 g
Spring constant  51.07 N/m

Table C.1: Effect of smoothing spline to higher order waves

n | kmas ke | 9(kmas) g(k) g(2k) g(3k)
10 | 3142 | 18.14 0.10 | 0.98581061 | 0.81281116 | 0.46170525
20 | 62.83 | 36.28 0.10 | 0.99910121 | 0.98581061 | 0.93208133
30 | 94.25 | 54.42 0.10 | 0.99982233 | 0.99716487 | 0.98581061
40 | 125.66 | 72.56 0.10 | 0.99994378 | 0.99910121 | 0.99546641
50 | 157.08 | 90.70 0.10 | 0.99997697 | 0.99963166 | 0.99813806
60 | 188.50 | 108.84 0.10 | 0.99998889 | 0.99982233 | 0.99910121
70 | 219.91 | 126.98 0.10 | 0.99999401 | 0.99990409 | 0.99951465
80 | 251.33 | 145.12 0.10 | 0.99999649 | 0.99994378 | 0.99971544

(A=1, k=2m)
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ment (Midship section body)
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Fig.5.11: Comparison of body motions and hydrodynamic forces between simulation and experi-
ment (Midship section body)
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Fig.5.12: Comparison of body motions and hydrodynamic forces between simulation and experi-

ment (Midship section body)
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Fig.5.14: Simulated step response of the moored midship section body in still water
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Fig.5.15: Simulated slow drift motion of the midship section body in a regular wave
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Fig.5.16: Simulated slow drift motion of the midship section body oscillated by an external force
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Fig.5.19: Comparison of body motions between simulation and experiment (Bow section body)
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Fig.5.20: Comparison of body motions between simulation and experiment (Bow section body)
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Fig.5.21: Simulated parametric motions of the bow section body
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Fig.5.25: Criteria of parametric and harmonic regions given by experiment
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Fig.5.26: Reference frame of the Mathieu type simultaneous equation of heave and roll motions
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Fig.5.27: Variation of displacement and metacentric height v.s. draft (Bow section model)
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Fig.5.28: Stable and unstable regions of Mathieu equation
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Fig.5.29: Criteria of parametric and harmonic regions given by the Mathieu type model equation
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Fig.5.30: Criteria of parametric and harmonic regions given by the nonlinear simulation
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Fig.5.31: Criteria of parametric and harmonic regions. Comparison among experiment, the non-
linear simulation and the Mathieu type model equation
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Fig.A.1: Local polar coordinate

Fig.B.1: Euler angles
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Fig.C.1: Collocation points generated on the bow section body
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Fig.C.2: Mesh function and its integral
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Fig.C.3: Gain of the smoothing spline as a function of k.
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Fig.C.4: Smoothing splines applied to a sinusoidal function
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Numerical Simulation of Plunging Breaker
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Fig.C.5: Simulated profile of a plunging wave
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Fig.D.1: Incident wave and the reflected wave inside a wave basin
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