[2008][01-1]

Engineering Mathematics 2

September, 2008

Prof. Kyu-Yeul Lee

Department of Naval Architecture and Ocean Engineering,
Seoul National University of College of Engineering

o
1=
u
0
0
S
g
W
~
0
0
Q
@)
o3
2
S
b
O
2
£
o
<
®
3
<




Mathematical Modeling &
Linearization

o
1=
u
0
0
S
g
W
~
0
0
Q
@)
o3
2
S
b
O
2
£
o
<
®
3
<




Why Mathematics?

2008 _Introduction
_—




Why Mathematics?

ARS)- W HY

2008 _Introduction
_—




Why Mathematics?

At

1o
it

Ja o
ret |1

Mo
L
0z

2008 _Introduction
_—

ret

-




Why Mathematics?

oj3}x/ A3 0|3}

=

2008 _Introduction
=




ICS?

Why Mathemat

o181/ ALS|H 0|3
E4e

Rr| 6l
ol | gl

of | Ol

2008 _Introduction 7



Why Mathematics?

o1 5LE|/ALZ| X O] )
Solution &Y
S| AHSHA S AL
> 2StM ol <:j Atel FSE B
e e R | =

2008 _Introduction
_—




Why Mathematics?

HetE /AR o]5f
o

=

Ex3

Solution

Al

25
= = N
T sEEua

Ty
lnd
ko
In

2008 _Introduction
_—




ICS?

Why Mathemat

oyspE /3| H O|3]

N

N
Rl

Ofu

LEE

Solution

2008 Introduction




Why Mathematics?

. 1
Solution SEY

\\’2

ret
0
%
1=
=2

20| Moz
AlZto] etofL}
zann

2008 Introduction

At2]-ESty oy
=0 ¥y

11
1266



Why Mathematics?

Solution =2
S| ASEA (]| <:| *I‘gl'*él%l'x—'.l ?jg
> 9y EE o o) xd B AF
EEI = ?_1 (<)
B of A, o5
=0| Aoz H
AlZHO| HOfLf 2
:E Waw S0ne Ap

Tormion 226 S8 SN0 40K S600 2000 THIO AL AD AL AL AS AL
paT RC BC BC BC RC RS GG T 1083 3XE X0 W ke

wres Papdidos B Potrms o L ydant Medim, Wiald Py " AW (10

2008 Introduction




Why Mathematics?

Solution

\\’2

=]

) ) Mel
c_,l-I-l EI:-II :

ret
0
%
Jx
2
i)

Ditoss of pousds

oj2fof= e+

AgLl =

a7k L
AlZto| ofL i e
Lol mwtnmerse e

.
S
. 9o~
€ : ;
M 2 Tikack Death—# pliges -~ 100
fermion P08 008 SB00 4000 000 2080 THIO AL AD AL AD AL AR
AR RC BC MC MBS RC AS BE T 1003 BNE XD 400 ke
wroé Topdidod B [ ST E "

2008 Introduction




Why Mathematics?

Solution =5
) Mel e By
> 8 o e
Sa|x #y

DEoss of pouzds
1

ojefof= ol
7k Hott 7t
s

"

=0| M oqH
AlZtol dotLt

0k

o
om Drones  boe
e Maw S00nme AQ0 A Ao

e
. -
€ ~ /
'r Tiack Death—#v pligss -~ WO
formion 208 S008 SO0 #4000 000 2080 THIO AL AD AL AD AL AR
- RC BC Ac ac c A BE 1080 MNE RN s kxe
wrod Topdided B Potrms o Uvdnt Nebm, Il P f

Temperature
OC difference between
water and outside

Changing rate of
water temperature

2008 Introduction

14
1266



Why Mathematics?

. Exta
Solution S=95

\\’2

DEoss of pouzds
1

oj2fof= e+
7t dofLt 37t
a7k

"

=0| M oqH
AlZFO| &nopLt

0k

e Waw S0ne Ap

o
e
€ : ,
'l» Tiack Death—#he pigss - 180
formion 26 G008 SO 40X MU0 B0 TR0 AL AD AL AD AS AD
Mt RC BC B MS MG RS MG T 1003 3N 36 48 be
wroé Topdidod B Potvms oot Uvbaet Mt Wl g !

Temperature
OC difference between
water and outside

Changing rate of
water temperature

T T : Water temperature
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water and outside

dT (t T : Water temperature
J = k(T TA) k <0 7, :Outside temperature
dt (constant)

<Newton'’s law of cooling>
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Linear O.D.E

Linear Model Linear/Nonlinear O.D.E Nonlinear Model

(Linear Equation) (Nonlinear Equation)
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Linear O.D.E

Linear Model
(Linear Equation)

ex) mz"+cz'+kz = F, coswt

Try:
Z, L, | 7=e"

-Basis
Linearly Independent
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Linear O.D.E

Linear Model

(Linear Equation)

ex) mz"+cz'+kz = F, coswt

ex) mz"+cz' +kz=0 £,

General Solution
- Homogeneous

Z, =C.Z, + CZZZT

-Linear Combination
-Superposition ‘ ‘

Zy Z,

-Basis
Linearly Independent
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Linear O.D.E

Linear Model Linear/Nonlinear O.D.E Nonlinear Model
(Linear Equation) o (Nonlinear Equation)
" /
ex) mz"+cz'+kz = F, coswt
General Solution
-Nonghomogeneous
2=2,+2,]
-Superposition
ex) mz"+cz'+kz =02, Z,
General Solution Particular
- Homogeneous Solution
Z, =C.Z, + CZZZT
-Linear Combination
-Superposition ‘ ‘
Try:
Zy L, | 7=¢*

-Basis
Linearly Independent
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Linear Model Linear/Nonlinear O.D.E Nonlinear Model

(Linear Equation) (Nonlinear Equation)

ex) mz"+cz'+kz = F, cosat

General Solution

-Nonghomogeneous
2=2,+2,]
-Superposition
ex) mz"+cz'+kz=0|Z Z
h p
General Solution Particular
- Homogeneous Solution

Z, =CZ, + CZZZT Tﬂ

-Linear Combination Another
-Superposition ‘ ‘ Superposition
Try:
At
Z, Z, Z=¢
-Basis

Linearly Independent
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Linear Model
(Linear Equation)

ex) mz"+cz'+kz = F, cosat

General Solution
-Nonghomogeneous

Linear/Nonlinear O.D.E

7=7 +71 T
-Superposition h P
ex) mz"+cz'+kz =02,

General Solution
- Homogeneous

Z, =C.Z, + CZZZT

-Linear Combination
-Superposition ‘ ‘

Zy Z,

Particular

Superposition

-Basis
Linearly Independent

2008 Introductio

Nonlinear Model
(Nonlinear Equation)

ex) mz"+kz+k,z° =0
ex) (y")° —y* =0

-Superposition?




Linearity, Superposition

f (X) =mx f(X)=mx+Db

A

PO +X,) Je

F(x;) ¢

(%) 7
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Linearity, Superposition

f (X) =mx
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Linearity, Superposition

f (X) =mx f(X)=mx+Db
f (% +X,)
F(x,) 7
f(x) 7
b
— —Alﬁ—s_.
X X X, + X, X X, X, + X,

f(x)=mx, f(x)=mx,
f (X +X,)=m(X +X,)
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Linearity, Superposition

f (X) =mx f(X)=mx+Db
f (% +X,)
F(x,) 7
f(x) 7
b
— —Alﬁ—s_.
X X, X, + X, X X, X, + X,

fx)=mx, f(x,)=mx,

f (X +X,)=m(X +X,)
= mx, + MXx,

= f (Xl) + f (Xz)
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f(x,)=mx, f(x,)=mx, f(x)=mx +b, f(x,)=mx, +b

f (X +X,)=m(X +X,)
= mx, + MXx,

= f (Xl) + f (Xz)
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Linearity, Superposition

f (X) =mx f(X)=mx+Db
f(x %) L
f(x,) 1¢
() -
b
. _A
X; X, X+ X, X, X, X, + X,
f(x,)=mx, f(x,)=mx, f(x)=mx +b, f(x,)=mx, +b
f (X +X,)=m(X +X,) f(X +X%X,)=m(x +X,)+b
= mx, + MXx,

= f (Xl) + f (Xz)
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Linearity, Superposition

f (X) =mx f(X)=mx+Db
(% +X,)
F(x,) 7
f(x) 7
b
| > _’6
X X, X, + X, | X X, X, + X,

f(x,)=mx, f(x,)=mx, f(x)=mx +b, f(x,)=mx, +b

f (X +X,)=m(X +X,) f(X +X%X,)=m(x +X,)+b
= mx, +mx, =mx, +mx, +b
= f(x)+ f(X,) = f(x)+ f(x,)
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Linearity, Superposition

f (X) =mx f(X)=mx+Db
(4+%) L
(%) ¢
f(4) 1
. _
f(x,)=mx, f(x,)=mx, f(x,)=mx +b, f(x,)=mx,+b
f (X +X,)=m(X +X,) f(X +X%X,)=m(x +X,)+b
Linearity, = MX +MX, =mx, +mx, +b

Superposition _ f(X1)+ f(Xz) £ f(xl) + f(XZ)
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Linearity, Superposition

If a function f (x) has linearity,

the function f (x) has these 2 characters.

f (ax +bx,) = af (x,) +bf (x,)

Homogeneity Additivity
(b = 0) (a=b=1)
flax)=af(x)  f(x+%)="10)+f(x)

X,, X, :Independert variable
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Linear O.D.E f (ax, +bx,) = af (x,) +bf (x,)

e Linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,a, of ¥, y",...,y™ depend at most on the independent
variable x
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Linear O.D.E f (ax, +bx,) = af (x,) + bf (x,)

e Linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1
The coefficients a, ,...,a, of ¥, y",...,y™ depend at most on the independent

variable x

a, )Y +a,,Qy" ™ +--+a,(X)y" +a,(X)y +a,(X)y = g(X)
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Linear O.D.E f (ax, +bx,) = af (x,) + bf (x,)
 Linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,a, of ¥, y",...,y™ depend at most on the independent
variable x

a, )Y +a,,Qy" ™ +--+a,(X)y" +a,(X)y +a,(X)y = g(X)

ex) my”+cy’+ky = f(x)

. d
V' +ay =0 where, y = y(x), y' = d—i
X2y"+xy' —ay =0 m, ¢,k = constant
Xy"+y' +a’y=0 n=0,12...

1-x*)y"=2xy+n(n+1)y=0
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Nonlinear O.D.E f(ax, +bx,) = af (%) +bf (x,)

linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,.a, of ¥, y",...,y™ depend at most on the independent
variable x

a, )y +a,,0Qy" ™ +---+a,(X)y" +a,(X)y' +a,(X)y = g(X)

Nonlinear O.D.E.

2008 Introd u_ctigp




Nonlinear O.D.E f(ax, +bx,) = af (%) +bf (x,)

linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,.a, of ¥, y",...,y™ depend at most on the independent
variable x

a, )y +a,,0Qy" ™ +---+a,(X)y" +a,(X)y' +a,(X)y = g(X)

Nonlinear O.D.E.

1-y)y +2y=¢
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variable x
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Nonlinear O.D.E.

1-y)y+2y=¢
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Nonlinear O.D.E f(ax, +bx,) = af (%) +bf (x,)

linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,.a, of ¥, y",...,y™ depend at most on the independent
variable x

a, )y +a,,0Qy" ™ +---+a,(X)y" +a,(X)y' +a,(X)y = g(X)

Nonlinear O.D.E.

A-y)y'+2y=€e"  y"+siny=¢"
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Nonlinear O.D.E f(ax, +bx,) = af (%) +bf (x,)

linear O.D.E.

The dependent variable y and all its derivatives y’, y”,...,y(™ are of the first
degree, that is the power of each term involving y is 1

The coefficients a, ,...,.a, of ¥, y",...,y™ depend at most on the independent
variable x

a, )y +a,,0Qy" ™ +---+a,(X)y" +a,(X)y' +a,(X)y = g(X)

Nonlinear O.D.E.

A-y)y'+2y=¢€"  y"4+siny=¢" vy 4y’ =e
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Nonlinearity of the nature
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Nonlinearity of the nature

Nonlinear Mathematical Model
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Numerical Method
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization
Linear Mathematical Model

Numerical Method
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization
Linear Mathematical Model

Numerical Method

Analytic Solution
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model Numerical Method

Linearization
Linear Mathematical Model Analytic Solution
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Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Numerical Method

Linearization
Linear Mathematical Model

Taylor Series G oo s e o

Analytic Solution

Taylor Series : 0|2 7} 5%t OffH St 5 CIEHAIO| HE|Z 2 AISHS HHH.
nz0 QI == noj EHOM x=x*Ql JKI"*OIIM nH O F 7}stt &= f= ofciet Z0] LIEHE = QCt

Lt X| & (Rgmainder)
z=0{xl A X Ol Ax2| Taylor Series : X7t X o 23]

e H 1 gto] j9 e
2 *
df (x)( iy L f(zx)

f(x)=f(x)+

* Y
(Xx—X)? +\R>

2008 Introductlon




Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization

Linear Mathematical Model Analytic Solution

Taylor Series
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization

Linear Mathematical Model Analytic Solution
Taylor Series 5 (x°)
Given: X , f (X*), X~ OIA{Cl iXt 012 HIZ: [OX']

Find : f (X" + AX)

2008 _Introduction




Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization
Linear Mathematical Model

Numerical Method

Analytic Solution

Given: X', f(X'), X OIAOIiXt DI HI%

Taylor Series [
Find: f (X" + AX)

o f (X)
ox'

% 1tz B=0| Taylor Series Expansion

f(X +Ax)=f(X)+ f’(x*)Ax+% f7(X)AX® +...

2008 _Introduction




Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization
Linear Mathematical Model

Numerical Method

Analytic Solution

Given: X', f(X'), X OIAOIiXt DI HI%

Taylor Series [
Find: f (X" + AX)

o f (X)
ox'

% 1tz B=0| Taylor Series Expansion

f(X +Ax)=f(X)+ f’(x*)Ax+% f7(X)AX® +...
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization

Linear Mathematical Model Analytic Solution

Given: X', f(X'), X OIAOIiXt DI HI%

Taylor Series [
Find: f (X" + AX)

o f (X)
ox'

% 1tz B=0| Taylor Series Expansion

f (X +Ax)=f(X)+ f’(x*)Ax+% f'"(X)AX +... [ Y,

Maclaurin Series

let X —0, AX — X

f(x) = f(0)+ f'(0)Ax +% f"(0)AX? + ..

2008 _Introduction
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization

Linear Mathematical Model Analytic Solution

M = o 1fy* 1 ne*
Taylor Series (X +ax)=f(x)+ f'(x )AX+§f (X)AX +...

Maclaurin Series f(x)=f(0)+ f'(0)x —I—% f"(0)x* +...
Ex) Continuity Equation

I
s
!
1

Ay

y
’ AX
X ]
2 :

2008 Introd u_ctigp




Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution

Taylor Series (X +Ax)=f(x)+f'(x )Ax+§ f7(X)AX® +...
Maclaurin Series f (X) = f (O) + f '(O)X +% f ”(O)XZ +...
Ex) Continuity Equation* vGiven: p(X,Y,z)u(x,y,z) and

at(x,y,2)

vFind : QEZ ©2 B8 ZAKHOZ2E WHLIZE SH 2| W

d(pu)
X

p(H%, Y, Z)u(x +%, Y, Z)AyAz

: ~| p(x,y,2)u(x, . z)+a(p“)&+--}AyAz
I v i X
1 u —
| ——»
= ! W%’ = pu+M&+--}AyAz{pu+a(pu)AX}AyAz
Ay : | OX 2 OX 2
A v EH9| AIZHE 9IZ BS Bof S02 SHlol MY
. AX AX
Az p(x—7, Y, z)u(x—7, Y, Z2)AyAz
AX AX B
S X e =| p(x, y,z)u(x,y,2)+—8(pu)(—gj+--1AyAZ
< > OX 2
K AX : 0 A 0 A
z =| pu+ (pu)(——xj+--}AyA2z{pu+ (pu)(——xﬂAyAz
2008 Introduction L ox 2 OX 2

- e | = T . Do 60
*Dean R.G., Dalrymple R.A., Water Wave Mechanics for Engineers and Scientists, Advanced Series on Ocean Engineering World Scientific, 1994, p9 1266




Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution

. . . . 1 .
Taylor Series f(X +Ax)=f(X)+ f'(x )Ax+§ f7(X)AX? +...
Maclaurin Series f (X) =f (O) + f '(O)X +% f ”(O)XZ +...

Ex) Continuity Equation*
v’ the net flux of mass into the cube in the x direction

(+ : mass flow rate in)

{pu + Apu) (—&ﬂ AYyAz —[,ou +

o(pu) Ax} o(pu)
— |AYAZ =—
x 2 y ox AXAYAz

i OX 2
E ) U v the net flux of mass into the cube in the y direction —MAxAyAz
*— : J—» o> OX
1 w P 0
! w
Ay : v’ the net flux of mass into the cube in the z direction — (8'0 ) AXAYAz
e SR EEEEE X
,/’ Az v the net rate of mass accumulation inside the control volume
y ey X e a(pu) , a(pv) | a(pw)
7 > — + + AXAYAZ
s AX OX OX OX
yA

2008 Introduction
T T i ol e P — —— 61
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Taylor Series f(X +Ax)=f(X)+ f'(x )Ax+§ f7(X)AX? +...
Maclaurin Series f (X) =f (O) + f '(O)X +% f ”(O)XZ +...

Ex) Continuity Equation* e () and ap at (1)
OX

v'Find : the increase in mass for a time increment

| p(t+At) — p(t) | AxAyAz

E v op op
| W%E - N = {EM +} AXAYAZ =~ [E At}AxAyAz
Ay i
Az
AX X X+g

AX

N
~
pas
A
v
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Taylor Series f(X +Ax)=f(X)+ f'(x )Ax+§ f7(X)AX? +...
Maclaurin Series f (X) =f (0) + f '(O)AX +% f ”(O)AX2 +

Ex) Continuity Equation*

Ay

I
g

AX

N
<
=

=<

|

AN‘

v
N
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v'Mass conservation
: the increase in mass for a time increment
must be due to

the net inflow rate occurring over a time increment

{a—pAt}AxAyAz _ [8,0 A ol W)}AxAyAzAt
ot OX OX OX

. 9(pu)  9(pu)  d(pv)  o(pW) _ 4
oot OX X OX

NV Y

assumed as given at first

but we need to find them in the result.
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Taylor Series

0" (%, X))

Given : (x;, %), f (X, %), X" OlA2] DI 4

OX, OX,’

Find: f(x +AX,, X, +AX,)
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Taylor Series

0" (%, X))

Given : (x;, %), f (X, %), X" OlA2] DI 4

OX, OX,’

Find: f(x +AX,, X, +AX,)

x 2= Bt=0| Tayler Series Expansion

* * * * af af
f (X +AX, X, +AX,) = T (X, X,) +5—X1AX1 +8—X2Ax2
2 2 2
+1 2 Z AX” + 2£AX1AX2 +2Ax22 +...
2\ OX; OX,0X, OX,
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Taylor Series

x 2= Bt==0| Tayler Series Expansion

f (X, +AX, X, +AX,) = f(xf,x;)+ﬂAx1+—

2008 Introd u_ctigp

(azf , O

of AX,
0%, OX,

AX," +2

2

OX; 0%, 0X,

2

f

AXAX, + 8—2 AX, |+...
OX,
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 2W == BE0| Tayler Series Expansion | A%
/ | OX, |
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f (X +AX, X, +AX,) = F (X, X,) +H—AX +—AX,
L 0X, OX, e
(g Sy e
+2| = AX" +2 AXAX, +—— A%, |+ ...
X, X,0X, OX,
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Taylor Series of |
Vi (<Y (x=x) =| 26 {Axﬂ
x 2= Bt==0| Tayler Series Expansion O] LAX,
/ | OX, |
680 85) 16000+ s
1 11 72 2 1772 axl 1 axz 2
o 82f ...............
+2 AXAX, +—
O oxoXy 0 A
(P T !/Zf 0 f 02 f AX,
> (Ax) HOC) (ax) = 2{ T e (sz)ij
o*f o't

1 X OX0X, | AX
==[Ax, Ax L 1772
1A ST [ij

OX,0% ~ OXZ
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Taylor Series of |
Vi (<Y (x=x) =| 26 {Axﬂ
x 2= Bt==0| Tayler Series Expansion O | LAX,
/ | OX, |
) ) T s
f (X +AX, X, +AX,) = F (X, X,) +H—AX +—AX,
L 0X, OX, e
: P 82f ..............
X" +2 AXAX, +— AX, " [+
LK OXAOK OXy o
1\ omfaoy 1 azv/az i o’ f AX,
2 (Bx) H(x )(Ax)—g{a—xfmxl) T ) ST )}{ Xj
o't o
1 x> ox0X, || A% - =
=Sl ax] ot T ij azz o f
OX,0%, 6x2 H= 82(1 8X128X2
* o f o f
L f(X)=f(X)+VE(X) (AX) += ( x) H(x") (Ax)+R o oF |
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Taylor Series f(x +Ax)=f(x)+ f’(x*)Ax+% f7(X)AX® +...

&2tk Taylor T 7|

3 5 o _a\n
Sing=6—-— ‘9__...22 (D" ona
3t 3l = (2n+1)!
2 4 o (_A\N
cosf=1—— 9__...22( )" on
4! n=0 (2n)l
3 5 o
tan«9=6?+9 +2‘9 = ZBZ (4" A- 4)
3 15 n=0 (2”)'
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Taylor Series f(x +Ax)=f(x)+ f’(x*)Ax+% f7(X)AX® +...

&2tk Taylor T 7|

3 5 o (gD
Sing = /6’\—‘9— AN iXZnﬂ
3! 5l = (2n+1)!
006 < (=1)"
cosfd=1-— __"':Z 2N
NS 2' 4' — (2n)|

3 5 0
ano=0:7 20§ Bl

15 n=0 (2n) !
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Ex) Erd Mo 0| S34]

Deflection of a beam

M
(——=
y
5w

*SEHH: Ho 28 o Ro| MEE S0{Un, 253 Zo| 2= FOEC
o mj, o &} 5t Ato]o] ofEl7t= "°|7} ﬁsf | 4= =S| 0| =X o|ct
I
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Ex) EFMe| i WA
o=E¢
® p-dd=ds

@ SEEUM yItE Bo{Z
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
yo,

dM =-yodA
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
yo,
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@ Assume that
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do M
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
yo,

dM =-yodA
@ Assume that

ds ~ dx, 6 ~ tan(0) =

2008:Introdc_t_i9rl :

do 1

ds_p N
do M
ds  El

M1

El p
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ds ~ dx, 6 ~ tan(0) = %
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Ex) Erd Mo 0| S34]

ds ~ dx, 6 ~ tan(0) = %

ds
d
=Y 46— dx? + dy? —> s = dx 1+(d—y
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ds ~ dx, 6 ~ tan(0) = %

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx
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ds ~ dx, 0 ~ tan(9) = -2

dx
ol dy )’
dX d82 - dX2 + dy2 —)dS — dX l+(d—j
X
o) e o) -
let, z=| —= | then, ,/1+| = | =+1+z2
dx dx
f(z)=v1+z
f(0)=1

f'(0) =%(1+ z)_;

z=0

3
2

f"(0) = —%(1+ z)

z=0
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ds ~ dx, 0 ~ tan(0) =2

dx
ds 2
d
=Y 46— dx? + dy? —> s = dx 1+(3—yj
X
dy dy
let,z=| =2 | then, [1+| L | =/1+z
dx dx
f(z)=v1+z
f(0)=1

f'(0) =%(1+ z)_;

z=0

.
2

f"(0) = —%(1+ z)

z=0
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Ex) EhdM2| Ol YY4| q
ds ~ dx, 0 ~ tan(9) = -2

dx
ds 2
d
=Y 46— dx? + dy? —> s = dx 1+(3—yj
X
dy ’ dy ’
let,z=| =2 | then, [1+| L | =/1+z
dx dx
f(z)=v1+z B
f(0)=1

f'(0) =%(1+ z)_;

z=0

.
2

f"(0) = —%(1+ z)

z=0 —
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ds = dx, @ = tan(@): dy

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dx

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx

f(z)=v1+z B
f(0)=1

f(Z)=1+£Z+1£—EjZZ+...
2 20 4

f'(0) =%(1+ z)_;

z=0

3
2

f"(0) = —%(1+ z)

z=0 —
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ds = dx, @ = tan(@): dy

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dx

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx

f(z)=v1+z B
f(0)=1

f(Z)=1+£Z+1£—EjZZ+...
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f'(0) =%(1+ z)_;

z=0
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f"(0) = —%(1+ z)
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ds = dx, @ = tan(@): dy

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dx

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx

f(z)=v1+z B
f(0)=1

f(Z)=1+£Z+1£—EjZZ+...
2 20 4

f'(0) =%(1+ z)_;

z=0
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f"(0) = —%(1+ z)

z=0 —
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ds ~ dx, 6 ~ tan(0) = d

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dx

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx

f(z)=v1+z B
f(0)=1

f(Z)=1+£Z+1£—EjZZ+...
2 20 4

f'(0) =%(1+ z)_;

z=0

3
2

f"(0) = —%(1+ z)

z=0 —
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ds = dx, @ = tan(@): dy

ds 2
~—1d
Y ds? = dx® + dy? —ds = dx 1+(d—yj

dx

dy ’ dy ’
let, z=| —= | then, |1+ ™ =/1+2
X

dx

f(z)=v1+z B

f(0)=1

f(Z)=1+£Z+1£—EjZZ+...
2 20 4

f'(0) =%(1+ z)_;

z=0

3
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f"(0) = —%(1+ z)

z=0 —
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Ex) Erd Mo 0| S34]

ds ~ dx, 6 ~ tan(0) = %

_—|dy

dx 3 5
tand =0+ 9—+2i
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@ Assume that
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Ex) EhdMO| O Wy4]
do 1
-d@ =ds —=—
P ds p N
dF = cdA=E -2 dA a@__M
P ds El
M_ 1
dM =—deA = )
@ Assume that
ds ~ dx, 0 ~ tan(é?):d—y
dx
do d (dy)_ d (dyj_dzy
ds dsldx/) dx\ldx) dx°
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Ex) EhdMO| O Wy4]
de 1
-dd=ds — ==
P ds p N
dF = cdA=E-LdA ae__M
P ds El
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dM =—deA El P
@ Assume that
ds ~ dx, taan(é?):d—y
dx
do d (dy)_ d (dy}_dzy
ds dsldx/) dx\ldx) dx°
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do 1
-d@ =ds —=—
P ds p N
dF = odA=E -2 dA @ __ M
P ds El
M 1
dM =-yodA E__;
@ Assume that d
ds ~ dx, @~ tan(@) = -
dx
~do d%y
ds  dx®
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
yo,

dM =-yodA

@ Assume that

ds ~ dx, @ ~ tan(@)= %

~do d%y
ds  dx?
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Ex) EtdMo| O W3yA
p-dod=ds

dF =odA=E- Y dA
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dM =-yodA

@ Assume that

ds ~ dx, @ ~ tan(@)= &y

~do d%y

ds _dX2 ———>
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Linearization
Analytic Solution

Linear Mathematical Model

> F =T, cosg,—T,cos6, =0

Ex) Rotating String

p : string density
w : string angular velocity

T : magnitude of tension

y(X+ AX)

y(X)

T,cos@ =T,cosd, =T

D> F,=T,sing,-T,sing,
T sin 6, T
cos o,

. =T tan g, —T tan 4,
....... =TIy (X +Ax) = y'(X)]
: dy

Cos &,

Jtan g, =

X

s tan g, = x
X

v

co
A
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Ex) Rotating String

p : string density
w : string angular velocity
T : magnitude of tension

y(X+ AX)

D F =TIy (x+A%) - y'(X)]

Acceleration point
in the direction

opposite to the
positive y direction

linearization

assum.: AX <
Mass: M= pAS = pAX
Centripetal acceleration: 3§ = Or ®*
When Ax is small,

Fr+Ar=r+r’Ax+---=\yt yAx+---

linearization

2
r+Ar=r=y a=—ro” =—yw

~. Y F, =ma~—(pAX)yo’
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~TLY (X +4A%) = Y ()] = ~(pAx) yo’

p : string density

String angulur velocit Y(X+A)-y'(X) .,
T- magnitude of tension” | T ~ + p’y =0
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:Gravity force

By Newton’s 2"d |aw,

mz"=F
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:Gravity force
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Nonlinearity of spring

F(z) =—kz—-kzZ’

By Newton’s 2"d |aw,

mz"=F
= mgk
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:Gravity force mg

Nonlinearity of spring

F(z) =—kz—-kzZ’

By Newton’s 2"d |aw,
linearize
"
mz"'=F Hooke’s law
_ Focz
- mgk F . =—kz
spring

k : springconstant
2008 Introductio e

- =a - 3
= T — 3 R e —=— : 5 134
P - - - : = = 3 — — .




d?z

Spring/Mass Systems: Driven Motion*=*V" *~ 4
& @ L1111 11001001077
k
| @
g
| g | (]
:Gravity force mg

Nonlinearity of spring

F(z) =<kzokz’

By Newton’s 2"d |aw,
linearize
"
mz' =F Hooke’s law
F ocz
= mgk
g |:spring :€kZ

k : spring constant
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Nonlinearity of spring

F(z) =<kzokz’

By Newton’s 2"d |aw, "o
linearize mz: = F
"
mz"'=F Hooke’s law
F ocz
= mgk
g |:spring :€kZ
k : spring constant
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:Gravity force mg

Nonlinearity of spring

F(z) =<kzokz’

By Newton’s 2"d |aw, "o
linearize mz: = F
"
MZ = F Hooke’s law — mgk
F ocz
= mgk
g |:spring :€kZ
k : spring constant
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Nonlinearity of spring
— F(z) =<kzokz’
By Newton’s 2"¢ |aw, . mZ” — F
mz"=F Hooke’s law — mgk_ksok
_ Focz "
= mgk F. —cke =0 (. z"=0)
K : spring constant . static equilibrium
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= Mg k_ksok = mgk — kS k—kzk + |:external static
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. static equilibrium =0 ( 2" =0)
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Ex) Heave Motion of a Ship —step 1

z

m : mass

(=) /l

mZ=F
= |:gravity

=-mgk
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v Mass-Spring-Damper system
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| m

| mg

'| By Newton’s 2" |aw,
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Ex) Heave Motion of a Ship — step 2

_____________________________________

v Mass-Spring-Damper system

K :
=2 I, / v © L

m: mass p : density of sea water l F
V,: submerged volume gravity —ks
Sg : submerged surface area — —mak | .. - S
=—mg | I S
— o— [t 0. .
vk
= |:gravity i Z f + mg
=-mgk ’
mz"=F
= mgk—ks k

=0 (.-z"=0)

. static equilibrium
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Ex) Heave Motion of a Ship — step 2

szf . | /
= lg / M

VO
m: mass p : density of sea water F
V,: submerged volume gravity
Sp : submerged surface area _ —mgk
mzZ=F
= |:gravity
=-—mgk
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= mgk—ks,k
=0 (-2"=0)
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Ex) Heave Motion of a Ship — step 2

/

g

m . mass p : density of sea water
V,: submerged volume
Sg : submerged surface area

Vo

/

M

l Fgravity

=—mgk

mZ=F
= |:gravity

=-—mgk
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dS :infinitesimal submerged surface

dF area

: force exerted by the infinitesimal
fluid element on dS

n

: normal vector of dS

v Mass-Spring-Damper system
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= mgk—ks,k
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Ex) Heave Motion of a Ship — step 2

Fotatic = H Pstaticnds = ngOk
Sg

g

Vo

m: mass
V,: submerged volume
Sg : submerged surface area

p : density of sea water F

/ M P>
/ ;

gravity

=—mgk

mZ=F
= |:gravity

=-mgk
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dS :infinitesimal submerged surface
area

d : force exerted by the infinitesimal
fluid element on dS

N :normal vector of dS

v" Archimedes’ Principle Fstatic =]

v Mass-Spring-Damper system
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= mgk—ks,k
=0 (-2"=0)

. static equilibrium
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Ex) Heave Motion of a Ship — step 2

Fotatic = H Pstaticnds = ngOk
Sg

g

Vo

m: mass
V,: submerged volume
Sg : submerged surface area

p : density of sea water F

/ M P>
/ ;

gravity

=—mgk

mzZ=F

— Dgravity +Fstatic
=-—mgk
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dS :infinitesimal submerged surface
area

d : force exerted by the infinitesimal
fluid element on dS

N :normal vector of dS

v" Archimedes’ Principle Fstatic =]

v Mass-Spring-Damper system

@ 11000000

= mgk—ks,k
=0 (-2"=0)

. static equilibrium




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 2

Fotatic = _U Pstaticnds = ngOk
Sg

g

Vo

m: mass
V,: submerged volume
Sg : submerged surface area

p : density of sea water F

/ M P>
/ ;

gravity

=—mgk

mzZ=F

= Mgravity +Fstatic

=-mgk +p9V,k
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dS :infinitesimal submerged surface
area
: force exerted by the infinitesimal
fluid element on dS

N :normal vector of dS

v" Archimedes’ Principle Fstatic =]
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Ex) Heave Motion of a Ship — step 2 Foatic = ” P....ndS = pgV,k v Archimedes’ Principle F__. = pgV, K
Sg T T T

v Mass-Spring-Damper system

@ 11000000

Vo

k
zf . | /
= l g / M >
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Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship — step 4 Foatic = j J. P...NdS v Archimedes’ Principle F__. = pgV K
Sg O
; = PYVoK + F_sstionatbouyancy | v Mass-Spring-Damper system
vks X 7 additional '@
= | /. M buoyancy caused :
— V l 9 Z T / by additional |
0 displacement z i restoring
m: mass p : density of sea water PR i —ks. —kz
V,: submerged volume Y Fgravity ';Z B eEll i . 0
Sg : submerged surface area _ : !
Aﬁ/vp: waterplane area =—mgk addtional bouyancy i k E
mz=F =—p9ApZ 2 lmg
gravity +Fstatic K !
=-mgk +pgV kK —pdA,Z K= pYAe mz"=F
N
=—p9A,,Z Linearized | = Mgk —kspk —kzk
Restoring Force ) L[ =—kzk
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Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 4 Fooic = J-J. P icNdS
Sg
z = PIVoK — pgApZ
y—kL X | 7z = pgV k —kz
== Z M
Vo l 9 T /
m: mass p : density of sea water F
V,: submerged volume gravity

Sg : submerged surface area
Awp : waterplane area

mzZ=F

=—mgk

- Fgravity +Fstatic
=-mgk +pgVok —pgA,Z
=—p gANpZ

=—kz

2008:Introdc_ti9rl_
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v Archimedes’ Principle F__. = pgV, K

v Mass-Spring-Damper system

restoring
force

mZ” + kZ - 0 Oscillation by

the restoring force




Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship — step 4 Foatic = J-J. P...NdS v Archimedes’ Principle . = pgV K
Sg S ————————
z = pgVoK — pgApZ | v Mass-Spring-Damper system
ZLkL X | // = ngOk—kZ . @
— l & M |
VO g i restoring
' force
Iase p : density of sea water F > —ks, —kz
V,: submerged volume gravity i S
Sg : submerged surface area — _mak Y B G, i
Awp : waterplane area ——Mg | ki_ .............. [m]-
5 _ L
mZ=F i l mg
= Fgravity +Fstatic i
= —mgk +pgV,K —pgA,Z [z =F
= _pgAsz i =mgk —ks,k —kzk
7 : = —kzk
=—kz e |
. ) , .
C/’; Ship will oscillate forever? i mz"+kz =0 ﬁ,filf:tiﬁ?in';"force

2008 Introd uc_tigrl 7




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 4

StatIC - J-J. staticl!

z = ng K—p0ApZ
vks X 7z = pgV,k —kz
= ]
I l ZT M
V, g
m: mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
; =—mgk B4 5 Mutol 7
/.4-wp. waterplane area S =0 oo LA 3l
mzZ=F
= — =
gravity +Fstat|c
= —mgk +PgVoK —p9A,Z
— _pgANpZ

=—kz e
%)2 Ship will oscillate forever?

Energy is dissipated by radiation wave

2008 Introd uc_tjgrl 7

Radiation Force

radlatlon II radlatlon

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
@

restoring
force

—ks, —kz

mz"=F
=mgk —ks,k —kzk
= —kzk
" _
Z + kZ — 0 gmtlll‘?sttlgznl;yforce




Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 4 Foatic = JJ. static
, = ng K—pgApZ
nd ¢ . Z = pgVok —kz
o — - M
V, l g i /
m: mass p : density of sea water F
V,: submerged volume gravity

Sg : submerged surface area
Awp : waterplane area

mzZ=F

=—mgk

gravity + |:statlc

=—mgk +PgVoK —p9A,Z
= _pgA\NpZ

=—kz e
%)2 Ship will oscillate forever?

Energy is dissipated by radiation wave

2008 Introductlon

g4 & 9ol ZFH|
=30f 2ol 2det g
&= =

Radiation Force

radlatlon II radlatlon

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization
Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - “. staticl!

= ng K—p9AZ

;LkL X

= pgV,k —kz

I

m . mass p : density of sea water
V,: submerged volume

Sg : submerged surface area
Awp : waterplane area

l //
Vo 19 ZT / T

F

gravity

=—mgk

mzZ =F
- FgfaVI |:statlc
=-mgk +pgVk —pgA,z
=—pP gANpZ

= —kz

2008 Introductlon

mz"=F

v Archimedes’ Principle Fstatlc = ngok

_____________________________________

v Mass-Spring-Damper system
§© L1

restoring
force

. Dashpot

/171777777

= mgk —ks,k —kzk —cz'’k
= —kzk—cz'k




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
z 7 = ng K—p0ApZ v Mass-Spring-Damper system
vk§ X T 7 = pYVok —kz © LI
—— g 7T L i
VO g ] refstoring
m : mass p : density of sea water F i ------------------------ - kSO —kz
V,: submerged volume gravity : . ,
Sg : submerged surface area _ —mgk KA = AMHFO| ZFX Ue—  fr P —CZ
. - T S A— 1' !
’.4-Wp : waterplane area -E—O%O'" 9_|-6-H gg% 'o; i kf W ST
mzZ=F EZ 74
_ o= | \ mg
FgfaVI I:statlc : . Dashpot
——mgk +pgV,K —pgA,,z - TTIITTT
: " __
=—POA,Z — |mzt=F
Radiation Force : . mgk —ks,k —kzk —cz’k
=—kz g a
opposite tw radlatlon Ij radiation | : = —kzk—cz'k
2008 Introduction
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - J-J. staticl!

v" Archimedes’ Principle Fstatlc =

7 7 = ng K—p0ApZ v Mass-Spring-Damper system
ki X . 7 = pPgVok —kz © LI
—— l Z7 M !
VO g i restoring
1 force
m : mass p : density of sea water F S - kSO —kz
V,: submerged volume gravity i 0 0 ,
Sz : submerged surface area _ = Ueg—  fr Foo —CZ
Aﬁ/vp: waterplane area =—mgk <:°-|¢ S d%o ?_EI'I'I_I__ k 1z
- S50 o8| WSt 3l | 15 St
mzZ=F 4 74
_ = =) | mg
gravity +Fstat|c : N Dashpot\
= —mgk +pgVok —pgA,,z - TTINITTT
: " __
=—POA,Z — |mzt=F
- Radiation Force _ mgk —ks,k —kzk —cz'’k
opposite tw radlatlon Ij radlatlon i = —ka—CZ’k
¢ : damping coefficient
2008:Introdc_t_i9n
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - J-J. staticl!

v" Archimedes’ Principle Fstatlc =

7 7 = ng K—pgApZ v/ Mass-Spring-Damper system
ki X . 7 = pPgVok —kz © LI
. LT e
2 |:radiation =—CZ i refséfé'g ’
m : mass p : density of sea water F S - kSO —kz
V,: submerged volume gravity i 0 0 ,
Sg : submerged surface area _ > Ue— o P —CZ
, =-—mgk M3 T Mutol ZH| |l 7
/.4-Wp 2 Watel'p|ane area %0%1(_)" 9_' a-H_;lEl-*ngl'_l. 'ﬂ i k N A
mzZ=F \Z 74
_ = = | \ mg
gravity +Fstat|c : “IDashpot
- _mgk +pgVok —pgA,,z L T7IITIT]
: " __
=—POA,Z — |mzt=F
_ Radiation Force _ mgk —ks,k —kzk —cz'k
opposite tw radlatlon Ij radiation | i = —kzk—cz'k
¢ : damping coefficient
2008:Introdc_t_i9n
= T 208




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - J-J. staticl!

v" Archimedes’ Principle Fstatlc =

7 7 = ng K—pgApZ v/ Mass-Spring-Damper system
ki X . 7 = pPgVok —kz © LI
— 7 T M !
VO l g / F — 7 | restoring
radiation — —CZ i force
m : mass p : density of sea water F R — - kSO —kz
V,: submerged volume gravity : . 5 ,
Sg : submerged surface area _ > Ue— o P —CZ
, =-—mgk M3 T Mutol ZH| |l 7
/.4-Wp 2 Watel’p|ane area %0%1(_)" 9_' a-H_;lEl-*ngl'_l. '6;' i k N A
mz=F LY g4
_ = = | \ mg
gravity +Fstat|c Fradiation : “IDashpot
- _mgk +pgVok —pgA,,z L T7IITIT]
: " __
=—POA,Z — |mzt=F
- Radiation Force _ mgk —ks,k —kzk —cz'k
N opposite tw radlatlon Ij radiation | i = —kzk—cz'k
¢ : damping coefficient
2008:Introdc_t_i9n
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
7 7 = ng K—pgApZ v/ Mass-Spring-Damper system
vk§ X T 7 = pYVok —kz © LI
—v 1 g 21 / M |
0 |:radiation =—CZ i refséfé'g ’
m : mass p : density of sea water F S - kSO —kz
V,: submerged volume gravity i 0 0
Sg : submerged surface area _ A = Ue—  fr P —cz'
Aﬁ/vp: waterplane area = —mgk i i_'l'il'g ?I.I.L 'K )z
- e=of ofsf st 3 [N [ ot
mzZ=F EZ 74
_ e = . m
gravity +Fstat|c Fradiation i N Dashpot\ g
_ _mgk _|_ng0|( _pgAsz —C7 /1771777777
" _
- _pgA\NpZ mz"=F

Radiation Force = mgk —ks,k —kzk —cz'k

=—kz 5|
opposite tw radlatlon Ij radiation | : = —kzk—cz'k

¢ : damping coefficient

2008:Introdc_t_i9n




Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
7 7 = ng K—p0ApZ v Mass-Spring-Damper system
kg T 7 = PYVok —kz © LI
% T n e
2 |:radiation =—CZ i “rorce
m : mass p : density of sea water F > S — kSO —kz
V,: submerged volume gravity i 0 0
Sg: sub d surf A = 1O0q—  f i —cz’
AT =-mgk Y 3 Mupol gm Iz
- =0 o] wast s || [ -
mzZ=F EZ 74
_ e = . m
gravity +Fstat|c Fradiation i N Dashpot\ g
_ —mgk +pgV,k _pgAsz —C7 /171771777
- ” —
=—pgA,,2—CZ mz"=F

Radiation Force = mgk —ks,k —kzk —cz'k

=—kz 5|
opposite tw radlatlon Ij radiation | : = —kzk—cz'k

¢ : damping coefficient
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
7 7 = ng K—p0ApZ v Mass-Spring-Damper system
kg T 7 = PYVok —kz © LI
% T n e
2 |:radiation =—CZ i “rorce
m : mass p : density of sea water F > S — kSO —kz
V,: submerged volume gravity i 0 0
Sg: sub d surf A = 1O0q—  f i —cz’
AT =-mgk Y 3 Mupol gm Iz
- =0 o] wast s || [ -
mzZ=F EZ 74
_ e = . m
gravity +Fstat|c Fradiation i N Dashpot\ g
_ —mgk +pgV,k _pgAsz —C7 /171771777
- ” —
=—pgA,,2—CZ mz"=F

Radiation Force = mgk —ks,k —kzk —cz'k

=—kz—Cz i
opposite tw radlatlon Ij radiation | i = —kzk—cz'k

¢ : damping coefficient

2008:Introdc_t_i9n




Nonlinearity

Nonlinearity of the

Nonlinear Mathematical Model

nature

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
7 7 7 = ng K—pgApZ | v Mass-Spring-Damper system
k : i
v'§ X 11 7 = pPgVok —kz © LI
= LT e
2 |:radiation =—CZ i refséfé'g ’
m : mass p : density of sea water F S - kSO —kz
V,: submerged volume gravity i 0 ] ,
Sg : submerged surface area _ > Ue— e P —CZ
Aﬁ/vp: waterplane area =—mgk <:°-|¢ S ?I#g ?j_’lﬂ_l__ K |
- _Il__%o-" 9_' OH E|E|‘Ac|>'| QI_I- sl | I S
mZ=F \Z 74
. = = | mg
FgraVI Fstatlc Fradiation ) ' n Dashpot\
=-mgk +pgV,K —pgA,z —CZ - TIIIT7
— > imz"'=F
=—p9A,,Z2—CZ — |
Radiation Force ! = mgk —ksk —kzk —cz'k
opposite tw radlatlon j_[ radiation!] i = —ka—CZ,k
¢ : damping coefficient
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Nonlinearity

\Nonlinearity of the nature Nonlinear Mathematical Model Numerical Method
Linearization
Linear Mathematical Model Analytic Solution
Ex) Heave Motion of a Ship —step 5 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
7 7 7 = ng K—p0ApZ | v Mass-Spring-Damper system
k 4 |
v § X T 7 = pQVok —kz © LI
% T e
0 |:radiation =—CZ i refséfé'g ’
m : mass p : density of sea water F > S — kSO —kz
V,: submerged volume gravity i .
S : submerged surf _ = 10g—  ff Forts —cz'
Aﬁ/vp: watelgolanzu;raecae e =—mgk B 3 ?I#g ?j_’lﬂ_l__ Kk 4
S _E_%o" 9_' OH HEI-AC|->| °|_I- °=| : ..................
mzZ=F \Z 74
_ e = . m
gravity +Fstat|c Fradiation ) i N Dashpot\ g
= —mgk +pgVok —pgA,z —CZ TN
mz"=F

— _pgANpZ_CZ

Radiation Force = mgk —ks;k —kzk —cz'k

=—kz —CZ i
opposite tw radlatlon j_[ radlatlon i = —ka—CZ,k
Sg :
opposite to w
)

¢ : damping coefficient

2008:Introdc_t_i9n




Nonlinearity

Nonlinearity of the

nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system
® L1111

restoring
force

. Dashpot

/111171777
mz"=F
= mgk —ks,k —kzk —cz'’k
= —kzk—cz'k

Ex) Heave Motion of a Ship —step 5 Foatic = J-J. tatic
Z . 2 pgVok — pgA, 2
: 2.2
v § X T 7z = pgV,k —kz
= |
[ 7 T M
Vo l g / F — 7
radiation —
m : mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
Aﬁ/vp: waterplane area =—mgk ;°-I¢ S d=e ?_EI'I.I_I,_
- =250 2fsl Z4ct &
mzZ=F
— f— =
gravity +Fstat|c Fradiation
= —mgk +pgVk —pgA,,z —CZ
=—p9A,,Z2—CZ —
) Radiation Force
st =1[R
opposite tw radlatlon radlatlon
B
c damping coeffici
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Nonlinearity

Nonlinearity of the

nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system
® L1111

restoring
force

. Dashpot

/111171777
mz"=F
= mgk —ks,k —kzk —cz'’k
= —kzk—cz'k

Ex) Heave Motion of a Ship —step 5 Foatic = J-J. tatic
Z . 2 pgVok — pgA, 2
: 2.2
v § X T 7z = pgV,k —kz
= |
[ 7 T M
radiation ~ —maZ
m : mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
Aﬁ/vp: waterplane area =—mgk ;°-I¢ S d=e ?_EI'I.I_I,_
- 230 2o T &
mZ=F
— & =)
gravity +Fstat|c Fradiation
= —mgk +pgVk —pgA,,z —CZ
=-p9A,,2—CZ —
) Radiation Force
et =1[R
opposite tw radlatlon radlatlon
B
/)
c damping coeffici

2008 Introd uc_tjgrl 7

: added mass
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathem

atical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - J-J. stati

C

v Archimedes’ Principle Fstatlc =

v Mass-Spring-Damper system
® L1111

restoring
force

. Dashpot

/111171777
mz"=F
= mgk —ks,k —kzk —cz'’k
—kzk—cz'k

Z . 2 pQVok — pgA,pZ
: 2.2
v § X T 7z = pgV,k —kz
= |
[ 7 T M
Vo ‘g / F =7
radiation — =& —M,Z
m : mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
Awp : waterplane area =—mgk ;°-I¢ S d=e ?_EI'I.I_I,_
- =250 2fsl Z4ct &
mZ=F
— & =)
gravity +Fstat|c Fradiation
= —mgk +pgVk —pgA,z —CZ-m,Z
=—pP gANpZ_CZ o
) Radiation Force
et =1[R
opposite tw radlatlon radlatlon
B
/)
c damping coeffici
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: added mass
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathem

atical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship —step 5

StatIC - J-J. stati

C

Z . 2 pQVok — pgA,pZ
: 2.2
v § X T 7z = pgV,k —kz
= ]
I Z T M
Vo ‘g / F =7
radiation — =& —M,Z
m : mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
Aﬁ/vp: waterplane area =—mgk CZQO*E#(_)-||30|;IJHEEI%AH§-X1'LI
mz=F R
— & =)
gravity +Fstat|c Fradiation
= —mgk +pgVk —pgA,z —CZ-m,Z

=—pgA,,2—CZ —m_ Z
=-kz —CZ

2008 Introd uc_tjgrl 7

opposite tw
opposite to w

Radiation Force

radlatlon j_[ radlatlon

v Archimedes’ Principle Fstatlc =

v Mass-Spring-Damper system
® L1111

restoring
force

. Dashpot

/111171777
mz"=F
= mgk —ks,k —kzk —cz'’k
—kzk—cz'k

c damping coeffici
: added mass
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Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system
® L1111

restoring
force

Ex) Heave Motion of a Ship — step 5 Foatic = J-J. aticl]
Z - Z pQVok — pA 2
: 2.2
v § X 11 7z = pgV,k —kz
— bo T i
VO g F = —CZ .n
radiation —maZ
m: mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _ =
Aﬁ/vp: waterplane area =—mgk }*Eﬁﬂsolgdﬂuii H%:-X!LI
m.z — F [Ler=) - EoL O
= — =
gravity +Fstat|c Fradiation
= —mgk +pgVk —pgA,z —CZ-m,Z

=—pgA,,2—CZ —m_ Z
=-kz —CZ —m,Z

2008 Introd uc_tjgrl 7

Radiation Force

opposite tw radlatlon j_[ radiation|1
Sg

. Dashpot

/111171777
mz"=F
= mgk —ks,k —kzk —cz'’k
= —kzk—cz'k

c damping coeffici

: added mass

219
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Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 6 Foatic = J-J. aticl]
7 = = - pgv k pgANP
k Z AZ
= T 7 = pgV k —kz
]
—v Vg 1 N
0 ’ Fogiotion = —CZ —m 7
radiation maZ
m: mass p : density of sea water F
V,: submerged volume gravity
Sp : submerged surface area _
Aﬁ/vp: waterplane area B mgk
mZ=F
— T gravity +Fstat|c Fradiation

= —mgk +pgVk —pgA,z —CZ —m Z
=—-pgA,,2—CZ —M,Z
=-kz —CZ —m,Z

¢ : damping coefficient
m, : added mass

2008 Introd uc_tjgrl 7

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
®© L1100/

restoring
force
: —ks, —kz

0 { 20 —cz'
Z I M' Il—ext = F, cosat

mg

Dashpot
/177717777

mz"=F
= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat




Nonlinearity

Nonlinearity of the nature Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 6 Foatic = J-J. aticl]
: o = pQVok — pOA 2
k Z AZA
A T —AA = pgV,k —kz
]
—v Vg 1 N
0 g F . =—CZ_m7
radiation maZ
m: mass p : density of sea water F
V,: submerged volume gravity
Sp : submerged surface area _
Aﬁ/vp: waterplane area B mgk
mZ=F
— T gravity +Fstat|c Fradiation

= —mgk +pgVk —pgA,z —CZ —m Z
=—-pgA,,2—CZ —M,Z
=-kz —CZ —m,Z

¢ : damping coefficient
m, : added mass

2008 Introd uc_tjgrl 7

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
®© L1100/

restoring
force
: —ks, —kz

0 { 20 —cz'
Z I M' Il—ext = F, cosat

mg

Dashpot
/177717777

mz"=F
= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat




Nonlinearity

Nonlinearity of the nature

Nonlinear Mathematical Model

Linearization

Linear Mathematical Model

Numerical Method

Analytic Solution

Ex) Heave Motion of a Ship — step 6

StatIC - J-J. staticl!

: - 2 pQVok — pgA,pZ
k Z AZA
A T —AA = pgV,k —kz
I Z T M
VO l g / F _ . ..
radiation — —CZ —m,z
m: mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _
Aﬁ/vp: waterplane area =—mgk
m7 = E > Wave force
— T gravity +Fstat|c Fradiation m +
= —mgk +pgVok —p9gA,,z —CZ —m,Z

=—-pgA,,2—CZ —M,Z
=-kz —CZ —m,Z

¢ : damping coefficient (: F ..
m,, : added mass

2008 Introd uc_tjgrl 7

Froude-Kriloff Force Diffraction Force

F

wave exciting

- .[ J. I:)Wave exciting ndS

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system
®© LL00110000/

restoring
| force
| o — kS —kZ
0 ! 20 g7
i Z I M' Il—ext = F, cosat
i mg
i Dashpot
/111177777

mz"=F
= mgk —ks,k —kzk —cz'k +F, cos at

i = _kzk —cz’k +F, cos wt
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Analytic Solution

Ex) Heave Motion of a Ship — step 6 Foatic = J-J. aticl]
: - = pQVok — pOA 2
k Z AZA
A T —AA = pgV,k —kz
]
I V l ZT M |:exciting
0 J F ointion = —CZ —m_ 7
radiation maZ
m: mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _
Aﬁ/vp: waterplane area =—mgk
m7 = E > Wave force
- FgfaVI |:statlc Fradiation m +

=-mgk +pgV,k —pgA,,z —CZ —m,Z
=—-pgA,,2—CZ —M,Z
=-kz —CZ —m,Z

¢ : damping coefficient
m, : added mass
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Froude-Kriloff Force Diffraction Force

F

wave exciting

- .[ J. I:)Wave exciting ndS

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
®© L1100/

restoring
force
: —ks, —kz
0 : 20..]- cz’
kf i1z
7 1 » 1l—ext = F, cosat
mg
Dashpot
/117717777
mz"=F

= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat
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exciting

Ex) Heave Motion of a Ship — step 6 Foatic = J-J. aticl]
: - = pQVok — pOA 2
k Z AZA
A T —AA = pgV,k —kz
]
I V l ZT M |:exciting
0 J F ointion = —CZ —m_ 7
radiation maZ
m: mass p : density of sea water F
V,: submerged volume gravity
Sg : submerged surface area _
Aﬁ/vp: waterplane area =—mgk
m7 = E > Wave force
- FgfaVI |:statlc Fradiation +F m +

=-mgk +pgV,k —pgA,,z —CZ —m,Z
=—-pgA,,2—CZ —M,Z
=-kz —CZ —m,Z

¢ : damping coefficient
m, : added mass
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Froude-Kriloff Force Diffraction Force

F

wave exciting

- .[ J. I:)Wave exciting ndS

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
®© L1100/

restoring
force
: —ks, —kz
0 : 20..]- cz’
kf i1z
7 1 » 1l—ext = F, cosat
mg
Dashpot
/117717777
mz"=F

= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat
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Ex) Heave Motion of a Ship — step 6 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
z 72 7 = ng K—p0ApZ v Mass-Spring-Damper system
"L(t X TI t A~ = pgV,k —kz ' © L/
— z T M |:exciting E .
VO g F - a . I re;storlng
radiation — —CZ —m,Z i orce
m: mass p : density of sea water F | ; —ks, —kz
V,: submerged volume gravity i 0 | So '
Sg : submerged surface area — _mak ! K W N CZ
Awp : waterplane area - g i T : F— F, cosat
mz=F Wave force <z 1 1
; mg
- Fgraw FStath Fradiation +Fexc|t|ng * + i DaShpOt
C_mak 400V K —pOA 7 0T —MLI4E . 77777
— mg +,Og 0 pgANp a exciting !
. - Froude-Kriloff Force Diffraction Force |} mz" = F
=— Z—CZ —MmZ :
pgANp £ a Fwave exciting : = mgk —ks,k —kzk —cz'k +F, cos at
=—-kz —CZ — maZ i = —kzk —cz'’k +F, cosat
= _“. I:)Wave exciting ndS i
Sg
¢ : damping coefficient =F_ ..
m, : added mass ( exc't'ng)
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Ex) Heave Motion of a Ship — step 6 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
z ANA = ng K—p9ApZ v Mass-Spring-Damper system
"L(t X TI t A~ = pgV,k —kz ' © L/
— z T M |:exciting E .
VO g F - o .. ! re;storlng
radiation — —CZ —m,Z i orce
m: mass p : density of sea water F | ; —ks, —kz
V,: submerged volume gravity i 0 | So '
Sg : submerged surface area — _mak ! K W N CZ
Awp : waterplane area T g i T : F— F. cosat
mZz=F Wave force <z P 1
; mg
- FgfaVI |:statlc Fradiation +Fex0|t|ng m n i ////////I;;shpot
= _mgk +,Ogvok _pgANpZ —CZ — maZ+Fexciting E
. - Froude-Kriloff Force Diffraction Force |} mz" = F
=— Z—CZ —m,Z +F, :
POA,Z—CZ a S F " ! = mgk —ks,k —kzk —Cz'K +F, cos et
- . wave exciting )
=—kz —CZ — m, Z i = —kzk —cz'’k +F, cos ot
= _“. I:)Wave exciting ndS i
Sg
¢ : damping coefficient =F_ ..
m, : added mass ( exc't'ng)
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Ex) Heave Motion of a Ship — step 6 Foatic = j J. aticl] v Archimedes’ Principle F__. = pgV K
z 72 7 = ng K—p0ApZ v Mass-Spring-Damper system
"L(t X TI t A~ = pgV,k —kz ' © L/
— z T M |:exciting E .
VO g F - a . I re;storlng
radiation — —CZ —m,Z i orce
m: mass p : density of sea water F | ; —ks, —kz
V,: submerged volume gravity i 0 | So '
Sg : submerged surface area — _mak ! K W N CZ
Awp : waterplane area - g i T : F— F, cosat
mz=F Wave force <z 1 1
; mg
- Fgraw FStath Fradiation +Fexc|t|ng * + i DaShpOt
—_maK 400V K —pOA 7 07 —M.F4F . 77777
— mg +,Og 0 pgANp a exciting !
. - Froude-Kriloff Force Diffraction Force |} mz" = F
=— Z—CZ —m,Z +F, !
P g'A\NIO CZ exciting Fwave exciting : = mgk —ks,k —kzk —cz'k +F, cos at
=—kz —CZ — m, y4 +Fx0|t|ng i = —kzk —cz'’k +F, cos ot
= _“. I:)Wave exciting ndS i
Sg
¢ : damping coefficient =F_ ..
m, : added mass ( exc't'ng)
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Ex) Heave Motion of a Ship — step 6 Foatic = J-J. static/]
, I = ng K—pgApZ
k Z AZ
A T —AA = pgV,k —kz
—v l g “ / T
0 |:radiation =—CZ _ma2
m: mass p : density of sea water F
V,: submerged volume gravity

Sg : submerged surface area
Awp : waterplane area

mzZ=F

=—mgk

— gravity +Fstat|c Fradiation +Fex0|tlng

— _mgk +pgvok _pgANpZ _CZ — maz_H:exciting
= —pgANpZ—CZ — m z +Fexcmng
=—kz —CZ — m, Z +F,

exciting

eXCItlng m, : added mass

(m “m )Z 4 CZ + kZ — ¢ : damping coefficient
2008 Intl> .

v Archimedes’ Principle Fstatlc = ngok

v’ Mass-Spring-Damper system
© L1100/

restoring
force

—ks, —kz

0 S 4 SO _Cz'
k 122t
Z 1 » 1I—ex‘=F0 cosat
™
Dashpot

/171777777

mz"=F
= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat

mz" +cz'+kz = F, cos wt
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Ex) Heave Motion of a Ship — step 6 Foatic = J-J. static/]
, . = ng K—pgApZ
k Z AZ
Nt X TIT /AA = pgVok —kz
l V l 0 z T / M |:exciting )
L |:radiation =—Cz _ma2
m: mass p : density of sea water F
V,: submerged volume gravity

Sg : submerged surface area
Awp : waterplane area

mZ=F

gravity static Fradiation +Fexcmng

— _mgk +pgvok _pgANpZ _CZ — maz_H:exciting
= —pgANpZ—CZ — m z +Fexcmng
=—kz —CZ — m, Z +F,

=—mgk

exciting

eXCItlng m, : added mass

(m “m )Z 4 CZ + kZ — ¢ : damping coefficient
2008 Intl> .

v Archimedes’ Principle Fstatlc = ngok

v Mass-Spring-Damper system
® LL00100000/

restoring
force

—ks, —kz

'S
?( { ZO —cz’
Z I £ Il—m = F,cosat

]

/171777777

mz"=F
= mgk —ks,k —kzk —cz'k +F, cos at

= —kzk —cz'k +F, cosat

\/\/\/\/—

mz" +cz'+kz = F, cos wt
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia
0 =0()
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia
0 =0()

Rate of change of Angular momentum :
dL _, d 9)
dt dt

—16 (I :constant)

2008 Introductio
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia

Rate of change of Angular momentum : 0 =0(t)
dL _,d@) _ 5 (I :constant)
dt dt
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia
0 =0()

Rate of change of Angular momentum :

dL _,d@) _ 5 (I :constant)
dt dt
Euler’s Equation: L .
G~ 0= e
Euler’s Equation for roll motion: (e etesee Z“]k

y
] 00 \m:
S y'
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia
0 =0()

Rate of change of Angular momentum :

dL _,d@) _ 5 (I :constant)
dt dt
Euler’s Equation: L .
E =10 = Tnet
Euler’s Equation for roll motion: (Sg wettedsurface) 7,
I ¢ﬂ _ Z M .
] 00 \Q:
S, y'
A
/
2008 Introductio |
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Ex) Roll Motion of a Ship

[Dynamics for roll motion]

Angular momentum defined : L = 10
where, | = mr?:moment of inertia
0 =0()

Rate of change of Angular momentum :

dL _,d@) _ 5 (I :constant)
dt dt
Euler’s Equation: L .

( Syt wetted surface)
A

Euler’s Equation for roll motion: v
1¢"=>" M =

00 ——119
16" =M, +M

surface Sg
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Ex) Roll Motion of a Ship
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(Sg: wetted surface) , 7

00 \m
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dF = PdS = PndS
(BN E)

= Hydrostatic Moment : (BHE)=(Hal) X (&)

v Ol HH0l X80 RHE :
dM =rxdF =rxPndS = P(rxn)dS

v’ Total moment :

M = [[P(rxn)ds
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Ex) Roll Motion of a Ship

1¢"=>" M

2008 Introduction

’

(Sg: wetted surface) , 7

00 \m
A\; ~
WOP—UI)
dF = PdS = PndS
(BN E)

= Hydrostatic Moment : (BHE)=(Hal) X (&)

v Ol HH0l X80 RHE :
dM =rxdF =rxPndS = P(rxn)dS

v’ Total moment :

M = [[P(rxn)ds
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Ex) Roll Motion of a Ship (Sg wettedsurface)

1¢"=>" M

" 0’0 \Q
I¢ =M body +M surface /K’
\A
WOP— UI)
dF = PdS = PndS
(014 B)

= Hydrostatic Moment : (BHE)=(Hal) X (&)

v 014 B0 320l TUE :
dM = rxdF =rxPndS = P(rxn)dS

v’ Total moment :

M = [[P(rxn)ds
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Ex) Roll Motion of a Ship (Sg wettedsurface)

1¢"=> M

|¢" = Mbody + M grtace i W
= Mgy + [ Paage (1) + [ Pyic (r xS+ M A Yy
=M i M buoyancy T M damping T M. iged T M oternal QQ@MLQJ\U

([“A ql KIQUP— BI)
dF = PdS = PndS
(ol E3)

= Hydrostatic Moment : (BHE)=(Hal) X (&)

v 014 B0 320l TUE :
dM = rxdF =rxPndS = P(rxn)dS

v’ Total moment :

M = [[P(rxn)ds
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)static (r 2 n)dS T _” denamic (r X n)dS +M external

=M +M +M +M e M

gravity buoyancy

damping

external

oy'z':Body fixed coordinate
oyz : Globalcoordinate

restoring
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)static (r 2 n)dS T _” denamic (r X n)dS +M external

=M +M +M +M e M

gravity buoyancy

damping

external

1) M gravity — (_W) x0=0

oy'z':Body fixed coordinate
oyz : Globalcoordinate

restoring
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)s'[atic (r 2 n)dS T _” denamic (r X n)dS +M external

=M +M +M +M e M

gravity buoyancy

damping

external

1) M gravity — (_W) x0=0

2) M buoyancy = AG—Z

oy'z':Body fixed coordinate
oyz : Globalcoordinate

T restoring
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)s'[atic (r 2 n)dS T _” denamic (r X n)dS +M external
=M +M +M

+ M gges +M

gravity buoyancy damping external

1) M gravity — (_W) x0=0

2) M buoyancy = AG—Z

oy'z':Body fixed coordinate
oyz : Globalcoordinate

M, B2 §3 22 TgH}

3) Mdamping = —b¢' ,b:damping coeff.

X SoMatel wH

78,2 % 2NN} GE
I o

x||_|._7|_ __,1_J—|_f HSH S A o|
restoring
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)s'[atic (r 2 n)dS T _”. denamic (r X n)dS +M external

=M +M +M +M e M

gravity buoyancy damping external

1) M gravity — (_W) x0=0
2) M buoyancy = AG—Z

oy'z':Body fixed coordinate

3) Mdamping = —b¢' ,b:damping coeff.

4) M e | add¢” , |44 -added Mass moment of inertia

oyz : Globalcoordinate

M, B2 §3 22 TgH}

X SoMatel wH

Z: 82 S8 RER8 NI GE
KLt y=ar gdoh Mol 2t
restoring
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Ex) Roll Motion of a Ship
" __
14" =M, + M

surface

=M body T _” I:)s'[atic (r 2 n)dS T J.J. denamic (r X n)dS +M external

G 4AYE 2AZA
B +EuE 2 54
e

FA: 28

oy'z':Body fixed coordinate

=M gravity +M buoyancy +M damping +M added + |vlexternal
1) M gravity — (_W) x0=0
2) M buoyancy = AGZ
— / . 1
3) Mdamping — —b¢ ,b:damping coeff.
M = —| " 1, :added Mass moment of inertia
added add ek
¢
5) M. ernal : €xternal moment

2008 _Introduction

oyz : Globalcoordinate

restoring
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Ex) Roll Motion of a Ship
" __
I¢ - |\/Ibody + I\/Isurface

=M body T _” I:)s'[atic (r 2 n)dS T J.J. denamic (r X n)dS +M external

=M gravity +M buoyancy +M damping +M added + |vlexternal
1) M gravity — (_W) x0=0
G 4EYY 2AFA
2) M buoyancy — AGZ ;z&ﬂﬁ;ﬁa 54
F. 28
’ : -~ - :
. e ,b:damping coeff. oy'z' :Body fixed coordinate
3) M damping b¢ S y’  oyz:Globalcoordinate
4) added = — add¢ , |4 1added Mass moment of inertia - e T s
¢ _ RILER y50 B Mo| BiLte
F restoring
5) M. ernal : €xternal moment e

|¢” = (_W) X O + (Aﬁ) + (_b¢’) + (_I add¢”) + I\/Iext
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Ex) Roll Motion of a Ship
16" = (-W)x 0+ (AGZ) + (—bg") + (—1 s ") + M.,

v Archimedes’ Principle

W=A

oy'z':Body fixed coordinate
oyz: Globalcoordinate

N
»
fjo
ofm
rot
;T

Ral
-
=
1=
okl
o2
ot
rx
o

S

o

i

B

m o
i

i
Ir
bl

r

T

restoring
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Ex) Roll Motion of a Ship
16" = (-W)x 0+ (AGZ) + (—bg") + (—1 s ") + M.,

v Archimedes’ Principle

W=A

S(1+1,)¢" +bg —AGZ =M

external

oy'z':Body fixed coordinate
oyz: Globalcoordinate

restoring
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Ex) Roll Motion of a Ship
16" = (-W)x 0+ (AGZ) + (—bg") + (—1 s ") + M.,

v Archimedes’ Principle

W=A

S(1+1,)¢" +bg —AGZ =M

external

Consider restoring moment for the point G

restoring A% A=-W

T

oy'z':Body fixed coordinate
oyz: Globalcoordinate

restoring
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Ex) Roll Motion of a Ship

I ¢” — (_W) x0+ (AG—Z) + (_b¢’) + (_ I add ¢”) +M ext

(L +1,,)8" +bg —AGZ =M.,

Consider restoring moment for the point G

~AGZ A=-W

Z-restoring

Assum. M_ doesn’t change for small ¢ (<10°)

GM 1: Metercenter Height

GZ = -GM; -sing

2008 _Introduction

v Archimedes’ Principle

oy'z':Body fixed coordinate

oyz: Globalcoordinate
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Ex) Roll Motion of a Ship

I ¢” — (_W) x0+ (AG—Z) + (_b¢’) + (_ I add ¢”) +M ext

(L +1,,)8" +bg —AGZ =M.,

Consider restoring moment for the point G

~AGZ A=-W

Assum. M_ doesn’t change for small ¢ (<10°)

Z-restoring

GM 1: Metercenter Height

GZ = -GM; -sing

S +1,,)8" +bg"+ AGM, sing =M.,

2008 _Introduction

v Archimedes’ Principle

W=A

T

restoring

oy'z':Body fixed coordinate
oyz: Globalcoordinate
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Ex) Roll Motion of a Ship
(M +1,4)8" +bg"+ AGM; sing =M

v Archimedes’ Principle

external W =A

For small ¢

(1 +1,,)¢" +bg' + AGM g += M

external

BH AdE M= 715EQ S ZE0] MEHX| 2R,

oy'z':Body fixed coordinate
oyz: Globalcoordinate

A—GM M My B2 B3 22 HgHTL
¢ — MM BANT 27
T external 2. 5 B9 ¥EBH B
XL 53 BaE HO| BHte 7
¢_ F Trestoring
YHHO| RHIETL ZOIX|= ¢ M| 7|20{ TICt. L
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3 5
sin@:@l‘g—ﬁ——---
31 5l

Numerical Method

Analytic Solution

Ex) Roll Motion of a Ship

(M +1,4)8" +bg"+ AGM; sing =M

For small ¢

external

v Archimedes’ Principle

W=A

(1 +1_,)¢" +bg' + AGM ¢

::M

external

BH AdE M= 715EQ S ZE0] MEHX| 2R,

AGM. ¢ =M

S| RHETJ} ZO[X| = ¢ K| 7|20] TICE

external

restoring

oy'z':Body fixed coordinate
oyz: Globalcoordinate

Bt

oo

rx

15}
(H=I)
1

Pal
I

=
W
=]
o0&l
o2
ro
rx
o
i
rir
o

2 (1 +1,4)¢" + ¢’ + AGM_ ¢

2008 Introduction
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Ex) ol 21} Free surface Boundary Condition

2008 _Introduction

Boundary condition(B.C.)

oz

0%

29|

Dynamic Free Surface B.C.

Kinematic Free Surface

Z | \

Lateral B.C.

| / Bottom B.C.

Lateral B.C.

4

<Summary of the 2-D periodic water wave boundary condition>

® Kinematic Free Surface B.C.(KFSBC)
o0 Jn 0P on

o ot axaox D lnz=m)
@ Bottom B.C. (BBC)
oo
ol

® Dynamic Free Surface B.C. (DFSBC)

® Lateral B.C.
d(x,z,t) =D(X,z,t+T)

d(x,z,t) =Dd(x+L,z1)
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Ex) ol 2¥u} Free surface Boundary Condition
® Kinematic Free Surface B.C.(KFSBC)

o0 on 00 dn ~0 (onz=n)
0z ot oOXx oX

(High Order Term)

(acb_an_acpanJ (8(13 on acb,%yj Z(/@}D’ o’ @CD/@{?j +7:>./T—o

oz ot ox ox)., \dz ot @K ox oz /ot % ox
G171 IFR0N HIOH I}217} AiTHT JIMe D, n<<1

o <<1, M = _on
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