
2009 Fall, Ship Stability

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.

N
av

al
 A

rc
hi

te
ct

ur
e 

&
 O

ce
an

 E
ng

in
ee

ri
ng

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.

2009 Fall, Ship Stability

- Ship Stability -

Ch.7  Longitudinal Righting Moment

2009

Prof. Kyu-Yeul Lee

Department of Naval Architecture and Ocean Engineering,
Seoul National University



2009 Fall, Ship Stability

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.

Sec.1 Longitudinal Righting Moment
Sec.2 Calculation of BML,GZL in Wall Sided Ship
Sec.3 Transverse Righting Moment due to Movement of 

Cargo
Sec.4 Moment to Change 1cm Trim(MTC), Trim

2
/38



2009 Fall, Ship Stability

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.

- Longitudinal Righting Moment 

PF.PA.

② Center of mass of ship(G) and center of buoyancy (B) are in the same vertical line 
which is perpendicular to waterplane which is perpendicular to waterline
 Longitudinal moment about origin O about z axis are as follows

① 0G B= + =∑F F F

G B

G G B B

= +

= × + ×
∑ τττ

r F r F

x

z

τ

)(+

z

'x
x

GF

BF
K

G

B

'z

Longitudinal Righting Moment (1)

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame
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B z
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x z
F
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=

= ⋅

i j k
τ

G B= +∑ τττ

( ), ,B G z B B zx F x F= − ⋅ + ⋅i

Gr

Br

( ), ,G G z B B zx F x F= ⋅ + ⋅i

, 0G B zF F+ =k k

xG, xB are in same vertical line

( )G Bx x=

, (static equilibrium of force)

,G B zF F= −

( ), ,B B z B B zx F x F= − ⋅ + ⋅i
( ),G B zF F= −

0=

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

, , , ,

, ,

0
0

L gravity L Buoyancy L Ext static

G gravity B Buoyancy L Ext static

M M M
F F M

+ + =
× + × + =

i i i
r k r k i

Trim case in ship hydrostatics  (θ : Angle of trim)

O,O'
y,y'
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F

eτ

③ External moment (τe) is applied on the ship in 
counter-clockwise. (Negative moment is applied)

④ A ship is trimmed about origin F through an angle of θ.

⑤ Assuming that a ship is trimmed by an differential 
angle, a ship will be trimmed about a specific point F
that immerged volume become equivalent to 
emerged volume.

1B

LM

θ

F

K

B
x

'x
2g

1g

LM

GF

1g
2g

F(LCF) : Longitudinal Center of Floatation

restoringτ

G

1B

θ

BF

BF

'z z

θ

- Longitudinal Righting Moment 

Longitudinal Righting Moment (2)

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

O,y

O',y'
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Longitudinal Righting Moment(3)
- LCF(Longitudinal Center of Floating) (1)

Intersection point F between W1L1 (existing waterline) and
W2L2 (new waterline)

Assume that immersed volume is equals to emerged volume as v.
Center of immerged volume : g1, Center of emerged volume : g

PA.

x

z

τ

)(+

'x

x

G

GF

K
B

F

eτ

1B

LM

Ax′ 2g1W

2W

2L

1L

restoringτ

θ

BF

'z z

- Longitudinal Righting Moment 

0 0

F

A

yx

x

z
dz dxdy

′ ′ ′

′
′ ′ ′= ∫ ∫ ∫

F

A

x

x
dx

′

′
′= ∫

v dz dy dx′ ′ ′= ∫∫∫

0

y
z dy

′
′ ′∫

F

A

x

x
dx

′

′
′= ∫ ( )A x′

※ Calculation method 
for changed volumetan

0 0
( )

y z y x

a y y
A x dA dz dy dz dy

θ′ ′ ′ ′−

′ ′− −
′ ′ ′ ′ ′= = =∫ ∫ ∫ ∫ ∫

( )ta 2 tann
y

y
x dy x yθ θ

′

′−
′ ′′ ′= − = −∫

( )2 tan
A

F

a x
v x xy dθ

′
′= − ⋅′ ′∫

0 0

tan
( )

y y

f y z y x
A x dA dz dy dz dy

θ

′ ′

′ ′ ′ ′− − −
′ ′ ′ ′ ′= = =∫ ∫ ∫ ∫ ∫

( ) 2 tantan
y

y
x y xd y θθ

′

′−
′ ′= = ′ ′∫

Calculation of emerged volume

( )2 tan Fx

f F
v x y dxθ

′
′ ′ ′= ⋅∫

Calculation of immerged volume

xA' , xF' : coordinate of x

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Fx′

Aa : Sectional area of aft part

Af : Sectional area of fore part

F

A(x')x'

2y'

x'tanθ

x'
y'

θ

PF.

x'

x' tanθ

2y'

dx'

θ
A(x')dx'

x'
y'

1g

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

O,y

O',y'
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restoringτ PF.PA.

x

z

τ

)(+

'x

x

G

GF

K
B

F

eτ

1B

LM

1g
2g

 Emerged Volume

( )2 tan
A

F

a x
v x xy dθ

′
′= − ⋅′ ′∫

 Immerged volume

( )2 tan Fx

f F
v x y dxθ

′
′ ′ ′= ⋅∫

0f av v− =

Because we assumed immersed volume is equals to 
emerged volume

( ) ( )2 tan 2 tan 0F

A

F x

x F
x y xdx xy dθ θ

′

′
′ ′⋅′ ′ ⋅ =′+ ′∫ ∫

Q QL −

Equation (a) and (b) are identically ‘0’, if a ship is trimmed about cenroid of waterplane area. That means,
for the ship is trimmed without change of displacement, ship have to be trimmed about center of waterplane area.

y'

x'
y'

dx'x'

dA=y'dx'

F

θ

BF

'z z

1W

2W

2L

1L

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

xA' , xF' : coordinate of x

Longitudinal Righting Moment(4)
- LCF(Longitudinal Center of Floating) (2)

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

...( )a

...( )b

2 ' ' 'Fx

F
x y dx

′

∫2 ' ' '
A

F

x
x y dx

′∫ and represent 1st moment of aft and forward waterplane area about origin F about y' axis

' ' ' ' ' 2 ' ' 2 ' ' ' 0F F F

A A A

F x F y x y F x

F x F x y F y x F
M x dA x dA x dy dx x dy dx x y dx x y dx

′ ′ ′ ′ ′

′ ′ ′ ′ ′− −
′ ′ ′ ′= + = + = =+∑ ∫ ∫ ∫ ∫ ∫ ∫ ∫ ∫

If we assume that F is center of waterplane area,
Sum of those two terms is ‘0’. Because moment 
about centroid is ‘0’

O,y

O',y'
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1B

LM

1g
2g

Q QL −

θ

F

K

B
x

'x
2g

1g

LM

GFL BGZ= ⋅F
Longitudinal righting moment

From geometrical figure with 
assumption that ML does not change 
within small angle of trim (about 2°~5°)

sinL LGZ GM θ≅ ⋅

LZ
G

LZ

1B

restoringτ

θ

BF

BF

'z z

- Longitudinal Righting Moment 

1W

2W

2L

1L

2L

2L
1W

2W

Ax′ Fx′

Longitudinal Righting Moment(5)
- LCF(Longitudinal Center of Floating) (3)

G:  Center of mass K : Keel 
B: Center of buoyancy B1: Changed center of buoyancy
FG : Weight of ship FB : Buoyant force acting on ship
ZL : The intersection of the line of buoyant force through B1 with the longitudinal line through 

G
ML : The intersection of the line of buoyant force through B1 with the original vertical line 

through center of buoyancy in upright position

O,y

O',y'
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restoringτ
PF.PA.

x

z

τ

)(+

'x

x

G

GF

K
B

F

1B

LM

1g
2g

Q QL −

θ

F

K

B
x

'x
2g

1g

LM

GF

L BGZ ⋅FLongitudinal righting moment= 

sinL LGZ GM θ≅ ⋅

LZ
G

LZ

KB

L LGM KB BM KG= + −

: Vertical location of center of buoyancy

: Longitudinal metacentric height

LBM : Longitudinal Metacentric Radius

KG : Vertical location of Gravity

LGM

KB, BM is determined by geometric shape.

KG is determined by cargo loading condition

1B

θ

BF

BF

'z z

- Longitudinal Righting Moment 

1W

2W

2L

1L

2L

2L
1W

2W

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

Longitudinal Righting Moment (6)
G:  Center of mass K : Keel 
B: Center of buoyancy B1: Changed center of buoyancy
FG : Weight of ship FB : Buoyant force acting on ship
ZL : The intersection of the line of buoyant force through B1 with the longitudinal line 

through G
ML : The intersection of the line of buoyant force through B1 with the original vertical 

line through center of buoyancy in upright position

O,y

O',y'

8
/38



2009 Fall, Ship Stability

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.

Sec.1 Longitudinal Righting Moment
Sec.2 Calculation of BML,GZL in Wall Sided Ship
Sec.3 Transverse Righting Moment due to Movement of 

Cargo
Sec.4 Moment to Change 1cm Trim(MTC), Trim

9
/38



2009 Fall, Ship Stability

SDAL@Advanced Ship Design Automation Lab.
http://asdal.snu.ac.kr

Seoul 
National
Univ.2009 Fall, Ship Stability

restoringτ
PF.PA.
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1 1
g vBB gg
g

ρ
ρ

=
∇

- Longitudinal Righting Moment 

1 1
vBB gg=
∇

Assumption
1. Wall sided ship

2. A main deck is not flooded

3. Center of rotation is not 
changed.

1W

2W

2L

1L

2L

2L
1W

2W

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

Calculation of BML, GZL (1)
- BML(Longitudinal Metacentric Radius)

G:  Center of mass K : Keel 
B: Center of buoyancy B1: Changed center of buoyancy
FG : Weight of ship FB : Buoyant force acting on ship
ZL : The intersection of the line of buoyant force through B1 with the longitudinal line 

through G
ML : The intersection of the line of buoyant force through B1 with the original vertical 

line through center of buoyancy in upright position

Relation between moving distance of 
center of changed displacement 
volume and moving distance of center 
of center of buoyancy is as follows.

The shape of displacement volume is 
changed as a ship is heeled.

∇ : Displacement volume
v : Changed displacement 

volume
BB1: Moving distance of 

center of buoyancy
gg1 : Moving distance 

center of changed 
displacement volume

O,y

O',y'
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restoringτ
PF.PA.

x

z

τ

)(+

'x

x

G

GF

K
B

F

1B

LM

1g
2g

Q QL −

θ

F

1B

K

B
x

'x
2g

1g

LM

GF

LZ
G

LZ

2B

θ

BF

BF

'z z

1 1
vBB gg=
∇

1 2 2B BB gFL∠ = ∠

21 11 2cos( ) cos( )vBB ggB BB gFL=
∇

∠

2 1 2
vBB g g′ ′= ⋅
∇

1W

2W

2L

1L

2L

2L
1W

2W
1g ′

2g ′

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

2 , ,
1 ( )v a v fBB v x x= ⋅ − +
∇

2 sinLMBB B θ= ⋅

L.H.S 
: x coordinate center of 
changed displacement 
volume in aft

: x coordinate center of 
changed displacement 
volume in forward

,, v ax

,, v fx

,v ax

,v fx

Calculation of BML, GZL (2)
- BML(Longitudinal Metacentric Radius)

∇ : Displacement volume
v : Changed displacement 

volume
BB1: Moving distance of 

center of buoyancy
gg1 : Moving distance 

center of changed 
displacement volume

G:  Center of mass K : Keel 
B: Center of buoyancy B1: Changed center of buoyancy
FG : Weight of ship FB : Buoyant force acting on ship
ZL : The intersection of the line of buoyant force through B1 with the longitudinal line 

through G
ML : The intersection of the line of buoyant force through B1 with the original vertical 

line through center of buoyancy in upright position

Assumption
1. Wall sided ship

2. A main deck is not flooded

3. Center of rotation is not 
changed.

O,y

O',y'
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, ,
1 ( )v a v fv x x⋅ − +
∇

θ

F

1B B

x

'x
GF

LZ G

BF

cx

cosx θ′ sinz θ′

x′

dx′

1 tan
2cz x θ′ ′=

( )A x′

Represent center of buoyancy with respect to waterplane 
fixed frame              as one with respect to body fixed 
frame.

, ,( , )v c v cx z

cos sin
sin cos

v v

v v

x x
z z

θ θ
θ θ

′    
=     ′−    

, , ,cos sinv c v c v cx x zφ φ′ ′= ⋅ + ⋅

, , , ,
1 ( cos sin cos sin )v a v a v f v fv x z x zθ θ θ θ′ ′ ′ ′= ⋅ − ⋅ − ⋅ + ⋅ + ⋅
∇

( ), , , ,
1 cos cos sin sinv a v f v a v fv x v x v z v zθ θ θ θ′ ′ ′ ′= − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅
∇

Longitudinal moment of volume 
about origin F with respect to body 
fixed frame

Vertical moment of volume about 
origin F with respect to body fixed 
frame

Calculation of BML, GZL (3)
- BML(Longitudinal Metacentric Radius)

v : Changed displacement volume

∇: Displacement volume

: x coordinate of center of 
changed displacement volume in aft

,, v ax

: x coordinate of center of 
changed displacement volume in forward

,, v fx
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, ,
1 ( )v a v fv x x⋅ − +
∇

θ

F

1B B

x

'x
GF

LZ G

BF

cx

cosx θ′ sinz θ′

x′

dx′

1 tan
2cz x θ′ ′=

( )A x′

( ), , , ,
1 cos cos sin sinv a v f v a v fv x v x v z v zθ θ θ θ′ ′ ′ ′= − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅
∇

Longitudinal moment of volume 
about origin F with respect to body 
fixed frame

Vertical moment of volume 
about origin F with respect to 
body fixed frame

How to calculate 1st moment of volume?

: It can be calculated by integral of 1st moment of area over the the length of ship.

, , ( )f

a

x

v x v cc x
M v x x dy dz dx A x dxx

′

′ ′
′ ′ ′ ′ ′′ ′ ′= = =⋅ ∫∫∫ ∫

, , ( )f

a

x

v cz v c x
M v z dy dz dx A x dxzz

′

′ ′
′ ′ ′ ′ ′ ′= ′= =′⋅ ∫∫∫ ∫

( )( ) ( ) ( )1 cos cos sin i ( )s nf f

a a
a

F x F x

x F xc c ca f cf F
A x A x A xx x zdx d A xx dx xz dθ θ θ θ

′ ′

′ ′
′ ′ ′ ′= − − + +′ ′ ′′ ′ ′ ′ ′

∇ ∫ ∫ ∫ ∫

( ) ( )( )( ) ( )1 cos sin cos sinf

a

F

a fc c c c

x

cx F
x z xA x dx A x z dxθ θ θ θ

′

′
′ ′= − + + +

∇
′′ ′ ′′′∫ ∫

Calculation of BML, GZL (4)
- BML(Longitudinal Metacentric Radius)

v : Changed displacement volume

∇: Displacement volume

: x coordinate of center of 
changed displacement volume in aft

,, v ax

: x coordinate of center of 
changed displacement volume in forward

,, v fx
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, ,
1 ( )v a v fv x x⋅ − +
∇

θ

F

1B B

x

'x
GF

LZ G

BF

cx

cosx θ′ sinz θ′

x′

dx′

1 tan
2cz x θ′ ′=

( )A x′

( ), , , ,
1 cos cos sin sinv a v f v a v fv x v x v z v zθ θ θ θ′ ′ ′ ′= − ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅
∇

How to calculate sectional area?

In case of quadrilateral section

( ) ( )( )( ) ( )1 cos sin cos sinf

a

F

a fc c c c

x

cx F
x z xA x dx A x z dxθ θ θ θ

′

′
′ ′= − + + +

∇
′′ ′ ′′′∫ ∫

tan

0 0
( )

y z y x

a y y
A x dA dz dy dz dy

θ′ ′ ′ ′−

′ ′− −
′ ′ ′ ′ ′= = =∫ ∫ ∫ ∫ ∫

( )ta 2 tann
y

y
x dy x yθ θ

′

′−
′ ′′ ′= − = −∫

0 0

tan
( )

y y

f y z y x
A x dA dz dy dz dy

θ

′ ′

′ ′ ′ ′− − −
′ ′ ′ ′ ′= = =∫ ∫ ∫ ∫ ∫

( ) 2 tantan
y

y
x y xd y θθ

′

′−
′ ′= = ′ ′∫

Sectional area of immerged region : Af
Sectional area of immerged region : Aa

F

A(x')x'

2y'

x'tanθ

x'
y'

θ

How to calculate centroid of section?

,(In case of quadrilateral section)
c xx′ ′= 1, tan

2cz x θ′=′

1 12 tan ' '( tan ) ' 2co tan ' '( tas sin c n ) '
2

o s
2

s inF

A

F x

x F
x y x x dx x y x x dxθ θ θθ θθ θ θ

′

′

   ′ ′ ′ ′= + + +   
   ∫ ∫

Calculation of BML, GZL (5)
- BML(Longitudinal Metacentric Radius)

v : Changed displacement volume

∇: Displacement volume

: x coordinate of center of 
changed displacement volume in aft

,, v ax

: x coordinate of center of 
changed displacement volume in forward

,, v fx
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, ,
1 ( )v a v fv x x⋅ − +
∇

θ

F

1B B

x

'x
GF

LZ G

BF

cx

cosx θ′ sinz θ′

x′

dx′

1 tan
2cz x θ′ ′=

( )A x′

( ), , , ,
1 cos cos sin sinv a v f v a v fv x v x v z v zθ θ θ θ′ ′ ′ ′= − ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅
∇

( ) ( )( )( ) ( )1 cos sin cos sinf

a

F

a fc c c c

x

cx F
x z xA x dx A x z dxθ θ θ θ

′

′
′ ′= − + + +

∇
′′ ′ ′′′∫ ∫

1 1 12 tan ' '( tan ) ' 2 tan ' '(cos sin c tanos ) 'n
2 2

siF

A

F x

x F
x y x x dx x y x x dxθ θ θθ θ θ θ θ

′

′

    ′ ′ ′ ′= + + +    ∇     ∫ ∫

1 12 tan ' '( tcos sian ) '
2

nF

A

x

x
x y x x dxθ θθ θ

′

′

 ′ ′= + ∇  ∫

2 2 21 1sin (2 ') ' tan (2 ')
2

sinF F

A A

x x

x x
x y dx x y dxθ θ θ

′ ′

′ ′

 ′ ′ ′= + ∇  ∫ ∫

( )2 2 21 2sin ' ' ' t sinan ) 'F

A

x

x
x y x y dxθθ θ

′

′
′= +

∇ ∫

LI= LI=

21 1sin tan
2

sinL LI Iθ θ θ = ⋅ + ⋅ ∇  
⋅

21 1sin 1 tan
2LIθ θ = ⋅ + ∇  

2( 2 )F

A

x

L x
I x y dx

′

′
′ ′ ′= ∫

Calculation of BML, GZL (6)
- BML(Longitudinal Metacentric Radius)

v : Changed displacement volume

∇: Displacement volume

: x coordinate of center of 
changed displacement volume in aft

,, v ax

: x coordinate of center of 
changed displacement volume in forward

,, v fx
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(R.H.S)

- Longitudinal Righting Moment 

, ,
1 ( )v a v fv x x⋅ − +
∇

θ

F

1B B

x

'x
GF

LZ G

BF

cx

cosx θ′ sinz θ′

x′

dx′

1 tan
2cz x θ′ ′=

( )A x′

( ), , , ,
1 cos cos sin sinv a v f v a v fv x v x v z v zθ θ θ θ′ ′ ′ ′= − ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅
∇

( ) ( )( )( ) ( )1 cos sin cos sinf

a

F

a fc c c c

x

cx F
x z xA x dx A x z dxθ θ θ θ

′

′
′ ′= − + + +

∇
′′ ′ ′′′∫ ∫

1 1 12 tan ' '( tan ) ' 2 tan ' '(cos sin c tanos ) 'n
2 2

siF

A

F x

x F
x y x x dx x y x x dxθ θ θθ θ θ θ θ

′

′

    ′ ′ ′ ′= + + +    ∇     ∫ ∫

2 2 2

2 2 2

1sin (2 ') ' tan (2 ')
2
1sin (2 ') ' tan (

si

2 ')
2

n

sin

A A

F F

F F

x x

x x

F F

x y dx x y dx

x y dx x y dxθ

θ θ

θ θ

θ
′ ′

′ ′

′ ′ ′= +

′ ′ ′+ +

∫ ∫

∫ ∫
LI

21sin ta sinn
2L LI Iθ θ θ= ⋅ ⋅⋅ +

2( 2 )F

A

x

L x
I x y dx

′

′
′ ′ ′= ∫

21sin 1 tan
2LIθ θ = ⋅ + 

 

LI

Calculation of BML, GZL (7)
- BML(Longitudinal Metacentric Radius)

v : Changed displacement volume

∇: Displacement volume

: x coordinate of center of 
changed displacement volume in aft

,, v ax

: x coordinate of center of 
changed displacement volume in forward

,, v fx
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restoringτ
PF.PA.

'x

x

G

GF

K
B

F

1B

LM

1g
g

Q QL −

LZ

θ

BF 점 F를 중심으로 선미까지의
거리를Q, 선수까지의 거리를

L-Q   (선박의 길이 = L)

o

'z z

cx

1W

2W

2L

1L

2 , ,
1 ( )v a v fBB v x x= ⋅ − +
∇

L.H.S R.H.S

2 sinLMBB B θ= ⋅

2
, ,

1 1 1( ) sin 1 tan
2v a v f Lv x x Iθ θ ⋅ − + = + ∇ ∇  

21 1sin sin 1 tan
2LLBM Iθ θ θ ⋅ = + ∇  

211 tan
2

L
L

IBM θ = + ∇  

if θ is small,
tan θ 2≈ θ 2=0

Derivation of BM in case of small 
angle of trim

• Derivation of BM

211 tan
2

L
L

IBM θ = + ∇  
L

L
IBM =
∇

If we assume that θ is small,

L
L

IBM =
∇

That BML does not consider change of center of buoyancy in 
vertical direction.

In order to distinguish those, we will indicate two as follows

,(Considering change of center of buoyancy 
in vertical direction)

,(Not considering change of center of 
buoyancy in vertical direction)

2
0

11 tan
2

L
L

IBM θ = + ∇  

L
L

IBM =
∇

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Calculation of BML, GZL (8)
- BML(Longitudinal Metacentric Radius)

which is generally known as BML.

4. An angle of trim θ is small.

Assumption
1. Wall sided ship.

2. A main deck is not flooded.

3. Center of rotation is not 
changed

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)
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- Longitudinal Righting Moment 

restoringτ
PF.PA.

'x

x

G

GF

K
B

F

1B

LM

1g
g

Q QL −

LZ

θ

BF

o

'z z

1W

2W

2L

1L

sinL LGZ KN KG θ= −

sin sinLKM KGθ θ= −

0( )sin sinLKB BM KGθ θ= + −

2
0

1(1 tan )
2

L
L

IBM θ = + ∇ 

21( (1 tan ))sin sin
2

LIKB KGθ θ θ= + + −
∇

21( )sin tan sin
2

L LI IKB KG θ θ θ= + − +
∇ ∇

L
L

IBM = ∇ 

21( )sin tan sin
2L LKB BM KG BMθ θ θ= + − +

21sin tan sin
2L LGM BMθ θ θ= +

• Derivation of GZ

21( (1 tan ))sin sin
2

LIKB KGθ θ θ= + + −
∇

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Calculation of BML, GZL (9)
- GZL(Longitudinal Righting arm)

Assumption
1. Wall sided ship.

2. A main deck is not flooded.

3. Center of rotation is not 
changed

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

2
0

11 tan
2

L
L

IBM θ = + ∇  
L

L
IBM =
∇
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PF.PA.

x

z

τ

)(+

'x
x

GF

K

G

B

a
w

, 'z z

BF

Transverse Righting Moment 
by Movement of Cargo(1)

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Br

BrAx′ Fx′

② Center of mass of ship(G) and center of buoyancy (B) and center of mass of cargo 
are(GP) in the same vertical line which is perpendicular to waterplane 
 Longitudinal moment about origin O about z axis is as follows

① 0G B= + =∑F F F

G B

G G B B

= +

= × + ×
∑ τττ

r F r F

,

,

0
0 0

G G G

G z

G G z

x z
F

x F

=

= ⋅

i j k
τ

i
,

,

, 0
0 0

B B B

B z

B B z

x z
F

x F

=

= ⋅

i j k
τ

G B= +∑ τττ

( ), ,B G z B B zx F x F= − ⋅ + ⋅i

( ), ,G G z B B zx F x F= ⋅ + ⋅i

, 0G B zF F+ =k k

xG, xB are in same vertical line

( )G Bx x=

, (static equilibrium of force)

,G B zF F= −

( ), ,B B z B B zx F x F= − ⋅ + ⋅i
( ),G B zF F= −

0=

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

, , , ,

, ,

0
0

L gravity L Buoyancy L Ext static

G gravity B Buoyancy L Ext static

M M M
F F M

+ + =
× + × + =

i i i
r k r k i

Trim case in ship hydrostatics  (θ : Angle of trim)

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

O,O'
y,y'
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PF.PA.

x

z

τ

)(+

'x

x

G

K
B

F

F

K

B
x

'x
g

1g

1g
g

G

a
w

a1

w

1G

GF
Gτ

③ The cargo is moved to aft through a distance d 1, ( )aa d=

④ Center of mass of total weight is moved from G to G1.

1G

GF

F(LCF) : Longitudinal Center of Floatation

z'z

o

o′
⑤ Assuming that a ship is trimmed by an differential 
angle, a ship will be trimmed about a specific point F
that immerged volume become equivalent to emerged 
volume.

θ

'z z

BF

BF
- Longitudinal Righting Moment 

1
G

wGG d
F

=
d,(w: Weight of cargo)

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

Transverse Righting Moment 
by Movement of Cargo(2)

d

G : Center of total mass
G1 : Changed center of total mass
B: Center of buoyancy
B1: Changed center of buoyancy
FG : Total weight (=W=WShip+WWeight)
FB : Buoyant force acting 

on ship (=ρg∇)

τG : Moment due to total weight
τB : Moment due to buoyancy 

O,y

O',y'
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Transverse Righting Moment 
by Movement of Cargo(3)

PF.PA.

x

z

τ

)(+

'x

x

G

K
B

F

F

K

B x

'x
g

1g

1g
g

G

a
w

a1

w

1G

Gτ

1G

LM

1B

GF

1Gr

⑥ A ship is trimmed about origin F through an angle of θ
by a moment due to total weight

1Br

⑧ Changed center of mass(G1) and changed center of buoyancy 
(B1) are in the same vertical line which is perpendicular to 
waterplane. Then it become in static equilibrium

1 1G B G G B B= + = × + ×∑ τττr F r F

1B

LM

GF

Bτ

θ

F(LCF) : Longitudinal Center of Floatation

'z z

BF

BF

z'z

o
o′

GF

O

1G

1Gr

Gγ

O

BF

1Br Bγ

d

1 1 1 ,

,

0

0 0
G G G G G z

G z

x z x F

F

= = ⋅
i j k

τi
1 1 1 ,

,

, 0

0 0
B B B B B z

B z

x z x F

F

= = ⋅
i j k

τi

( )1 1, ,G G z B B zx F x F= ⋅ + ⋅i

0G B= + =∑F F F ,G B zF F= −

( )1 1, ,B G z B B zx F x F= − ⋅ + ⋅i
0=

,because they lay in the same vertical line

1 1G Bx x=

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

⑦ Center of buoyancy is changed from B to B1

G : Center of total mass
G1 : Changed center of total mass
B: Center of buoyancy
B1: Changed center of buoyancy
FG : Total weight (=W=WShip+WWeight)
FB : Buoyant force acting 

on ship (=ρg∇)

τG : Moment due to total weight
τB : Moment due to buoyancy 

O,y

O',y'
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MTC (Moment to change Trim 1 Cm)

sin t
AB

θ =

If a angle of trim θ is small, trimsin tan t
LBP

θ θ≈ =

Longitudinal heeling moment = Longitudinal righting moment

sinL LGZ GM θ= ∆ ⋅ ≅ ∆ ⋅ ⋅

If the ship is in static equilibrium at angle of trim θ,

So, the moment to change trim 1 cm is

LBPA.P F.P

t
da

df

θ

B.L

A

B

F

1
100LMTC GM

LBP
= ∆ ⋅ ⋅

⋅

restoringτ PF.PA.

x

z

τ

)(+

'x

x

G

GF

K
B

F

1B

LM

1g
g

Q QL −

LZ

θ

'z z

BF

The moment is considered as the moment to make 1cm trim.

From the equation L LGM KB BM KG= + −
If we assume that KB, KG is much smaller than BML, they can be omitted

L LGM BM≈
1

100LMTC BM
LBP

∴ = ∆ ⋅ ⋅
⋅

Trim(t) : da – df ,

,(unit conversion for cm)

1W

2W

2L

1L

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame

Ax′ Fx′

G: Center of mass
B: Center of buoyancy
FG : Weight of ship (=W)
FB : Buoyancy (=ρg∇)

G:  Center of mass K : Keel 
B: Center of buoyancy B1: Changed center of buoyancy
FG : Weight of ship FB : Buoyant force acting on ship
ZL : The intersection of the line of buoyant force through B1 with the longitudinal line 

through G
ML : The intersection of the line of buoyant force through B1 with the original vertical 

line through center of buoyancy in upright position

O,y

O',y'
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Trim

 Trim : da – df (Positive : Trim by stern, Negative : Trim by bow)

100
][

×
×∆

=
MTC

LeverTrimmTrim

100××MTCTrim

Longitudinal heeling 
moment to cause trim

LeverTrim×∆

Moment caused by difference 
of location between center of 
mass and center of buoyancy

LCGLCBLeverTrim −=

AP FPTrim Lever

da df

LCG

LCB

LCF

B/L

'x
x

100
LGMMTC

LBP
∆×

=
×

(m 단위 환산)

 Calculation of Trim using MTC

· MTC :  moment to change trim one centimeter over the LBP

- Longitudinal Righting Moment 

Ox‘y‘z‘ : Body fixed frame
Oxyz : Waterplane fixed frame
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Question)
A barge 100 m long, 12 m beam and 10 m deep is floating on an even keel at 6 
m draft. Vertical center of mass of the ship is 7 m from the baseline.
A cargo of 1,000 ton is loaded in the location 20 m forward from centerline, 4 m 
upward from the baseline. 
Find the draft forward and aft.

Problem> Calculation of Trim of Barge

5m

100m

20m

CL
Base
Line

5m

- Longitudinal Righting Moment 

Baseline

100m

7m 5m

20m

4m

z

xG

< 측면도>

예제6.1
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Question)
A barge is floating in fresh water at draft 2m. The length, breadth, depth of the 
barge are 20m, 12m, 4m. A cargo on the deck is shifted through a distance of 4 m 
to forward and a distance 2 m to starboard.
Calculate port and starboard draft in FP and AP. KG of barge is 2 m.

Problem> Calculation of Draft at Bow and Stern caused by 
Movement of Cargo

- Longitudinal Righting Moment 

2m

4m

Baseline

AP FP

20m

4m
2m

12m

: 화물의위치

예제6.3
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Question) 
There is a ship of density ρm=1.0 ton/m3 and  length, breadth, depth of the ship are 
28m, 18m, 9m. Answer questions about the barge.

Problem> Calculation of Trim and Trim Angle of Barge(1)

- Longitudinal Righting Moment 

z y

30m

20m 1m

x

10m
① Find the lightweight in light ship 
condition, and the draft in fresh 
water. 
And if the ship is in sea water, what 
will the draft is changed?

Cargo Unit
Weight

No. of
Cargo

Loading location(cm)

x y z

Cargo 1 100 ton 3 0 0 1

Cargo 2 150 ton 2 -5 0 1

② Following cargos are supposed to be loaded in the barge.

Find ⓐdeadweight(DWT) ⓑTPC 
ⓒMTC ⓓTrim ⓔdraft forward and aft
ⓕLCB ⓖLCG

예제6.6
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Question) 
There is a ship of density ρm=1.0 ton/m3 and  length, breadth, depth of the ship are 
28m, 18m, 9m. Answer questions about the barge.

- Longitudinal Righting Moment 

z y

30m

20m 1m

x

10m

Cargo Unit
Weight

No. of
Cargo

Loading location(cm)

x y z

Cargo 1 100 ton 3 0 0 1

Cargo 2 150 ton 2 -5 0 1

② Following cargos are supposed 
to be loaded in the barge.

Find ⓐdeadweight(DWT) ⓑTPC 
ⓒMTC ⓓTrim ⓔdraft forward and aft
ⓕLCB ⓖLCG

③ When the cargo 2 is removed from the result of problem ②, calculate LCB, 
LCG after removing.

④ When the cargo 1 are shifted to the right (along the y axis) through a 
distance of 5 m from the result of problem ③, calculate an angle of heel of the 
barge.

예제6.6

Problem> Calculation of Trim and Trim Angle of Barge(2)
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Question) 

A bulk carrier of 150,000 ton deadweight, 264 m LBP is floating on an even keel at 
16.9 m draft, and cargo holds are full of cargo. 
When cargo in No.1 cargo hold is discharged on port, calculate drafts forward and 
aft. The transverse center of mass of cargo is in centerline, and longitudinal center 
of mass of cargo is 107.827 m from midship.
Find draft forward and aft by using hydrostatic table of this ship.

Problem> Calculation of Trim Forward and Aft

예제6.7- Longitudinal Righting Moment 
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Question)

There is a ship operating in fresh water as 
shown in the picture. Answer following 
questions.
Densities of aft-body, cargo hold, fore-body 
are ρm= 1.0 ton/m3.
① Calculate the displacement of this ship.
② Find LCF, LCB, LCG, KG of the ship.
③ When the cargo of 0.6 ton/m3 density is 

loaded homogenously in each cargo hold 
(Total 10 holds : No.1 ~ No.5 Hold  x  
(port & starboard) ). Calculate the 
deadweight(DWT) and lightweight(LWT) 
of the ship.

④ In real ship, Loading/unloading cargo 
cause shape of waterplane to be changed. 
In that case, explain the procedure of 
calculating change of trim.

Problem> Calculation of Trim of Barge

10m

20m

30m

A.P F.P180m

No.5 No.4 No.3 No.2 No.1

8m

10m

- Calculation of Righting Force And Stability
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G

4 m

10 m

5 m

6 m

2 m

Question)
A rectangular barge is floating on an 
even keel at a draft of 3 m. The center 
of mass is changed to 2 m from the 
baseline, 6 m from aft, then calculate 
the position of the barge.

Problem> Calculation of Position of Barge

3m

- Calculation of Righting Force And Stability
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Ch.8 Heeling Moment caused by Fluid in Tanks
(Free Surface Moment)
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Heeling Moment caused by Fluid in Tanks (1)
- Case1 : Solid Cargo fixed to Cargo Hold

∇
=

G

B 1B

K
N

φ

M

φ

'y

'z

sinGM φ=

/ /GZ KN

Z

sinGZ KN KG φ= −

Righting arm GZ

O'x'y'z' : Body fixed frame
Oxyz : Waterplane fixed frame

y

z

- Heeling Moment caused by Fluid in tanks

φ

restoring BGZ Fτ = ⋅
sinGZ GM φ= ⋅

GM KB KGBM= + −KG

O,O'
x,x'
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Heeling Moment caused by Fluid in Tanks (2)
- Case2 : Fluid Cargo in Cargo Hold (1)

1 1 1/ / / /bb gg GG
From the geometric shape, righting arm 
G1Z1 is as follows

0 sinG M φ=

1 1 0

0

( )sin
( )sin

G Z KN KG GG
KN KG

φ
φ

= − +
= −

G

B 1B

Z

K
N

M

φ

φ

'y

'z

g

0G

1G

1g

φ

1Z

b

Righting
arm φsinKGKNGZ −=

cf) In case that fixed cargo 
of solid is loaded

φsinGM=

If a ship is heeled, plane of fluid in tank is 
changed to be parallel to waterplane.

G
1G

Z
1Z

M

It means that shift of center of total mass 
GG1 is considered as the elevation of 
center of total mass from G to G0. 

 Free Surface Effect (FSE)

 Reduction of righting arm 
( It causes stability to be worse.)

φ

φ1b

0G

1w
2w

2l

1l
s

O'x'y'z' : Body fixed frame
Oxyz : Waterplane fixed frame

- Heeling Moment caused by Fluid in tanks

BF

WF

y

restoring BGZ Fτ = ⋅
sinGZ GM φ= ⋅

GM KB KGBM= + −KG

0KG

G : Center of total mass
G1 : Changed center of total mass
B: Center of buoyancy
B1: Changed center of buoyancy
b : Center of the wedge w1sw2

b1 : Center of the wedge l1sl2

g : Center of fluid in tank
g1 : Changed center of fluid in tank

z

O,O'
x,x'
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=

0 sin sinwGG bm
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∇
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ρ
ρ

∇
= T

SW

F i
ρ
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is similar to 1 0GG G∆ 1bb m∆

G

B 1B

Z

K
N

M

φ

φ

'z

b 1b

1G

0G

φ

1Z
m

g 1g

'y

0
wGG bm
W

=

1

1

GG w
bb W

=

1 0 1sin , sinGG GG b m bmφ φ≈ ≈
If ϕ is small, 

G 1G

Z
1Z

M

φ

φ

0G

m

φ

b 1b
Free Surface Moment TFiρ

The elevation of center of total mass due to 
the shift of center of mass of fluid in tank is 
related to the density of fluid in tank and 2nd

moment of fluid plane area in tank.

(It’s not relevant to weight of fluid in tank)
- Heeling Moment caused by Fluid in tanks

Heeling Moment caused by Fluid in Tanks (3)
- Case2 : Fluid Cargo in Cargo Hold (2)

y

restoring BGZ Fτ = ⋅
sinGZ GM φ= ⋅

GM KB KGBM= + −KG

0KGG : Center of total mass
G1 : Changed center of total mass
B: Center of buoyancy
B1: Changed center of buoyancy
b : Center of the wedge w1sw2

b1 : Center of the wedge l1sl2

g : Center of fluid in tank
g1 : Changed center of fluid in tank

m : Metacenter of cargohold
w : Weight of fluid in tank
W : Total weight
iT : 2nd moment of fluid plane 

area in tank about x' axis
ρF : Density of fluid in tank
ρSW : Density of sea water
∇ : Displacement volume
v : Volume of fluid in tank

O,O'
x,x'
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Question) 
Sea water is filled partially in tank with waterplane of rectangular shape.
If longitudinal bulkhead is installed in center of tank, how much GM will be 
changed?

Problem> Free Surface Effect

- Heeling Moment caused by Fluid in tanks

z y x z y x

Installation of 
longitudinal 
bulkhead.
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