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by 
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M a r i t i m e Research I n s t i t u t e N e t h e r l a n d s 

INTRODUCTION 

I n t h e l a s t decade t h e d e s i g n o f o f f s h o r e mooring systems and t h e 
o f f l o a d i n g t e c h n i q u e s have changed. The changes i n t h e d e v e l o p ­
ments have been made p o s s i b l e by a few i m p o r t a n t achievements as 
f o r i n s t a n c e : 
- t h e i n c r e a s e d r e l i a b i l i t y o f f l e x i b l e r i s e r s ; 
- b e t t e r u n d e r s t a n d i n g o f t h e low fr e q u e n c y m o t i o n b e h a v i o u r o f 

moored s h i p s i n waves, wind and c u r r e n t ; 
- p r o t o t y p e e x p e r i e n c e w i t h t h e i n c r e a s i n g number o f moored 

F l o a t i n g ( P r o d u c t i o n ) Storage O f f l o a d i n g (F(P)SO) systems; 
- a p p l i c a t i o n o f dynamic p o s i t i o n i n g (DP) on l a r g e o f f l o a d i n g 

t a n k e r s . 

Modern de s i g n s o f F(P)SOs and O f f s h o r e Loading Systems (OLS) a r e 
a r e d u c t i o n o f t h e l a r g e v a r i e t y i n t h e p a s t . I n t h e p a s t t y p i c a l 
systems des i g n e d and a p p l i e d were t h e c o m p l i a n t a r t i c u l a t e d s y s ­
tems. The f o l l o w i n g concepts a p p l y t o t h e m a j o r i t y o f t h e p r e s e n t 
o f f s h o r e d e s i g n s : 
- For permanent mooring systems: i n t e r n a l o r e x t e r n a l t u r r e t s , i n 
many cases p r o v i d e d w i t h composite l i n e s . 

- For semi-permanent mooring systems: d i s c o n n e c t a b l e u n d e r k e e l 
buoy o r r i s e r t u r r e t s and DP systems. 

- For o f f l o a d i n g : tandem mooring and DP. 

For t h e d e s i g n o f t h e systems i n t h e p r e - d e s i g n stage semi-theo­
r e t i c a l e m p i r i c a l m a t h e m a t i c a l s i m u l a t i o n models can be a p p l i e d , 
w h i l e f o r t h e v e r i f i c a t i o n o f t h e d e s i g n model experiments a r e 
i n d i s p e n s a b l e . I n t h e d e s i g n process t h e p h y s i c a l phenomena which 
c o n t r o l t h e motions o f a moored o r DP t a n k e r must be un d e r s t o o d . 
The p h y s i c a l phenomena a r e t h e e x c i t i n g l o a d s , t h e r e a c t i o n 
f o r c e s and t h e m o t i o n c o n t r o l system (mooring system o r DP con­
t r o l ) . A r e v i e w w i l l be g i v e n o f t h e b a s i c approaches t o assess 
t h e m o t i o n c o n t r o l o f a permanently moored and a DP c o n t r o l l e d 
t a n k e r exposed t o win d , waves and c u r r e n t . 

THE TANKER MOTIONS 

A t a n k e r k e p t i n p o s i t i o n i n i r r e g u l a r waves, w i n d and c u r r e n t 
w i l l be exposed t o wave fre q u e n c y l o a d s i n t h e s i x degrees o f 
freedom (DOF) and mean loads i n c o m b i n a t i o n w i t h s l o w l y v a r y i n g 
l o a d s i n t h e t h r e e DOFs i n t h e h o r i z o n t a l p l a n e . 

The wave fr e q u e n c y l o a d s a r e caused by t h e well - k n o w n f i r s t o r d e r 
wave f o r c e s . The mean lo a d s a re due t o mean wave d r i f t f o r c e . 
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c u r r e n t and win d l o a d s . The s l o w l y o s c i l l a t i n g loads a r e caused 
by t h e second o r d e r s l o w l y o s c i l l a t i n g wave d r i f t f o r c e s and 
loa d s as induced by t h e low freq u e n c y components o f t h e w i n d 
speed spectrum. I n some cases low fr e q u e n c y e x c i t a t i o n can even 
occur due t o macro v o r t i c e s i n a t u r b u l e n t c u r r e n t o r due t o 
shedding from t h e v e s s e l i t s e l f . 

The r e s u l t i s t h a t t h e v e s s e l w i l l p e r f o r m wave f r e q u e n c y motions 
and a t t h e same t i m e i s s u b j e c t e d t o a mean d i s p l a c e m e n t and low 
fre q u e n c y m o t i o n s . The wave frequency motions i n t r o d u c e t h e wave 
fr e q u e n c y dynamics i n t h e mooring l e g s o f a mooring system. For 
DP systems t h e wave f r e q u e n c y motions can a f f e c t t h e e f f e c t i v i t y 
o f t h e t h r u s t e r s . The most i m p o r t a n t p a r t o f t h e power needed f o r 
s t a t i o n k e e ping o f a t a n k e r i s caused by t h e mean d i s p l a c e m e n t 
and t h e low freq u e n c y m o t i o n s . The c o n t r o l system o f a DP system 
has t o r e a c t t o these m o t i o n s , w h i l e t h e f o r c e l e v e l i n a mooring 
system w i l l be dominated by these m o t i o n s . 

I n o r d e r t o d e s c r i b e t h e low freq u e n c y motions t h e wave d r i f t 
f o r c e s , t h e wind and c u r r e n t loads and t h e low fre q u e n c y h y d r o -
dynamic r e a c t i o n f o r c e s have t o be known. Each o f t h e mentioned 
components w i l l be b r i e f l y d e s c r i b e d i n t h e n e x t s e c t i o n s . 

WIND, CURRENT AND WAVE DRIFT FORCES ON A TANKER 

C u r r e n t and wind loads 

For a t a n k e r - b a s e d FPSO t h e c u r r e n t l oads can be d e r i v e d f r o m t h e 
updated c u r r e n t c o e f f i c i e n t s as g i v e n by OCIMF. The c o e f f i c i e n t s 
i n l o n g i t u d i n a l , t r a n s v e r s e and yaw d i r e c t i o n w i l l be g i v e n n o t 
o n l y f o r t h e f u l l y l oaded d r a f t as f u n c t i o n o f t h e r a t i o 
d r a f t / w a t e r d e p t h b u t a l s o f o r t h e b a l l a s t e d c o n d i t i o n (even 
k e e l ) o f t a n k e r s w i t h c y l i n d r i c a l and c o n v e n t i o n a l bow. 

Wind l o a d d a t a f o r a t a n k e r w i t h s t a n d a r d s u p e r s t r u c t u r e and 
w i t h o u t process equipment can be found w i t h t h e OCIMF d a t a . To 
account f o r t h e process equipment and p o s s i b l e i n t e r a c t i o n w i t h 
t h e s u p e r s t r u c t u r e computer programs based on wind t u n n e l t e s t s 
a r e a v a i l a b l e o r wind t u n n e l t e s t s have t o be c a r r i e d o u t . 

Wind s p e c t r a 

Because o f t h e importance o f t h e low fre q u e n c y e x c i t a t i o n on 
moored s t r u c t u r e s wind s p e c t r a can be a p p l i e d t o t h e t a n k e r . The 
s p e c t r a l d e n s i t y i n t h e low freq u e n c y p a r t o f t h e wind s p e c t r a 
can be c o n s i d e r a b l e . For v a r i o u s f o r m u l a t i o n s o f wind s p e c t r a t h e 
s p e c t r a based on an h o u r l y mean wind speed o f 30.9 m/s (10 m 
e l e v a t i o n ) i s g i v e n i n F i g . 1. I n [ 1 ] t h e r e s u l t s a r e g i v e n o f 
th e e f f e c t o f t h e a p p l i c a t i o n o f win d s p e c t r a and a 1-minute g u s t 
on a moored 200 kDWT t a n k e r i n c o - l i n e a r l y d i r e c t e d i r r e g u l a r 
waves and wi n d . 

The r e s u l t s show t h a t due t o t h e 1-hour mean wi n d speed t h e mean 
d i s p l a c e m e n t i s s m a l l b u t t h a t t h e o s c i l l a t i n g w i n d f o r c e causes 
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a most p r o b a b l e surge m o t i o n w h i c h g e n e r a l l y i s low e r t h a n t h e 
v a l u e s found f o r t h e st e a d y 1-minute g u s t . 

Wave-current i n t e r a c t i o n on wave d r i f t f o r c e s 

The wave d r i f t f o r c e s c o n t r i b u t e g e n e r a l l y f o r a dominant p a r t t o 
t h e t o t a l low fr e q u e n c y e x c i t a t i o n on a moored o r DP c o n t r o l l e d 
t a n k e r . I n o r d e r t o d e t e r m i n e t h e mean and s l o w l y o s c i l l a t i n g 
wave d r i f t f o r c e i t i s common p r a c t i c e t o compute t h e q u a d r a t i c 
t r a n s f e r f u n c t i o n (QTF). By means o f s p e c t r a l o r t i m e domain 
t e c h n i q u e s t h e mean and t h e o s c i l l a t i n g wave d r i f t f o r c e can be 
de t e r m i n e d . The comp u t a t i o n s a r e based on 3-D p o t e n t i a l t h e o r y 
and are v a l i d f o r t h e zero-speed c o n d i t i o n , see f o r i n s t a n c e [ 2 ] . 

The QTF o f t h e wave d r i f t f o r c e on a t a n k e r may i n c r e a s e c o n s i d ­
e r a b l y when moored i n a c u r r e n t f i e l d . I n t h e z e r o - c u r r e n t con­
d i t i o n t h e speed dependency o f t h e wave d r i f t f o r c e due t o t h e 
s l o w l y o s c i l l a t i n g moored t a n k e r w i l l be p r e s e n t a l s o . T h i s speed 
dependency o f t h e wave d r i f t f o r c e can be d i s t i n g u i s h e d by t h e 
QTF o f . t h e wave d r i f t damping. I n case t h e t a n k e r i s moored i n 
waves combined w i t h c u r r e n t t h e wave d r i f t f o r c e can be d e s c r i b e d 
by t h e c u r r e n t speed dependent QTF. The s l o w l y o s c i l l a t i n g mo­
t i o n s o f t h e v e s s e l i n t h e c u r r e n t f i e l d a r e governed by t h e 
c u r r e n t speed a s s o c i a t e d QTF and t h e c u r r e n t speed a s s o c i a t e d QTF 
o f t h e wave d r i f t damping. For head waves t h e c o m p u t a t i o n p r o ­
cedures a r e g i v e n i n [ 3 ] . As an example t h e QTF o f t h e wave d r i f t 
f o r c e w i t h and w i t h o u t c u r r e n t and t h e wave d r i f t damping f o r an 
LNG c a r r i e r i s g i v e n i n F i g . 2. 

Besides t h e QTF i n head waves and head c u r r e n t , a l s o t h e wave 
d r i f t f o r c e s f o r waves combined w i t h a r b i t r a r i l y d i r e c t e d c u r r e n t 
a r e necessary. The g e n e r a l c o m p u t a t i o n procedure i s under d e v e l ­
opment, see [ 4 ] . An example o f t h e QTF f o r a n o t h e r d i r e c t i o n o f 
wave and c u r r e n t i s shown i n F i g . 3. 

LOW FREQUENCY HYDRODYNAMIC REACTION FORCES 

I n t h e a f o r e m e n t i o n e d s e c t i o n t h e mean and low fre q u e n c y e x c i t a ­
t i o n f o r c e s a r e b r i e f l y e x p l a i n e d . Due t o t h e e x c i t a t i o n t h e 
moored o r DP c o n t r o l l e d v e s s e l w i l l p e r f o r m low fr e q u e n c y m o t i o n s 
i n t h e h o r i z o n t a l p l a n e . Besides t h e mooring and DP system a l s o 
hydrodynamic f o r c e s w i l l r e a c t t o t h e s l o w l y o s c i l l a t i n g d i s ­
p lacements, v e l o c i t i e s and a c c e l e r a t i o n s . The low fr e q u e n c y hy­
drodynamic r e a c t i o n f o r c e s can be s p l i t i n t h e a c c e l e r a t i o n and 
v e l o c i t y dependent t e r m s . The a c c e l e r a t i o n terms c o n s i s t o f t h e 
low f r e q u e n c y added mass and can be computed w i t h 3-D p o t e n t i a l 
t h e o r y . The low fr e q u e n c y v e l o c i t y dependent t e r m s , however, con­
s i s t o f t h e v i s c o u s r e s i s t a n c e . These terms cannot be computed 
a c c u r a t e l y and have t o be d e r i v e d from model t e s t s . 

For t h e d e r i v a t i o n o f t h e low fr e q u e n c y hydrodynamic r e a c t i o n 
f o r c e s and moment d i s t i n c t i o n has t o be made between s t i l l w a t e r 
and c u r r e n t . Compared t o t h e s t i l l w a t e r r e s i s t a n c e i t i s o b v i o u s 
t h a t t h e r e s i s t a n c e forces/moment may s t r o n g l y be i n f l u e n c e d by 
t h e presence o f t h e c u r r e n t ( l i f t and drag f o r c e s ) . 
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I n t h e f o l l o w i n g t h e d e s c r i p t i o n o f t h e low f r e q u e n c y hydrodynam­
i c r e a c t i o n f o r c e s i n t e r w s . o f _ t h e e q u a t i o n s o f m o t i o n w i l l be 
e l u c i d a t e d . 

S t i l l w a t e r 

For t h e e q u a t i o n s o f m o t i o n t h e f o l l o w i n g f o r m u l a t i o n s a r e as­
sumed, see [ 3 ] : 

(M+a^^)x^ = (M+a22)X2X6 + a^^k] + X^g^ 

(M+a22)X2 + a26Xg = - ( M + a ^ ^ ) x ^ i g + X2SW 

• • • • 

(I+agg)Xg + ag2X2 = - ( a 2 2 ~ ^ l l ̂ ^1^2 " ^62^1^6 ^6SW 

i n w h i c h : 

^ i q w ' ^9Qw' ^fi<;w = f r e q u e n c y v i s c o u s f l u i d r e s i s t a n c e 
ibw Dbw forces/moment components 

a,,, ^22' ^66' ^26' ^62 ~ fre q u e n c y added mass c o e f f i c i e n t s 
x f , X2/ Xg = surge, sway and yaw m o t i o n 
M, I = i n e r t i a p r o p e r t i e s o f t h e v e s s e l . 

I n o r d e r t o d e t e r m i n e t h e low f r e q u e n c y v i s c o u s r e s i s t a n c e 
force/moment components i n s t i l l w a t e r caused by sway and yaw 
modes o f m o t i o n , p l a n a r m o t i o n mechanism t e s t s may be c a r r i e d 
o u t . For t h e surge mode o f m o t i o n e x t i n c t i o n t e s t s i n s t i l l w a t e r 
can be c a r r i e d o u t . The r e s i s t a n c e c o e f f i c i e n t s as d e r i v e d from 
t h e e x t i n c t i o n t e s t s i n surge d i r e c t i o n a re g i v e n i n F i g . 4. The 
r e s i s t a n c e c o e f f i c i e n t s i n t h e sway and yaw d i r e c t i o n a r e g i v e n 
i n F i g . 5. For t h e sway d i r e c t i o n t h e damping c o e f f i c i e n t B22 and 
Bg2 were o b t a i n e d as f o l l o w s : 

FP 
X22 = -^P T B22 X 2 | i 2 l d l = -hp T B22(FP-AP)X2|X2| 

FP 9 9 
Xg2 = -^P T Bg2 ^/ X 2 | i 2 l l ^ 1 = -hp T Bg2(FP^-AP^)X2|X2| 

w h i l e i n yaw d i r e c t i o n t h e c o e f f i c i e n t s B2g and B^g can be d e t e r ­
mined fro m : 

^26 = -*̂ P ^ ^26 f X g l | i g l | d l = - i p T B2g(Fp3+AP^)Xg|ig| 

^ 6 6 = -"̂ P ^ 6 6 ^ e ^ l ^ e H i ^ 1 = -IP ^ e e ^ ^ P ^ + ^ p ' ^ ^ ^ e l ^ e l 
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i n w h i c h : 

^22' ^62' ^26' ^66 ~ measured forces/moment, i n - q u a d r a t u r e w i t h 
t h e a p p l i e d d i s p l a c e m e n t s 

AP = o r d i n a t e o f a f t p e r p e n d i c u l a r 
FP = o r d i n a t e o f f o r e p e r p e n d i c u l a r . 

Knowing t h e r e s i s t a n c e c o e f f i c i e n t s ^n?' ^ 9 f i ' ^ f i 9 ^ f i f i 
c o u p l e d sway and yaw low fre q u e n c y r e s i s t a n c e forées/moment can 
be d e s c r i b e d assuming a s t r i p t y p e d i s t r i b u t i o n o f t h e t r a n s v e r s e 
c o e f f i c i e n t s o ver t h e l e n g t h o f t h e v e s s e l . Decoupled i n surge 
d i r e c t i o n t h e r e s i s t a n c e f o r m u l a t i o n s a r e as f o l l o w s : 

^ISW ' -^11^1 

FP 

^2SW = -^P T ƒ C ( l ) ( X 2 + X g l ) | i 2 + X g l | d l 

FP 
^6SW = -^P T ƒ C { l ) ( x 2 + i g l ) | x 2 + i g l | l d l 

AP 

I n c u r r e n t 

For t h e e q u a t i o n s o f m o t i o n t h e f o l l o w i n g f o r m u l a t i o n s a r e as­
sumed, see [ 3 ] : 

( " " • ^ l l ^ ' ^ l = ("-^^22)^2^6 ^ i s t a t ^ ^ I d y n 

{M+a22)X2 + a2gXg = -(M+a^^)i^Xg + X^^^^^ -f X^^^^ 

(16-^^66 )'̂ 6 ^62*^2 = ^ 6 s t a t ^6dyn 

i n w h i c h : 

^ I s t a t = ^P L T C^^i^^^)vl^ 

^ 2 s t a t = ^P L T C2^(^^^)V2^ 

X^^. ̂ . = hp L^T Cr (41 )V^ b s t a t *̂  6 c ^ ^ c r ' c r 

b e i n g t h e q u a s i - s t e a d y c u r r e n t forces/moment components, where: 

V__ = (u? + v ? ) ^ 
c r 

J.) = r e l a t i v e c u r r e n t v e l o c i t y 

4>^^ = a r c t a n { - v ^ / - u ^ ) = r e l a t i v e c u r r e n t a n g l e o f i n c i d e n c e 
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and t h e dynamic c u r r e n t l o a d c o n t r i b u t i o n i s assumed t o be: 

Id y n - ( ^ 2 2 - ^ i i > ^ c s i ' ^ ^ V ^ e ^ ^ e 
+ X ID 

X 2dyn - ( ^ 2 2 - ^ l l ) ^ c ^°^('l'c-^6)^6 
+ X 2D 

6dyn 
p o t e n t i a l p a r t VISCOUS p a r t 

To d e t e r m i n e t h e dynamic c u r r e n t c o n t r i b u t i o n as a c t i n g on a 
t a n k e r , yaw and sway o s c i l l a t i o n t e s t s may be c a r r i e d o u t i n 
c u r r e n t . A t y p i c a l r e s u l t o f a model t e s t t o d e t e r m i n e t h e dy-
neimic c u r r e n t c o n t r i b u t i o n i n surge, sway and yaw d i r e c t i o n due 
t o t h e m o t i o n i n yaw d i r e c t i o n i n 2 kn o t s c u r r e n t i s g i v e n i n 
F i g . 6. By means o f t h e dynamic c u r r e n t l o a d c o n t r i b u t i o n s as 
f u n c t i o n o f c u r r e n t speed, o s c i l l a t i n g v e l o c i t i e s and c u r r e n t 
a ngles a non-dimensional database can be e s t a b l i s h e d . 

By means o f t h e above g i v e n d e s c r i p t i o n s t h e low fr e q u e n c y h y d r o -
dynamic r e a c t i o n f o r c e s can be implemented i n t h e e q u a t i o n s o f 
mo t i o n . 

PERMANENT MOORING SYSTEM 

I n t r o d u c t i o n 

An example o f a permanent mooring system can be a t u r r e t - c h a i n 
system. The t u r r e t i s a t u r n t a b l e connected t o t h e bow o r t o t h e 
k e e l o f a t a n k e r . To keep t h e t a n k e r i n p o s i t i o n r a d i a l l y spaced 
mooring l i n e s a r e a t t a c h e d t o t h e t o p o f t h e t u r n t a b l e . The num­
be r o f mooring l e g s can range from 6 up t o 12 o r more. A s k e t c h 
o f such a system i s g i v e n i n F i g . 7. I n t h e t u r n t a b l e s w i v e l s a r e 
mounted f o r t r a n s f e r o f t h e o i l . The o i l i s t r a n s p o r t e d t h r o u g h 
f l e x i b l e r i s e r s r u n n i n g f r o m t h e t u r n t a b l e t o subsea w e l l s o r 
p i p e l i n e end m a n i f o l d s . 

I n o r d e r t o d e s i g n t h e mooring system p r e - s t u d i e s and model t e s t s 
have t o be c a r r i e d o u t . From t h e r e s u l t s o f t h e p r e - s t u d y and t h e 
model t e s t s t h e s i z e and p a t t e r n o f t h e mooring l e g s ( c h a i n s o r 
c h a i n - w i r e c o m b i n a t i o n s ) , t h e p o s i t i o n o f t h e t u r n t a b l e ( s t a b i l ­
i t y ) and t h e s t r e n g t h ( s u r v i v a l and f a t i g u e l o a d s ) have t o be 
o b t a i n e d . Besides t h e s e aspects a l s o a t t e n t i o n has t o be p a i d t o 
t h e l a y o u t o f t h e f l o w / c o n t r o l l i n e s . 

F u r t h e r a t t e n t i o n has t o be p a i d t o t h e s t a t i s t i c s o f t h e i n p u t 
and o u t p u t . The i n p u t concerns t h e s t a t i s t i c s o f t h e wave, wi n d 
and c u r r e n t c l i m a t e l i k e t h e d e t e r m i n a t i o n o f t h e i r p r o p e r p r o b ­
a b i l i s t i c j o i n t o c c u r r e n c e . The r e s u l t s o f t h e computer simu­
l a t i o n s and t h e model t e s t s a r e t h e o u t p u t . The s t a t i s t i c a l 
e v a l u a t i o n o f t h e r e s u l t s l i k e c o n f i d e n c e i n t e r v a l s o f t h e most 
p r o b a b l e maximum, j o i n t p r o b a b i l i t y o f low and wave f r e q u e n c y 
q u a n t i t i e s and extreme e f f e c t s such as slamming and green w a t e r 
have t o be c a r e f u l l y c o n s i d e r e d . A r e v i e w o f t h e p r o b a b i l i s t i c s 
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f o r t h e i n p u t d a t a and t h e s t a t i s t i c s o f t h e o u t p u t i s g i v e n i n 
[ 5 ] . 

As an i n t r o d u c t i o n a s i m p l i f i e d e x e r c i s e w i l l be c a r r i e d o u t t o 
assess t h e low freq u e n c y motions o f a moored 200 kDWT loaded 
t a n k e r . T h i s e x e r c i s e i s f o l l o w e d by a b r i e f d e s c r i p t i o n o f t h e 
method o f t h e complete a n a l y s i s on a t u r r e t moored t a n k e r i n 
i r r e g u l a r head waves. 

S i m p l i f i e d method t o assess t h e low fr e q u e n c y t a n k e r motions 

For t h e s i m p l i f i e d e x e r c i s e use i s made o f a f u l l y l o a d e d 200 
kDWT t a n k e r c o - l i n e a r l y moored i n i r r e g u l a r waves and c u r r e n t . 
The mooring system c o n s i s t s o f a l i n e a r s p r i n g above w a t e r i n 
surge d i r e c t i o n o f t h e t a n k e r . The t a n k e r i s moored i n 82.5 m 
wat e r d e p t h . The body p l a n o f t h e t a n k e r , t h e main p a r t i c u l a r s 
and i n p u t d a t a l i k e QTF o f t h e wave d r i f t f o r c e s and t h e wave 
d r i f t damping a r e g i v e n i n [ 3 ] . The e x e r c i s e concerns t h e e f f e c t 
o f t h e c u r r e n t and t h e s t i f f n e s s o f t h e mooring on t h e low f r e ­
quency m o t i o n s . T h e r e f o r e c o m p u t a t i o n s a r e c a r r i e d o u t w i t h 
2 k n o t s c u r r e n t and w i t h o u t c u r r e n t and w i t h two s t i f f n e s s e s o f 
t h e mooring system v i z . 6.8 t f / m and 60 t f / m . 

Because o f t h e l i n e a r i t y o f t h e e q u a t i o n o f m o t i o n o f t h e low 
fre q u e n c y motions i n surge d i r e c t i o n t h e com p u t a t i o n s can be 
c a r r i e d o u t i n t h e frequency domain. The c o m p u t a t i o n p r o c e d u r e i s 
g i v e n below. I n t h e freq u e n c y domain t h e v a r i a n c e o f t h e low 
fr e q u e n c y surge m o t i o n w i l l be, see [ 3 ] : 

*^x^ = 2 b c^^ • ^F^^e) 

and t h e most p r o b a b l e maximum d i s p l a c e m e n t a c c o r d i n g t o Longuet-
H i g g i n s g i v e s : 

^imax = x^ + ^ • - x ^ ^ ^ ï ^ 

i n w h i c h : 

b = t o t a l d i s p l a c e m e n t 

*^11 ~ s p r i n g c o n s t a n t 
N = number o f o s c i l l a t i o n s = d u r a t i o n o f t i m e 
_ _ n a t u r a l p e r i o d o f system 
Xj^ = ^ i t ' ^ ^ l l ^ mean d i s p l a c e m e n t o f t h e t a n k e r 
^ I t t o t a l mean f o r c e . 

The mean d r i f t f o r c e i n i r r e g u l a r waves becomes: 

= 2 ƒ S,(w) T(w,w) dw 
0 ^ 
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The mean wave d r i f t damping c o e f f i c i e n t w i l l be: 

B,(w) 
B, = 2 ƒ S, (w) — dw 
' 0 ^ 

w h i l e t h e s p e c t r a l d e n s i t y o f t h e f o r c e becomes: 

2 

Sp(p) = 8 ^ S^(w+p) S^(u)) T (w-(-A/,w) dw 

where: 

S^(w) = s p e c t r a l d e n s i t y o f t h e wave elevatiön 
T(w,w) = c o n t i n u o u s e q u i v a l e n t o f t h e d i s c r e t e 

T.. = (w.,w.) 

B,(w)/C, = q u a d r a t i c t r a n s f e r f u n c t i o n o f t h e wave d r i f t damping 

T(w-i-p,w) = c o n t i n u o u s e q u i v a l e n t o f t h e d i s c r e t e q u a d r a t i c t r a n s ­
f e r f u n c t i o n f o r t h e a m p l i t u d e o f t h e d r i f t f o r c e 
T^j = T(w^,Wj) w i t h w^ i Wj 

p = d i f f e r e n c e f r e q u e n c y 1 0 

Sp(A') = s p e c t r a l d e n s i t y o f t h e d r i f t f o r c e 

F = mean v a l u e o f t h e d r i f t f o r c e 

= mean wave d r i f t damping c o e f f i c i e n t . 

For t h e wave spectrum a Pierson-Moskowitz t y p e spectrum w i t h a 
s i g n i f i c a n t wave h e i g h t H = 10 m and a mean p e r i o d T i . = 12 s was 
chosen. The computed s p e c t r a l d e n s i t i e s a r e shown i n F i g . 8. 

The low f r e q u e n c y v i s c o u s surge damping c o e f f i c i e n t w i t h o u t c u r ­
r e n t i s d e r i v e d from F i g . 4, w h i l e f o r t h e c u r r e n t damping c o e f ­
f i c i e n t t h e f o l l o w i n g f o r m u l a i s used: 

^ i c = 2F^/V^ 

i n w h i c h F i s t h e mean c u r r e n t f o r c e i n l o n g i t u d i n a l d i r e c t i o n 
and V i s tRe c u r r e n t v e l o c i t y , 

c 

The r e s u l t s o f t h e computations are g i v e n i n Table 1 on t h e n e x t 
page. 

For t h e s i m p l i f i e d approach t h e c o m p u t a t i o n p r o c e d u r e has been 
shown t o c a l c u l a t e t h e motions o f a l i n e a r l y moored t a n k e r . I n an 
i r r e g u l a r sea combined w i t h c u r r e n t b o t h t h e mean wave d r i f t 
f o r c e and t h e s l o w l y o s c i l l a t i n g p a r t o f t h e wave d r i f t f o r c e 
w i l l i n c r e a s e c o n s i d e r a b l y due t o t h e c u r r e n t e f f e c t . As a r e s u l t 
t h e m otions are l a r g e r i n a c u r r e n t f i e l d t h a n i n t h e n o n - c u r r e n t 
c o n d i t i o n . 
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Comparing t h e r e s u l t s i n t h e n o n - c u r r e n t c o n d i t i o n w i t h d i f f e r e n t 
s p r i n g s i t can be n o t i c e d t h a t t h e s p e c t r a l d e n s i t y o f t h e wave 
d r i f t f o r c e c o n s i d e r a b l y decreases w i t h a s t i f f e r mooring system. 
The r e l a t i o n between t h e s p e c t r a l d e n s i t y and t h e n a t u r a l p e r i o d 
o f t h e system i s shown i n F i g . 8 . 

Because o f t h e i n c r e a s e d s t i f f n e s s and t h e decreased s p e c t r a l 
d e n s i t y t h e motions w i l l decrease. The mooring f o r c e s , however, 
w i l l be i n c r e a s e d a p p r o x i m a t e l y by a f a c t o r 2 compared w i t h t h e 
s o f t e r mooring system. 

Table 1 

W i t h o u t W i t h W i t h o u t 
c u r r e n t c u r r e n t (2 kn) c u r r e n t 

*^11 ~ ^'^ t f / m "^11 ~ ^'^ t f / m ' ^ l l ^^^^ 

M+a^^ t f . s ^ / m 26,145.4 26,145.4 26,145.4 

^e rad/s 0.0161 0.0161 0.0479 

T 
e 

s 390 390 131 

t s 9000 9000 9000 

N - 23 23 68.7 

F t f -85.6 -103.8 -85.6 
F 
c 

- -10.4 -

^ 1 t f / m / s 29.0 25.7 29.0 

^11 t f / m / s 16.0 - 23.0 

^ l l c t f / m / s - 20.2 -

b t f / m / s 45.0 45.9 52.0 

t f ^ . s 27,700.0 43,000.0 15,000.0 

CJ 
X 

m 11.92 14.71 2.75 

^ 1 m =12.59 -16.79 -1.43 

^Imax m -42.45 -53.63 -9.43 

^Iraax t f 288.7 364.7 565.8 

Complete s i m u l a t i o n s 

For t h e complete s i m u l a t i o n a t u r r e t - c h a i n system exposed t o 
i r r e g u l a r waves i s c o n s i d e r e d . The c o n f i g u r a t i o n o f t h e system i s 
shown i n F i g . 7. 

I n a s t a t i c sense t h e r e a c t i o n f o r c e on t h e t a n k e r moored by a 
c h a i n - t u r r e t system r e p r e s e n t s t h e l o a d d i s p l a c e m e n t c u r v e , b e i n g 
t h e r e s t o r i n g f o r c e . I n r e a l i t y , due t o t h e low and wave f r e ­
quency motions o f t h e t u r r e t , t h e c h a i n s a r e moving t h r o u g h t h e 
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f l u i d . The c h a i n f o r c e s w i l l n o t o n l y be i n f l u e n c e d by t h e s t a t i c 
l o a d c u r v e , b u t a l s o by t h e f o r c e s caused by t h e v e l o c i t y and 
a c c e l e r a t i o n dependent hydrodynamic l o a d i n g ( t h e M o r i s o n equa­
t i o n ) and t h e c h a i n i n e r t i a f o r c e s a l o n g t h e c h a i n l e n g t h . The 
r e s u l t i s t h a t t h e s t a t i c l o a d curve can s t r o n g l y d e v i a t e f r o m 
t h e momentaneous mooring f o r c e s . I n t h e t i m e domain, due t o t h e 
low and h i g h f r e q u e n c y motions o f t h e t u r r e t , t h e " s t a t i c l o a d " 
w i l l be s t i f f e n e d o r weakened. Due t o t h e " s t i f f e n i n g " and t h e 
"weakening" o f t h e s t a t i c l o a d curve t h e low f r e q u e n c y motions o f 
t h e t a n k e r can be s t r o n g l y i n f l u e n c e d . I n f a c t , t h e t i m e average 
over t h e c o n t e n t o f t h e h y s t e r e s i s o f t h e h o r i z o n t a l dynamic 
mooring f o r c e v e r s u s d i s p l a c e m e n t i s c a l l e d t h e "low f r e q u e n c y 
c h a i n damping". 

To t a k e i n t o account t h e t i m e dependent "low f r e q u e n c y c h a i n 
damping", t h e complete i n t e g r a t e d system o f c h a i n - t u r r e t moored 
t a n k e r has t o be s i m u l a t e d i n t h e time-domain w i t h t h e c o r r e c t 
c o u p l i n g between t h e h i g h and low f r e q u e n c y m o t i o n s . 

The mooring system i s modelled by means o f t h e lumped mass meth­
od, where each o f t h e mooring l e g s i s r e p r e s e n t e d by a l a r g e 
number o f d i s c r e t e elements. On each n o d a l p o i n t t h e segment 
t e n s i o n , w e i g h t , f l u i d f o r c e s and bottom r e a c t i o n f o r c e s w i l l be 
t a k e n i n t o a c count. Because o f t h e d i r e c t time-domain s i m u l a t i o n 
method t h e dynamic b e h a v i o u r o f t h e mooring c h a i n s must be mod­
e l l e d c o r r e c t l y , r e s u l t i n g i n s m a l l t i m e steps i n t h e i n t e g r a t i o n 
method (0.05 s ) . 

The c o n v o l u t i o n i n t e g r a l s o f t h e f i r s t and second o r d e r wave 
f o r c e s a r e t a k e n a t t h e momentaneous p o s i t i o n o f t h e t a n k e r i n 
t h e i r r e g u l a r wave f i e l d r e s u l t i n g i n t h e e x a c t wave l o a d i n g on 
t h e t a n k e r a t each t i m e s t e p . F u r t h e r , t h e hydrodynamic r e a c t i o n 
f o r c e s were o b t a i n e d by t h e Cummins impulse response f u n c t i o n s , 
w h i l e t h e v i s c o u s surge damping o f t h e t a n k e r was t a k e n from 
F i g . 4. 

The c o m p u t a t i o n s were a p p l i e d t o a 200 kDWT loa d e d t a n k e r i n 
82.5 m w a t e r d e p t h exposed t o a PM spectrum w i t h H = 9.8 m and 
T, = 13.0 s. The l a y o u t o f t h e mooring p a t t e r n c S n s i s t s o f 6 
c h a i n s , each 700 m l o n g . The p r e - t e n s i o n amounts t o 40.83 t f and 
t h e c h a i n d i a m e t e r i s 5.5 i n c h e s . 

The r e s u l t s o f t h e model t e s t s and t h e c o m p u t a t i o n s u s i n g t h e 
same wave t r a i n a r e g i v e n i n a sample t i m e h i s t o r y i n F i g . 9. 
From t h e r e s u l t s i t can be concluded t h a t a good comparison i s 
a c h i e v e d . For more i n f o r m a t i o n r e f e r e n c e i s made t o [ 6 ] and [ 7 ] . 

DYNAMIC POSITIONING 

I n t r o d u c t i o n 

Nowadays DP t a n k e r s may be used as an a l t e r n a t i v e f o r hawser t y p e 
mooring, f o r tandem mooring and f o r o f f s h o r e buoy l o a d i n g sys­
tems. A well-known buoy l o a d i n g system i s t h e UKOLS system a t t h e 
S t a t f j o r d f i e l d ; c a r e f u l experiments have been c a r r i e d o u t f o r DP 
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o f f l o a d i n g i n tandem c o n f i g u r a t i o n ( i n f u l l s c a l e as w e l l as i n 
model t e s t s ) . I t can be observed t h a t t h e r e i s a gr o w i n g tendency 
a t new f i e l d developments t o use d y n a m i c a l l y p o s i t i o n e d systems 
i n s t e a d o f bow hawser moorings. 

The c o n v e n t i o n a l method o f DP i m p l i e s p o s i t i o n as w e l l as heading 
c o n t r o l o f t h e s h i p , an approach which r e q u i r e s s u b s t a n t i a l s i d e 
t h r u s t c a p a c i t y a t t h e s t e r n o f t h e s h i p . The consequence i s t h e 
a p p l i c a t i o n o f a t w i n screw arrangement w i t h h i g h performance 
r u d d e r s . A l s o , t h e f i t t i n g o f t u n n e l o r a z i m u t h i n g t h r u s t e r s a f t 
i s c o s t l y , even on a s i n g l e screw t a n k e r , due t o t h e presence o f 
engine room and s h a f t arrangement. The a p p l i c a t i o n o f bow l o a d i n g 
w i t h weather f o l l o w i n g DP w i l l improve t h e w o r k a b i l i t y and r e l i ­
a b i l i t y o f t h e DP o f f l o a d i n g concept, and s i n c e t h e r e i s no need 
o f s i d e t h r u s t c a p a c i t y a t t h e s t e r n , reduced c a p i t a l e x p e n d i t u r e 
f o r t h e DP equipment on t h e e x p o r t t a n k e r f o l l o w s . 

The hydrodynamic i n v e s t i g a t i o n s f o r a DP system a r e c a r r i e d o u t 
i n two phases: 
- A p r e - s t u d y i n which computer c a l c u l a t i o n s and s i m u l a t i o n s a r e 

c a r r i e d o u t . H e r e i n p h y s i c a l t r e n d s can be i n v e s t i g a t e d and a 
concept e x p l o r a t i o n can be made. A l t h o u g h DP s i m u l a t i o n s a r e 
i n s t r u c t i v e , t h e same h o l d s t r u e as f o r mooring s i m u l a t i o n s : 
t h e r e s u l t s a r e n o t t o be used f o r t h e f i n a l d e s i g n d a t a . 

- For r e l i a b l e d e s i g n d a t a , r e l a t i n g t h e a v a i l a b l e power and 
t h r u s t e r c a p a b i l i t i e s t o t h e p o s i t i o n i n g a c c uracy and l i m i t s o f 
" w o r k a b i l i t y " , i t i s p o s s i b l e t o c a r r y o u t c l o s e d l o o p DP 
t e s t s . 

DP s i m u l a t i o n s 

Computer programs f o r DP s i m u l a t i o n s b a s i c a l l y c a r r y o u t a con­
t r o l l o o p i n which t h e s h i p p o s i t i o n i s g i v e n by t h e hydrodynamic 
m a t h e m a t i c a l model which i s a l s o used f o r mooring s i m u l a t i o n s , 
see [ 3 ] . The p o s i t i o n d i f f e r e n c e w i t h t h e r e q u i r e d s e t - p o i n t f o r 
dynamic p o s i t i o n i n g , and t h e s h i p h o r i z o n t a l v e l o c i t i e s a r e 
i n p u t t e d t o t h e c o n t r o l a l g o r i t h m f o r t h r u s t e r a c t i o n , see [ 8 ] , 

For t h e c o n t r o l a l g o r i t h m t h e e f f e c t i v e f o r c e s g e n e r a t e d by t h e 
t h r u s t e r s , p r o p e l l e r s and ru d d e r s have t o be known. The e f f e c t i v e 
f o r c e s can d i f f e r w i d e l y from t h e b o l l a r d p u l l v a l u e s . T h i s i s 
caused by b o t h t h r u s t e r - t h r u s t e r , t h r u s t e r - h u l l , p r o p e l l e r - h u l l , 
r u d d e r - p r o p e l l e r - h u l l i n t e r a c t i o n as w e l l as i n t e r a c t i o n w i t h t h e 
c u r r e n t . The h u l l and c u r r e n t t y p e s o f i n t e r a c t i o n a r e t o be 
a t t r i b u t e d t o t h e changes i n t h e p r e s s u r e d i s t r i b u t i o n on t h e 
h u l l i nduced by t h e w o r k i n g p r o p e l l e r s , r u d d e r s and t h r u s t e r s as 
compared t o t h e p r e s s u r e d i s t r i b u t i o n due t o c u r r e n t o n l y . 

F i g . 10 g i v e s an example o f t y p i c a l p r e s s u r e d i s t r i b u t i o n changes 
f o r a bow t h r u s t e r o p e r a t i n g w h i l s t t h e v e s s e l i s s u b j e c t e d t o a 
c e r t a i n head c u r r e n t . The low p r e s s u r e r e g i o n downstream o f t h e 
j e t e x i t s i d e i s t h e dominant f a c t o r and i n t e g r a t e s t o an appre­
c i a b l e s i d e f o r c e o p p o s i t e t o t h e t h r u s t T, t h u s r e d u c i n g t h e 
e f f e c t i v e s i d e f o r c e o f t h e t h r u s t e r . 

- 1 1 -



F i g . 11 shows t h e r e s u l t s o f t h r u s t e r - t h r u s t e r i n t e r a c t i o n under 
a f l a t p l a t e f o r a z i m u t h i n g t h r u s t e r s . I n t h e graphs t h e i n t e r ­
a c t i o n as f u n c t i o n o f t h e d i s t a n c e between two t h r u s t e r s and as 
f u n c t i o n o f a z i m u t h a n g l e o f t h e f o r w a r d t h r u s t e r i s shown. 

By means o f c o m p u t a t i o n s , see [ 9 ] , and/or a s e t o f s e p a r a t e model 
t e s t s t h e e f f e c t i v i t y v a l u e s o f t h e t h r u s t e r s , r u d d e r s and p r o ­
p e l l e r s can be d e t e r m i n e d . Using t h e p r o p e r e f f e c t i v i t y v a l u e s i n 
t h e c o n t r o l a l g o r i t h m t h e performance o f t h e s h i p w i l l be im­
p r o v e d . 

U s u a l l y t h e s i m u l a t i o n programs ar e l i m i t e d t o low f r e q u e n c y 
motions o n l y , which i s s u f f i c i e n t i n most a p p l i c a t i o n s . However, 
when a s h i p i s equipped w i t h bow t u n n e l s , and i t s d r a f t ( o r sea 
s t a t e ) i s such t h a t f r e q u e n t bow t u n n e l emergence o c c u r s , s i g n i f ­
i c a n t d e g r a d a t i o n o f t h r u s t e r e f f e c t i v i t y w i l l be t h e r e s u l t as 
i s shown i n F i g . 12. T r y - o u t o f computer s i m u l a t i o n s i n an i r r e g ­
u l a r sea w i t h t h i s t y p e o f d e g r a d a t i o n i s c a r r i e d o u t . The r e ­
s u l t s a r e shown i n F i g . 13. 

On b a s i s o f computer s i m u l a t i o n s i t i s p o s s i b l e t o s e l e c t an 
optimum concept f o r t h e DP i n terms o f ; 
- t h r u s t e r arrangement and t y p e ; 
- l o c a t i o n and power o f t h r u s t u n i t s ; 
- mode o f DP: f u l l p o s i t i o n and heading c o n t r o l o r weather DP; 
- s a f e t y and redundancy e v a l u a t i o n . 

By means o f t h e computations f o r d i f f e r e n t DP concepts t h e l i m i t ­
i n g sea s t a t e can be d e t e r m ined i n w h i c h - w i t h t h e s e l e c t e d 
t h r u s t e r c o n f i g u r a t i o n - t h e t a n k e r can s t a y s u f f i c i e n t l y a c c u r a t e 
i n p o s i t i o n . 

P h y s i c a l l y , t h e l i m i t f o r DP i s t h e r e s u l t o f a c o m b i n a t i o n o f 
e f f e c t s as i s shown i n F i g . 14. I n t h e f i g u r e r e l a t i n g p o s i t i o n ­
i n g accuracy and sea s t a t e , f o u r d i f f e r e n t r e g i o n s can be d i s ­
c e r n e d . I n t h e f i r s t and second r e g i o n t h e p o s i t i o n i n g i s accu­
r a t e . I n t h e t h i r d r e g i o n t h e e n v i r o n m e n t a l l o a d s on t h e t a n k e r 
a r e so h i g h t h a t t h e t h r u s t r e q u i r e m e n t s exceed t h e a v a i l a b l e 
c a p a c i t y f o r r e l a t i v e l y l o n g p e r i o d s o f t i m e . I n t h i s s i t u a t i o n 
t h e p i o s i t i o n i n g accuracy d e t e r i o r a t e s a l t h o u g h t h e p o s i t i o n i n g i s 
s t i l l s t a b l e and f e a s i b l e . I n t h e f o u r t h r e g i o n , t h e p o s i t i o n i n g 
e r r o r i n c r e a s e s r a p i d l y . The maximum e x c u r s i o n s a r e v e r y l a r g e 
and t h e r i s k e x i s t s t h a t t h e p o s i t i o n g e t s l o s t , e i t h e r due a 
h i g h wave group o r due t o t h e i m p o s s i b i l i t y t o keep s t a t i o n . 

F u r t h e r m o r e , s p e c i f i c e v e n t s , such as t h e s h i p response t o r e f ­
erence f a i l u r e , sudden wind changes and t h r u s t e r f a i l u r e o r ap­
p l i c a t i o n o f wave f e e d f o r w a r d can be i n v e s t i g a t e d . By means o f 
t h i s i n f o r m a t i o n a model t e s t program can be o p t i m i z e d . 

Closed l o o p model t e s t s 

The main d i f f e r e n c e s w i t h computer s i m u l a t i o n s a r e : 
- E n v i r o n m e n t a l c o n d i t i o n s a r e a p p l i e d t o maximum accuracy i n 

l a b o r a t o r y c o n d i t i o n s . 
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- Low fr e q u e n c y as w e l l as h i g h f r e q u e n c y e f f e c t s a r e f u l l v r e n -
r e s e n t e d . ^ ^ 

- Noise i n t h e form o f h i g h f r e q u e n c y m o t i o n components a r e p r e s ­
e n t i n t h e p o s i t i o n e r r o r , which makes i t necessary t o a p p l y 
Kalman f i l t e r i n g b e f o r e t h e p o s i t i o n i n g e r r o r can be i n p u t t e d 
i n t o t h e c o n t r o l system. An example o f a c o n t r o l l o o p i s q i v e n 
i n F i g . 15. ^ 

- A c c u r a t e measurements can be made and t h e s e t t i n g s o f t h e DP 
c o n t r o l system can be o p t i m i z e d i n a r e a l i s t i c e n v i r onment t o 
ach i e v e t h e most economic p o s i t i o n i n g . 

Hence, t h e d e s i g n i n f o r m a t i o n t h a t i s o b t a i n e d f r o m c l o s e d l o o p 
model t e s t s i s f o r f i n a l power s e l e c t i o n o f t h r u s t e r s and o p t i ­
mized c o n t r o l c o e f f i c i e n t s . As an example t h e p o s i t i o n i n g o f an 
e x p o r t t a n k e r d u r i n g model t e s t s i n a 4 m sea s t a t e i s shown f o r 
two concepts o f tandem p o s i t i o n i n g i n F i g . 16: 
A. F u l l y s t e r n p o s i t i o n i n g . 
B. S t e r n f o l l o w i n g , b u t n e g l e c t i n g t h e surge m o t i o n o f t h e s t o r ­

age t a n k e r . 

F i g . 17 shows t h a t concept A r e q u i r e s about t w i c e as much power 
consumption a t t h e main p r o p e l l e r ( i n mean v a l u e and s t a n d a r d 
d e v i a t i o n ) as concept B, w h i l e t h e p o s i t i o n i n g was s i m i l a r l y 
a c c u r a t e m terms o f s e p a r a t i o n d i s t a n c e between t a n k e r s . 

FUTURE DEVELOPMENTS 

So f a r a r e v i e w o f t h e s t a t e - o f - t h e - a r t approaches f o r t h e d e s i g n 
o f moored and DP c o n t r o l l e d t a n k e r s i s g i v e n . The approaches con­
c e r n b o t h t h e s e m i - t h e o r e t i c a l e m p i r i c a l m a t h e m a t i c a l models and 
p h y s i c a l model t e s t i n g . 

F u r t h e r improvements i n t h e s e m i - t h e o r e t i c a l e m p i r i c a l mathemati­
c a l models have t o be c a r r i e d o u t . Some o f t h e developments a r e 
g i v e n below: 

- wave d r i f t - c u r r e n t i n t e r a c t i o n f o r a r b i t r a r y d i r e c t i o n s o f 
waves and c u r r e n t and wa t e r d e p t h ; 

- t e s t d u r a t i o n f o r r e l i a b l e s t a t i s t i c a l r e s u l t s ; 
- bow t u n n e l e f f i c i e n c y i n waves; 
- t h e a p p l i c a t i o n o f a d a p t i v e c o n t r o l systems f o r optimum DP 

c o n t r o l r o u t i n e s ; 
- improvements o f wave f e e d f o r w a r d t e c h n i q u e s ; 
- t h e hydrodynamic i n t e r a c t i o n between tandem moored t a n k e r s o f 

which t h e i n i t i a l work has been c a r r i e d o u t as d e s c r i b e d i n 
[ 10 ] . 
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F i g . 1 -

0.001 o .o t 0 .1 

fi^uency (rid/») 

S p e c t r a l d e n s i t i e s following the formulation of H a r r i s -
DnV, Davenport, Ochi-Shin, W i l l s and API wind s p e c t r a 
(V 
w 

30.9 m/s; 10 m). 
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w ( r a d / s ) 

F i g . 2 - Q u a d r a t i c t r a n s f e r f u n c t i o n o f wave d r i f t f o r c e and wave 
d r i f t damping f o r an LNG t a n k e r s a i l i n g i n head waves 
( e a r t h - b o u n d wave f r e q u e n c i e s ) . 

( t f .m"^) ( t f . s . m " - ' ) 

0.5 
u ( r a d / s ) 

0.5 
u ( r » d / s ) 

F i g . 3 - Q u a d r a t i c t r a n s f e r f u n c t i o n o f wave d r i f t f o r c e and wave 
d r i f t damping i n bow q u a r t e r i n g waves ( e a r t h - b o u n d wave 
f r e q u e n c i e s ) . 
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F i g . 4 - Measured v i s c o u s damping c o e f f i c i e n t f o r t h e surge mode 
o f m o t i o n as f u n c t i o n o f w e t t e d h u l l a rea and surge 
f r e q u e n c y . 
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F i g . 5 - Low freq u e n c y v i s c o u s damping c o e f f i c i e n t s f o r t h e sway 
and yaw mode o f m o t i o n i n s t i l l w a t e r . 

-16-



200 kTDW tanker - 82.5 m water depth - V = 1.03 m.s'^ 
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F i g . 6 - Dynamic c u r r e n t c o n t r i b u t i o n s i n s u r g e , sway and yaw 
d i r e c t i o n due t o m o t i o n i n yaw d i r e c t i o n i n 2 k n o t s c u r ­
r e n t , based on n e g a t i v e yaw v e l o c i t y . 
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F i g . 7 - T u r r e t moored t a n k e r . 
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F i g . 8 - Computed s p e c t r a l d e n s i t i e s o f t h e wave d r i f t f o r c e s . 
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Samp<« tim* h istorlM of m M s u r a d and computed qavMt 
Br«1schn*k<«r spectrum, Hs-9.8 m, T1-13.00 • 

F i g . 9 - Sample t i m e h i s t o r i e s o f measured and computed q u a n t i ­
t i e s . 
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F i g . 10 - Bow t h r u s t e r - c u r r e n t i n t e r a c t i o n . 
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F i g . 11 - T h r u s t e r - t h r u s t e r i n t e r a c t i o n under a f l a t p l a t e as: 
a) a f u n c t i o n o f d i s t a n c e between t h e two t h r u s t e r s ; 
b) a f u n c t i o n o f a z i m u t h a n g l e o f t h e f o r w a r d t h r u s t e r 
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T h r u s t versus r e l a t i v e wave h e i g h t a t bow t u n n e l . 
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F i g . 13 - DP s i m u l a t i o n s showing t h e i n c i d e n t t h r u s t l o s s a f t e r 
bow t u n n e l v e n t i l a t i o n . 
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F i g . 14 - L i m i t i n g sea s t a t e s f o r DP. 
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F i g . 15 - Example o f c o n t r o l l o o p . 
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F i g . 16 - Tandem o f f l o a d i n g f o r d i f f e r e n t DP c o n c e p t s . 
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F i g . 17 - Main p r o p e l l e r power consximption. 
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