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Catenary Anchor Leg Mooring (CALM) Buoy

deepwater CALM 
buoy 



Methods for Wave Frequency Motion Estimate

• Model Test

• Time Domain (TD)

• Frequency Domain (FD) 
– Quadratic Drag Linearization

• Iterative
• Stochastic 



Time Domain Model

• Morison type disc elements 

• Nonlinear drag force proportional to the 
relative velocity squared
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SOFEC Buoy Skirt Modeling
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Hole to Skirt =11.8421%

Disc dia =2.5884

rskirt =10.5m rbuoy =8.5m

rskirt centerline =9.5m



Model Test

• Model Particulars

• Model scale = 1:35.6

• Water depth = 106.8m

• Buoy dia = 17m

• Skirt dia = 21m

• Draft = 5.65m



Buoy Model (cont’d)



Validation with Model Test Results
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(After Duggal and Ryu 2005) 



Pitch motion response 

Buoy Time Domain 
Equation of Motion

Free Response

Natural Period & Linear Damping

Frequency Domain 
Equation of Motion

Iterative & Stochastic Linearization of Drag



Equation of Motion (6-DOF & 1-DOF)

{ } { } { } { }M x C x K x F+ + =&& &

( )i aM M M= +

( )= +r vC C C

( )= +h mK K K

Spring-Mass-Damper



Pitch Free Response
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Pitch Free Decay Comparison 
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Freq. dependent pitch motion elements

0 2 4 6 8 10 12 14 16 18 20
0

8e+006

1.6e+007

2.4e+007

3.2e+007

4e+007

Period (sec)

A
dd

ed
 m

as
s 

(k
g.

m
2 )

0 2 4 6 8 10 12 14 16 18 20
0

3e+006

6e+006

9e+006

1.2e+007

Period (sec)

R
ad

ia
tio

n 
da

m
pi

ng
 ((

N
.m

) /
(ra

di
an

/s
ec

)) 

0 2 4 6 8 10 12 14 16 18 20
0

1e+006

2e+006

3e+006

4e+006

5e+006

Incident wave period (sec)

E
xc

iti
ng

 fo
rc

e 
(N

.m
/m

)



+ + =&& &&( )M x C x x K x F

w w
p

= + +&& & && &2 3
1 2 3

8 3( )
3 4

C x x C x C x x C x

( )

( )

r
p

w
w

e

+

+

= = =

=
- - + +

- £

0 *

1

2 *

1

8 10, ,
3 2

n
v v v W D

n

r v

n n

X C C x C C A

FX
M C C iw K

X X

Damping Linearization: 1- Quadratic 2- Cubic

(Chakrabarti, 1992)



+ + =&& &&( )M x C x x K x F

Damping Linearization: 3- Stochastic
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Pitch Motion RAO Comparison 

0.0

0.5

1.0

1.5

2.0

2.5

0 2 4 6 8 10 12 14 16 18 20

Period (sec)

Pi
tc

h 
R

A
O

 (d
eg

/m
)

FD quadratic linearization
FD cubic linearization
FD stochastic linearization
model test (Ryu, et al. 2005)
TD results (Ryu, et al. 2005)



Phase Comparison
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OUTPUT PHASE: Linear Drag
OUTPUT PHASE: STOCHASTIC LINEARIZATION
INPUT PHASE: W AVES



Summary

• Linearization quadratic drag/damping is accomplished 
by quadratic, cubic and stochastic linearizations.

• Quadratic and cubic linearization shows the deep valley 
around 6 to 8 seconds & good agreement for long 
periods.

• Stochastic linearization show a good agreement.



Thank You


