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Chapter I 

INTRODUCTION 

F l o a t i n g b r e a k w a t e r s used f o r t h e p r o t e c t i o n o f marine 
f a c i l i t i e s were proposed i n t h e e a r l y p a r t o f t h i s c e n t u r y . 
However, no e x t e n s i v e e x p l o i t a t i o n o f t h e concept was a t ­
tempted u n t i l t h e second w o r l d war, when a f l o a t i n g b r e a k ­
water was c o n s t r u c t e d f o r use i n t h e Normandy i n v a s i o n . Un­
f o r t u n a t e l y t h i s b reakwater was o c m p l e t e l y d e s t r o y e d i n a 
se v e r e s t o r m s h o r t l y b e f o r e t h e i n v a s i o n . T h i s u n f o r t u n a t e 
e x p e r i e n c e w i t h f l o a t i n g b r e a k w a t e r s has not been b e n e f i c a l 
t o i t s r e p u t a t i o n . For decades t h e r e was very l i t t l e i n c e n ­
t i v e f o r d e v e l o p i n g f l o a t i n g b r e a k w a t e r s . I n t h e e a r l y sev­
e n t i e s , f l o a t i n g b r e a k w a t e r s were a g a i n i n t h e scope o f en­
g i n e e r s . The major s t i m u l u s f o r t h i s development has been 
the i n c r e a s i n g demand f o r p l e a s u r e b o a t marina f a c i l i t i e s . 
I n some p a r t s o f t h e U.S.A. most s i t e s s u i t a b l e f o r h a r b o r 
development a r e a l r e a d y used. The r e m a i n i n g s i t e s a v a i l a b l e 
f o r p o t e n t i a l h a r b o r development a r e g e n e r a l l y i n areas 
where t h e water d e p t h i s t o o h i g h f c r t r a d i t i o n a l t e c h n i q u e s 
of m a r i n e c o n s t r u c t i o n . 

Costs a r e very i m p o r t a n t i n t h e c o n s t r u c t i o n o f a b r e a k ­
w a t e r . The c o s t of a r u b b l e mound bre a k w a t e r r i s e s r a p i d l y 
w i t h i n c r e a s i n g water d e p t h , whereas t h e c o s t of a f l o a t i n g 
b r e a k w a t e r i s r e l a t i v e l y i n s e n s i t i v e t o water depth and b o t ­
tom c o n d i t i o n s . But c o n s t r u c t i o n c c s t i s n o t t h e o n l y c r i ­
t e r i u m t o be taken i n c o n s i d e r a t i o n . The expected l i f e - t i m e 
of t h e s t r u c t u r e and t h e y e a r l y mair.tenace c o s t s a r e e q u a l l y 
i m p o r t a n t . 

Advantages of f l o a t i n g b r e a k w a t e r s w i t h o u t doubt a r e : 

1. T r a n s p o r t a b i l i t y . 

2. L i t t l e or no i n t e r f e r e n c e w i t h marine ecosystems. 

3. Costs are r e l a t i v e l y i n s e n s i t i v e t o water d e p t h 
and bottom c o n d i t i o n s . 

On t h e o t h e r hand f l o a t i n g b r e a k w a t e r s a r e h i g h l y tuned t o 
bot h f r e q u e n c y and d i r e c t i o n . A l s o t h e i r extreme event s u r ­
v i v a l has t o be t a k e n i n c o n s i d e r a t i o n . Users must be aware 
t h a t when a p p l y i n g a f l o a t i n g b r e a k w a t e r , t h e r e i s always 
some energy t r a n s m i t t e d p a s t t h e s t r u c t u r e . Acceptance and 
t o l e r a n c e o f the l e v e l of t h e t r a n s m i t t e d wave depends on 
t h e purpose o f t h e f l o a t i n g b r e a k w a t e r . 

So f a r , o n l y t h e a p p l i c a t i o n f c r marina f a c i l i t i e s i s 
me n t i o n e d . L e t us now d i r e c t our a t t e n t i o n t o p o s s i b l e ap­
p l i c a t i o n s i n open sea c o n d i t i o n s . O f f s h o r e a c t i v i t i e s and 
i n t e r e s t a r e i n c r e a s i n g s i n c e t h e e a r l y s e v e n t i e s . Impor­
t a n t a r e t h e c o n s t r u c t i o n o f o i l p l a t f o r m s , p i p e - l a y i n g ac­
t i v i t i e s and the proposed c o n s t r u c t i o n of power p l a n t s o f f -
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s h o r e . A l l these a c t i v i t i e s c o u l d t e n e f i t f rom a temporary 
p r o t e c t i o n d u r i n g c o n s t r u c t i o n o r o p e r a t i o n . 

The purpose of t h i s r e p o r t i s t c f i n d out which f l o a t i n g 
b r e a k w a t e r s can be u t i l i z e d i n open sea c o n d i t i o n s and what 
can be e x p e c t e d o f them. Since every b r e a k w a t e r i n t e r f e r e s 
w i t h t h e energy o f the waves, i t i s l o g i c a l t h a t a p r o b a b l e 
power g e n e r a t i o n f u n c t i o n o f f l o a t i n g b r e a k w a t e r s i s a l s o 
i n v e s t i g a t e d . 

T h i s r e p o r t i s a g l o b a l r e v i e w o f t h e l i t e r a t u r e about 
f l o a t i n g b r e a k w a t e r s and energy d e v i c e s . I t i s not co m p l e t e , 
but t h e most i m p o r t a n t t y p e s are i n v e s t i g a t e d s y s t e m a t i ­
c a l l y . I n t h i s r e v i e w t h e f o l l o w i n g p o i n t s a r e t a k e n i n 
c o n s i d e r a t i o n : 

1. D e s c r i p t i o n of t h e b r e a k w a t e r . 

2. Uave a t t e n u a t i o n performance. 

3. M o o r i n g c h a r a c t e r i s t i c s . 

U . T r a n s p o r t a b i l i t y . 

5. Power g e n e r a t i o n . 

6. C o s t s . 

The c h a p t e r s d e a l i n g w i t h f l o a t i n g b r e a k w a t e r s w i l l subse­
q u e n t l y d e a l w i t h t h e s e p o i n t s . F i n a l l y , c o n c l u s i o n s a r e 
drawn. As s t a t e d by a l l a u t h o r s , f l o a t i n g b r e a k w a t e r s have 
th e a dvantage of b e i n g f l e x i b l e u n l i k e o t h e r b r e a k w a t e r 
t y p e s . However, t r a n s p o r t i n g t h e s e uncommon s t r u c t u r e s w i l l 
impose a g r e a t d e a l of problems cn the o p e r a t o r s . Eecause o f 
th e c o m p l e x i t y o f the t r a n s p o r t problem, t h e re a d e r w i l l 
f i n d i n t h e s e c t i o n s ' t r a n s p o r t a b i l i t y * o n l y a s u p e r f i c i a l 
l o ok a t t h e t r a n s p o r t f a c i l i t i e s . T h i s i n f o r m a t i o n i s not 
t a k e n f r o m t h e p a p e r s , because i n f o r m a t i o n i s l a c k i n g on 
t h i s p o i n t . 

Wave energy u t i l i z a t i o n has i n t e r e s t e d i n v e n t o r s f o r y e a r s . 
A s c i e n t i f i c approach of t h e p r o b l e n was o n l y i n i t i a t e d as a 
r e s u l t o f t h e o i l c r i s e s of 1973. T h e r e f o r e i t i s not s u r ­
p r i s i n g t h a t o n l y a l i m i t e d number of p u b l i c a t i o n s from o n l y 
a few a u t h o r s a r e a v a i l a b l e . The i n f o r m a t i o n c o n t a i n e d i n 
th e s e papers " i s o f t e n i n c o m p l e t e . Also c o n t r a d i c t i o n a r y i n ­
f o r m a t i o n , e s p e c i a l l y on the r e s o u r c e p o t e n t i a l of wave en­
e r g y , i s p r e s e n t e d . Whenever t h i s o c c u r e d , i t i s e x p l i c i t l y 
m e n t i o n e d . When r e a d i n g about wave energy one must keep i n 
mind t h a t wave energy i s a newly d i s c o v e r e d f i e l d of s c i e n ­
t i f i c r e s e a r c h , and a l o t o f what has been r e p o r t e d i s s t i l l 
pr e l i m i nary . 
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Chapter I I 

THEORETICAL BACKGROUND OF FLOATING BREAKWATERS 

2.1 SUMMARY. OF LINEAR WAVE IHEOfiY 

_ L _ = rj('x.v/,t) 

r?777777Zo 

F i g u r e 1 : D e f i n i t i o n s k e t c h . 

For convenience a summary of l i n e a r wave t h e o r y i s p r e ­
s e n t e d i n t h i s s e c t i o n 
r e a d e r w i l l be r e f e r e d 
problems a r e dis c u s s e d 

I n t h e remainder o f t h i s 
t o t hese e q u a t i o n s when 

c h a p t e r t h e 
t h e o r e t i c a l 

Nota t i o n 

space c o o r d i n a t e s 

Z 

t i me 
+ ( x . y . t ) 
U= (u,v, v) 

P 

x ,y,z 
h o r i z o n t a l c o o r d i n a t e s . 
v e r t i c a l c o o r d i n a t e measured 
from t he s t i l l w ater s u r f a c e (• up) 
t 
h e i g h t cf the water s u r f a c e above z 
water p a r t i c l e v e l o c i t i e s , 
pr essure 
d e n s i t y of w a t e r , 
k i n e m a t i c v i s c o s i t y , 
a c c e l e r a t i o n o f g r a v i t y , 
v e l o c i t y p o t e n t i a l . 
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2.1.1 Shoi_t wave theory. 

G e n e r a l l y , a s h o r t wave t h e o r y problem can be d e f i n e d u s i n g 
t h e L a p l a c e e q u a t i o n and a p p r o p r i a t e i n i t i a l and boundary 
c o n d i t i o n s . 

I n t h e space f i l l e d w i t h water t he La p l a c e e q u a t i o n has 
t o be s a t i s f i e d : 

v 2 = 0 

K i n e m a t i c boundary c o n d i t i o n : w = t^-t+ vYly 

Dynamic boundary c o n d i t i o n : ̂  • p/p +£ v 2 + gY] = o 

See f i g u r e 2. 

(2.1) 

(2.2) 

(2.3) 

4* fat) vy> => •• •• ••; : 
" • I * * 

F i g u r e 2: General s h o r t wave problem, 

U s u a l l y t h e s e e q u a t i o n s are p r e s e n t e d i n a s i m p l i f i e d f o r m . 
The s i m p l i f y i n g assumptions can be summerized as: 

1. R i g i d bottom : fa = 0 a t z = - d ( x , y ) . (2.4) 

2. Free s u r f a c e : p - 0 a t z = n ( x , y , t ) . (2.5) 

L i n e a r i z a t i o n of t h e f r e e s u r f a c e c c n d i t i o n s l e a d s t o : 

w] = i l l ( K i n e m a t i c boundary c o n d i t i o n ) (2.6) 

* 9*1 = 0 ~ (cynamic boundary c o n d i t i o n ) (2.7) 

(2.6) + (2.7) g i v e s : 

4*-t * 9 A- 0 f o r z=0. (2.6) 
S u b s t i t u t i o n of a s i n u s o i d a l wave i n (2.8) l e a d s t o t h e w e l l 
Known s h o r t wave e q u a t i o n s . 
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¥>*(/. z.ê) 

F i g u r e 3: L i n e a r i z e d s h o r t wave problem. 

2.2 INTRODUCTION TO WAVE ATTENUATION 

Wave a t t e n u a t i o n can be a c h i e v e d by: 

a. r e f l e c t i o n 
b. i n t e r f e r e n c e 
c. d i s s i p a t i o n ( t u r b u l e n c e , f r i c t i o n ) 
d. a b s o r p t i o n ( n o n - e l a s t i c d e f o r m a t i o n o f t h e 

s t r uc t u r e ) 

I n g e n e r a l a good r e f l e c t o r has t o s t a y r e l a t i v e l y mo­
t i o n l e s s . Such a breakwater must be a b l e t o w i t h s t a n d l a r g e 
wave f o r c e s and t h e a s s o c i a t e d mooring f o r c e s . 

Wave a t t e n u a t i o n t h r o u g h i n t e r f e r e n c e i s most e f f e c t i v e 
i n monochromatic waves, and i s u s u a l l y n o t e f f i c i e n t i n 
f i e l d c o n d i t i o n s . 

The f o l l o w i n g parameters a r e used t o d e s c r i b e t h e damping 
c h a r a c t e r i s t i c s : 

P,« , Ht : power, r e s p e c t i v e l y t h e h e i g h t of the i n c i d e n t wave. 
P{ , Ht : power, r e s p e c t i v e l y t h e h e i g h t of the t r a n s m i t t e d 

wa ve. 
Pr , Hr : power, r e s p e c t i v e l y t h e h e i g h t o f the r e f l e c t e d 

wave. 
Q : t r a ns m i s s i o n c o e f f i c i e n t = /VL (= Hf /H; f o r 

monochromatic waves). 
Cr : r e f l e c t i o n c o e f f i c i e n t = \Jlr /lL 

L : wave l e n g t h , 
d : water d e p t h . 
B : beam c f t h e s t r u c t u r e ( i n t h e d i r e c t i o n of t h e 

wave p r o p a g a t i o n ) . 
D : d r a f t of t h e s t r u c t u r e . 

For no energy l o s s t h e wave a t t e n u a t i o n process o f t h e 
brea k w a t e r i s governed by: 

tërsHf = %rgWf *#/»gH* (2.9) 

H? = H* • H? (2.10) 
i t r 
1 = C/ * C2 (2.11) 

- 5 -



2.3 BASIC BREAK WATER GROUPS 

I t i s p o s s i b l e t o d i v i d e f l o a t i n g b r e a k w a t e r s i n t o two 
major g r o u p s : 

1 • R i g i d f l o a t i n g , b r e a k w a t e r s . 
A l l t h e p a r t s of the s t r u c t u r e remain i n t h e same 
p o s i t i o n t o each o t h e r . So t h e r e l a t i v e m o t i o n of 
one p a r t t o another p a r t o f t h e s t r u c t u r e i s z e r o . 

2* F l e x i b l e f l o a t i n g b r e a k w a t e r s . 
The p o s i t i o n of one p a r t t c another p a r t of t h e 
s t r u c t u r e may v a r y (each wave p e r i o d ) . So r e l a t i v e 
m o t i o n s a r e p o s s i b l e . 

T h i s d i v i s i o n i s made because t h e f e a t u r e s of t h e s e 
b r e a k w a t e r groups and t h e i r t h e o r e t i c a l a n a l y s i s a r e d i f f e r ­
e n t . 

R i g i d b r e a k w a t e r s can a c h i e v e wave a t t e n u a t i o n m a i n l y 
t h r o u g h r e f l e c t i o n (except t h e p c i n t a b s o r b e r ) . F l e x i b l e 
b r e a k w a t e r s a t t e n u a t e waves m a i n l y t h r o u g h d i s s i p a t i o n or 
a b s o r p t i o n . 

The t h e o r e t i c a l a n a l y s i s o f a r i g i d body i s l e s s c o m p l i ­
c a t e d t h a n t h a t of a f l e x i b l e body, s i n c e t h e l a t t e r i n ­
v o l v e s more unknown parameters: -the p o s i t i o n o f each p a r t of 
th e s t r u c t u r e and the f o r c e s between the p a r t s , b o t h as a 
f u n c t i o n o f time, and the i n t e r a c t i o n between water and 
bre a k w a t e r i s more c o m p l i c a t e d . 

I n t h i s r e p o r t , t h e r i g i d b r e a k w a t e r s a r e d i s c u s s e d 
f i r s t , a f t e r t h a t t h e f l e x i b l e b r e a k w a t e r s a r e d i s c u s s e d . 

One can f i n d t h e d i s c u s s i o n s of energy d e v i c e s among 
t h o s e of t h e f l o a t i n g b r e a k w a t e r s , because t h e y are i n f a c t 
wave a t t e n u a t o r s which i n a d d i t i o n g e n e r a t e power. I f no en­
ergy i s needed, one can change t h i s t y p e i n merely a b r e a k ­
w a t e r , so t h a t t h e c o n s t r u c t i o n c c s t s w i l l d e c r e a s e . 

wave s 

e l o n g a t e d 
body-

l i n e a b s o r b e r p o i n t 
a b s o r b e r 

F i g u r e 1 : D e f i n i t i o n p l a n s k e t c h , l i n e a b s o r b e r s , e l o n g a t e d 
b o d i e s and p o i n t a b s o r b e r s . 
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A l l t h e energy d e v i c e s are based on a b s o r p t i o n of wave en­
e r g y . Three major groups can be d i s t i n g u i s h e d : 

1 . L i n e a b s o r b e r s 
L i n e a b s o r b e r s have t h e l a r g e s t s i z e i n t h e d i ­

r e c t i o n p e r p e n d i c u l a r t o t h e wave p r o p a g a t i o n . 
T h e i r d e s i g n concept i s : a wave camb r e p r e s e n t s a 
c e r t a i n power per m e t e r , so the broader t h e s t r u c ­
t u r e , the more power can be e x t r a c t e d . The beam of 
t h e s t r u c t u r e ( l e n g t h i n t h e d i r e c t i o n o f the wave 
p r o p a g a t i o n ) i s r e l a t i v e l y s n a i l . 

2. E l o n g a t e d b o d i e s 
An e l o n g a t e d body has t h e l a r g e s t s i z e i n t h e 

d i r e c t i o n o f the wave p r o p a g a t i o n . Mooring f o r c e s 
compared t o t h a t o f t h e L i n e a b s o r b e r s a r e much 
s m a l l e r f o r the same energy e x t r a c t i o n . The en­
ergy e x t r a c t i o n r a t e i s r e a s o n a b l y h i g h because o f 
d i f f r a c t i o n . 

3• P o i n t absorbers 
P o i n t a b s o r b e r s a r e c o n v e r t e r s c o n s i s t i n g of a 

l o n g v e r t i c a l p i p e i n which a water column r e s o ­
n a t e s . T e s t s i n d i c a t e d a s a t i s f a c t o r y e x t r a c t i o n 
r a t e . They a r e a l r e a d y i n use as n a v i g a t i o n a l 
buoys i n Japan. but i t ' s a l s o p o s s i b l e (and p r o ­
posed) t o c o u p l e f o u r a b s o r b e r s t o g e t h e r f o r l a r ­
ger s c a l e a p p l i c a t i o n s ( s e v e r a l k i l o w a t t s ) . 

From each o f these g r o u p s , one t y p e w i l l be d i s c u s s e d : S a l ­
t e r ' s duck, C c c k e r e l l r a f t and t h e WATG (wave a c t i v a t e d t u r ­
b i n e g e n e r a t o r ) r e s p e c t i v e l y . 

2 .14 DIMENSIONAL CONS IDEATIONS FOB RIGID STRUCTJJRES 

/WW A 
F i g u r e 5: D e f e n i t i o n s k e t c h of a r i g i d b r e a k w a t e r . 

The t r a n s m i s s i o n c o e f f i c i e n t i s g i v e n by: 

C^= H</Ht = f,(H t, L. B, D, d, h, ys , yh) (2.12) 



C*= f 2(H (/L, L / f i , b/L, d/L, h/L, JW /y A , ^ w ) (2.13) 

where : 
v w : u n i t w e i g h t of w a t e r . 
Vh : u n i t w e i g h t of t h e b r e a k w a t e r . 
^ s : u n i t w e i g h t of t h e submerged b r e a k w a t e r . 
L : wave l e n g t h . 

t h e o t h e r v a r i a b l e s are shown i n f i g u r e 5. When t h e r e i s no 
wave b r e a k i n g over the s t r u c t u r e , t h e v a l u e of Ah + 1^- * 7r 
i s s i g n i f i c a n t i n s t e a d o f h, where: 

•7,- : i n s t a n t a n i o u s e l e v a t i o n o f t h e i n c i d e n t wave. 
% : i n s t a n t a n i o u s e l e v a t i o n o f t h e ^ r e f l e c t e d wave. 

Ah : r i s e i n s t i l l water l e v e l = ^ £ c o t h kd. 

For a g i v e n breakwater system fa/yb and }fs/rw are c o n s t a n t . 
For deep w a t e r waves (d > L/2) h and D ( i f D not t o s m a l l , 
see 2.5.4) become u n i m p o r t a n t and hence the e x p r e s s i o n can 
be reduced t o 

Ci- f 3 ( H ; / L , L/B) = f (H;/L, T„/T) (2.14) 

Where: 
T„: n a t u r a l p e r i o d of o s c i l l a t i o n 
T : p e r i o d of i n c i d e n t waves 

The same i s v a l i d f o r C r. 
The h o r i z o n t a l component o f t h e mooring f o r c e i s ex­

pressed as: 

F = 0, (H, ,rL , L, B, D, d, p , jf„, v b) (2.15) 

FD /^H-L = Ö 1 { H l / L . HR/HT, L/B, D/d, yt/$„ . fw/)p,) (2.16) 

For deep w a t e r and f o r v a l u e s o f D*L/2 and c o n s t a n t y ^ a n d 
Xw/V*- c a n b e w r i t t e n as: 
F P / Y ^ H ' L = 0 3 (H;/L. nr/Hit L/B) (2.17) 

2.5 TRANSMISSION COEFFICIENT OF FIXED, RIGID STRUCTURES 

S p e c i a l l y i n deep w a t e r , t h e r e s t r i c t i o n " f i x e d " i s very 
u n r e a l i s t i c . The i n f l u e n c e o f the n a t u r a l p e r i o d of o s c i l l a ­
t i o n of the breakwater and t h e i n f l u e n c e of t h e br e a k w a t e r 
m o t i o n s on t h e wave a t t e n u a t i o n may n o t be n e g l e c t e d . The 
r e s t r i c t o n " r i g i d " can be r e a l i s t i c i n many cases. Three 
s i m p l e f o r m u l a s f o r Ĉ. p r e d i c t i o n and a k i n e t i c energy d i s ­
t r i b u t i o n a f t e r I p p e n w i l l be d i s c u s s e d subsequently. 

2.5.1 Maca^no (19 53) 

a s s u m p t i o n s : - t h e s t r u c t u r e i s r i g i d . 
- t h e s t r u c t u r e i s f i x e d . 
- water w i l l not o v e r t o p the b a r r i e r . 
- l i n e a r wave t h e o r y 

- e -



c^ = — (2.18) 

See f i g . 6 . 

V I1 * [ x E s i n h (2>ca/Lt) f 
V I L, cosh (2ic(d-D) /L^)] 

C t 1.0 

B 0.8 1 

0.6 \ j 

0.2 

T=14S 
12s 
10s H J ^ ^ W 

d e p t h d= 
• ^ ^ ^ 1 8 . 2m 

8s v 

v. ̂  '— *** 

D=0 **** ~:=r~=^=r=r 
D=1.5m 

15 30 45 60 Bean. 
( m e t e r j 

F i g u r e 6: Macagno: d e f i n i t i o n s k e t c h and t h e o r e t i c a l t r a n s ­
m i s s i o n c o e f f i c i e n t . 

2.5.2 U r s e l l (197 4) 

U r s e l l d eveloped a t h e o r y , based on p o t e n t i a l t h e o r y f o r 
p a r t i a l t r a n s m i s s i o n and p a r t i a l r e f l e c t i o n of waves i n deep 
water w i t h a b a r r i e r e x t e n d i n g from t h e water s u r f a c e t o a 
depth D # such t h a t : 

- 9 -



K . ( 2 * D / L i ) 
Ct = - (2.19) 

V ^ ' l J (2*D/L; ) + Kf (27tD/Li ) 

Where I , (2KD/L; ) and K, ( 2 K D/L t) are m o d i f i e d Bessel f u n c ­
t i o n s . U r s e l l assumed a f i x e d , r i g i d and t h i n b a r r i e r . See 
f i g . 7. 

2.5.3 Wiegel (1959) 

— < ' ' 1 « • 1 . — ^ _ 

0.2 0.4 0.6 0.8 1.0 L 

F i g u r e 6: Power t r a n s m i s s i o n t h e o r y of W i e g e l . 

Wiegel developed a l i n e a r t h e o r y ( t h e s o - c a l l e d "power 
t r a n s m i s s i o n t h e o r y " ) t o p r e d i c t t h e ' wave h e i g h t s t r a n s m i t ­
t e d p a s t a r i g i d , v e r t i c a l , t h i n b a r r i e r e x t e n d i n g from 
above t h e water s u r f a c e t o a d e p t h , D. 

y.if.SËl êS^uned t h a t t h e power t r a n s m i t t e d by a wave b e t ­
ween t h e bottom o f t h e v e r t i c a l b a r r i e r and t h e cha n n e l b o t ­
tom, w i l l be the power t r a n s m i t t e d p a s t t he s t r u c t u r e , i f 
th e s t r u c t u r e would not be t h e r e . 

i 
I 

(2.20) 

See f i g u r e s 7 and B. 

2k (d-D) • s i n h 2k (d-D) 

s i n h 2kd + 2kd 

2.5.4 Ippe n (19 6 6) 

Ippen d e s c r i b e d t he k i n e t i c energy d i s t r i b u t i o n , a c c o r d ­
i n g t o l i n e a r wave t h e o r y . The p e r c e n t a g e of k i n e t i c energy 
w i t h i n an o s c i l l a t o r y wave between t h e bottom and an a r b i ­
t r a r y e l e v a t i o n , s, above t h e b o t t o n , i s t h e n g i v e n by: 

s i n h 2ks 
« k i n . energy between bottom and s = * 100« 

s i n h 2kd 
(2.21) 
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where: 
k : t h e wave number. 
s : e l e v a t i o n above t h e b o t t o m . 

When t h e d i s t a n c e between e l e v a t i o n s and t h e water s u r f a c e 
i s "D", (2.21) can be w r i t t e n a s : 

s i n h 2k (d-D) 
% k i n . e n e r g y above e l e v a t i o n D = * 100% 

s i n h 2kd 
(2.22) 

See f i g u r e 9. T a k i n g t h e square r o o t o f ( 2 . 2 2 ) , y i e l d s a 
f o r m u l a which e q u a l s t h e f o r m u l a o f Wiegel (2.20) when d be­
comes i n f i n i t e . 

100% 

<Ü 80 
C a> 60 

•H 
M 

ko 

20 

0.2 0.4 0.6 0.8 1 .0 
D 
L 

F i g u r e 9: Percentage o f k i n e t i c energy between t h e bottom 
and an e l e v a t i o n w i t h d i s t a n c e D t o water t h e s u r f a c e , of 

t h e t o t a l k i n e t i c e n e rgy. 

The f o r m u l a o f Ippen shows t h a t a r e f l e c t i n g s u r f a c e i n 
the upper p a r t o f t h e water w i l l r e f l e c t more energy i n case 
of deep w a t e r waves t h a n s h a l l o w w a t e r waves. For example: 
t h e upper 1/5 p a r t c o n t a i n s 71.5JS c f t h e t o t a l k i n e t i c en­
ergy i f d/L=0.5 (deep w a t e r ) , b u t o n l y 21.8% i f d/L=0.05 
( s h a l l o w w a t e r ) . 

2.6 THE EFFECT OF BREAKWATER MOTIONS ON THE WAVE 
ATTENUATION PERFORMANCE 
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To g e t a b e t t e r u n d e r s t a n d i n g o f t h e i n f l u e n c e o f break­
water m o t i o n s on t h e t r a n s m i s s i o n c o e f f i c i e n t , A.A. Sutko 
and E.L. Haden d i d e x p e r i m e n t a l wcrk w i t h a 0.10m square 
b r e a k w a t e r i n a l a b o r a t o r y wave t a n k . They c o u l d r e s t r i c t 
one or more mo t i o n s of t h e b r e a k w a t e r . T h e i r purpose was t o 
e s t a b l i s h t h e e f f e c t o f s u r g e , heave and p i t c h on t h e p e r ­
formance of a f l o a t i n g b r e a k w a t e r . They con c l u d e d t h a t : 

1 . Surge i s t h e f l o a t i n g b r e a k w a t e r motion c o n t r i b u t ­
i n g t h e most t o wave t r a n s m i s s i o n . 

2. I n t e s t w i t h o n l y one beakwater motion a l l o w e d , 
s u r g e gave by f a r t h e h i g h e s t wave t r a n s m i s s i o n . 
P i t c h gave a s l i g h t l y h i g h e r t r a n s m i s s i o n t h a n 
heave. 

3. I n t e s t s w i t h two b r e a k w a t e r motions a l l o w e d , 
s u r g e •» heave, and p i t c h • s u r g e , gave c o n s i d e r a ­
b l e more wave t r a n s m i s s i o n t h a n p i t c h + heave. 

*4. Adding e i t h e r heave o r p i t c h t o surge r e s u l t s i n 
l e s s wave t r a n s m i s s i o n than surge by i t s e l f . 

5. I n t e s t s w i t h o n l y one b r e a k w a t e r motion a l l o w e d , 
t h e r e was l i t t l e d i f f e r e n c e i n wave r e f l e c t i o n f o r 
s u r g e , heave or p i t c h . I n two motion t e s t s , p i t c h 
• heave gave more r e f l e c t i o n t h a n p i t c h • surge or 
s u r g e + heave. 

6. I n t e s t s w i t h o n l y one b r e a k w a t e r m o t i o n a l l o w e d , 
energy d i s s i p a t i o n was h i g h e s t f o r p i t c h and 
heave. For t h e two m o t i o n t e s t s , t h e r e was l i t t l e 
d i f f e r e n c e i n energy d i s s i p a t i o n f o r any o f t h e 
c o m b i n a t i o n s . 

7. When t h e breakwater i s h e l d r i g i d o r a l l o w e d t o 
e i t h e r p i t c h o r heave, t h e t r a n s m i t t e d wave i s 
l e s s than t h a t would be formed by t h e energy pass­
i n g beneath i t s base. 

2.7 TRANSMISSION COEFFICIENT OF N0N;;FIXED, RIGID 
STRUCTURES 

As i n d i c a t e d i n t h e p r e v i o u s s e c t i o n , the r e l a t i o n b e t ­
ween wave a t t e n u a t i o n performance and b r e a k w a t e r m o t i o n i s 
e v i d e n t . Since t h e f l o a t i n g b r e a k w a t e r i s assumed t o be 
n o n - f i x e d i n the n e x t models, t h e r e s u l t s w i l l be more r e l i ­
a b l e . The most s i m p l e a p p r o x i m a t i o n , i s t h e f o r m u l a of 
C a r r . The o t h e r t h r e e a p p r o x i m a t i o n s are computer models, 
which can t a k e more parameters i n t c a c c o u n t . They a r e a b l e 
t o g i v e a r e l i a b l e p r e d i c t i o n of wave a t t e n u a t i o n i n non-
d i s s i p a t i v e systems. 
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2.7.1 Car r (1951) 

Carr assumed: - s h a l l o w water 
- h y d r o s t a t i c p r e s s u r e d i s t r i b u t i o n 
- l i n e a r damping 
- o n l y h o r i z o n t a l breakwater motions 

where: 

C = (2.23) 

Tn : n a t u r a l p e r i o d o f t h e breakwater 
T : p e r i o d of t h e waves 
m : mass per u n i t l e n g t h o f - t h e b r e a k w a t e r 

u n i t w eight of w a t e r 

2.7.2 Computermodel of S t i a s s n i e (19 80) 

F i g u r e 10: F l o a t i n g v e r t i c a l t h i n p l a t e p e r m i t t i n g develop 
ment of a s i m p l e a n a l y t i c a l e x p r e s s i o n of f l o a t i n g b r e a k ­

w a t e r response ( a l t e r S t i a s s n i e , 1 9 8 0 ) . 

S t i a s s n i e developed a s i m p l e m a t h e m a t i c a l model, based on 
t h e s o l u t i o n of t h e - t w o - t i i m e n s i o n a l problem of a f l o a t i n g 
p l a t e as shown i n f i g u r e 10. S t i a s s n i e assumed i n a d d i t i o n 
t o t h e l i n e a r wave assumptions an i n f i n i t e water d e p t h . 

The i n p u t parameters a r e LL , H,- , \ u f A i r * 9» D» c ( l o c a t i o n 
c e n t e r o f mass), m (mass per u n i t l e n g t h ) , I c (mass moment of 
i n e r t i a ) , k ( s p r i n g cons t a n t ) and b (see f i g u r e 1 0 ) . 

S t i a s s n i e i n v e s t i g a t e d t h e i n f l u e n c e of t h e mass parame­
t e r . For t h i s he took k=0, and p l o t t e d as a f u n c t i o n of 
D/L f o r v a r i o u s v a l u e s of t h e r e l a t i v e beam B/L (see f i a u r e 
11) . 

He c o n c l u d e d t h a t t h e d i s t r i b u t i o n of t h e mass of t h e 
b r e a k w a t e r i s much more i m p o r t a n t t h a n t h e magnitude o f t h e 
mass. For example: B/L = 0.01, D/L = 0.7 so t h a t Ct = 0.5. Two 
p r o p o s a l s t o improve t h e wave a t t e n u a t i o n a r e : 
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F i g u r e 1 1 : E f f e c t o f mass parameter on c o e f f i c i e n t o f 
t r a n s m i s s i o n f o r f l o a t i n g b r e a k w a t e r , k=0 ( a f t e r S t i a s s n i e ) . 

A: i n c r e a s e t h e beam w i t h a f a c t o r 10 (10 t i m e s more 
mass) . 

B: dou b l e t h e d r a f t ( o n l y two ti m e s more mass). 

I n f i g u r e 11 can be seen t h a t "A" l e a d s t o Ct=0.31 ( i m p r o v e ­
ment 35%) and "B" le a d s t o C t=0.08 (improvement 8 3 % ) . T h i s 
may be r e m a r k a b l e , b u t one must n e t f o r g e t t h a t a r i g i d , 
f i x e d (k=0) breakwater has been assumed, so t h a t case "B" 
l e a d s t o t o o o p t i m i s t i c r e s u l t s . 

S t i a s s n i e a l s o i n v e s t i g a t e d t h e i n f l u e n c e o f t h e mooring 
s t i f f n e s s f o r B=0. Remarkable are the sharp peaks caused by 
resonance (see D/L=0.03 i n f i g . 1 2 ) . The mass-spring system 
can cause =0 as w e l l as =1 (see kAogL=l) . 
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2.7.3 gpmpu termode] of Ad.ee, { b a r t i n , Richey apjd 
C h r i s t e n s e n . ( 1 9 7 6 ) 

The computermodel of Adee, M a r t i n , Richey and C h r i s t e n s e n 
i s based on an e x i s t i n g program t o p r e d i c t t h e b e h a v i o r of 
s h i p s i n waves. 

Assumpt i o n s : 
- I n t h i s t w o - d i m e n s i o n a l model a l l e q u a t i o n s may be 
l i n e a r i z e d and t h e b r e a kwater may be t r e a t e d as a 
l i n e a r system. 

- I n f i n i t e w a t e r d e p t h . 

The i n p u t v a r i a b l e s a r e : u» ( c i r c u l a r f r e q u e n c y ) , t h e body 
c o n t o u r , mooring s p r i n g c o n s t a n t s , hydrodynamic s p r i n g con­
s t a n t of t h e f l o a t i n g body and the p h y s i c a l p r o p e r t i e s o f 
t h e body (mass, mass moment o f i n e r t i a , p o s i t i o n o f g r a v ­
i t y ) . The c a l c u l a t i o n s may be s e p e r a t e d i n t o t h r e e p a r t s : 

a. F o r m u l a t i o n o f t h e e q u a t i o n s c f m o t i o n . 
b. S o l u t i o n f o r t h e waves d i f f r a c t e d by a r i g i d l y 

r e s t r a i n e d b r e a k w a t e r . 
c. Summation of the components a. and b. t o o b t a i n 

t h e t o t a l t r a n s m i t t e d wave. 

See f i g u r e 13. 

F i gur e 13: 
p e r f ormance 

(MOORING DTKtu.CS) 

[niliD boot 
INCIDENT D T M U : C S | 

w a v E 

H0: 
(u) 

f /O0HlN5 L INC T E N S I O N 

fcRFAKWATER 
MOTIONS 

L J (ul poft.» y-v 
G i b E N È R A T Ê O A ^ / 

IWAVES 

TU.I) 

truCO CGC-T ANO INCIDENT W I V E ) 

' T H A N S M . T T E O 
WAVE 

W/.VE T R A N S M I T T E D 
BY F I X E D BOOT I • I SWAY 

I H E A V E 
I • 3 R O L L 

L i n e a r system d e s c r i b i n g f l o a t i n g b reakwater 
( a f t e r Adee, Richey and C h r i s t e n s e n , 1 9 7 6 ) . 

The o u t p u t v a r i a b l e s of t h e rrodel a r e : t r a n s m i t t e d wave, 
motions of t h e s t r u c t u r e (heave, sway, r o l l ) , mooring f o r c e s 
and hydrodynamic c o e f f i c i e n t s . I h e e f f e c t i v e n e s s o f t h e mo­
d e l i n e v a l u a t i n g t h e performance of f l o a t i n g b r e a k w a t e r s 
was d e t e r m i n e d by comparing t h e t h e o r e t i c a l p r e d i c t i o n w i t h 
a p h y s i c a l model. See f i g u r e 14. 

Adee, Richey and C h r i s t e n s e n concluded t h a t t h e l i n e a r ­
i z e d , non- v i s c o u s , deep w a t e r t h e o r y i s a b l e t o p r e d i c t 
q u a l i t a t i v e l y the wave t r a n s m i s s i o n p e r f o r m a n c e . The q u a n t i ­
t a t i v e r e s u l t s a r e w i t h i n a p p r o x i m a t e l y 20* of t h e e x p e r i ­
m e n t a l measurements. L a r g e r d i s c r e p a n c i e s o c c u r p r i m a r i l y 
i n s h o r t waves where t o o much t r a n s m i s s i o n was p r e d i c t e d . 
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t h e b r e a k w a t e r 

o.s 

wave l e n g t h 

F i g u r e 14: Comparison of t h e l i n e a r t h e o r e t i c a l model by 
Adee, Richey and C h r i s t e n s e n , w i t h e x p e r i m e n t a l d a t a by Da­

v i d s o n (1971) . 

The i n f i n i t e d e p t h assumption does not appear t o desgrade 
t h e r e s u l t s , as l o n g as the s e c t i o n d r a f t i s l e s s than h a l f 
t h e a c t u e l water d e p t h , and t h e wave l e n g t h s are l e s s t h a n 
f i v e t i m e s t h e a c t u a l water d e p t h . A l t h o u g h n o n l i n e a r e f ­
f e c t s may be p r e s e n t i n t h e performance of t h e b r e a k w a t e r , 
t h e y a r e n o t of major i m p o r t a n c e t o wave t r a n s m i s s i o n , which 
j u s t i f i e s n e g l e c t i o n o f v i s c o u s r o l l damping. 

2.7.4 Compu t e r model of Yamamoto , Yoshida and 
ïjima (ca I 960) 

A s s u m p t i o n s : 
- s m a l l b r e a k w a t e r m o t i o n s , 
- l i n e a r t h e o r y i s v a l i d . 

The c r o s s - s e c t i o n a l shape of t h e f l o a t i n g o b j e c t , t h e bottom 
c o n f i g u r a t i o n , and t h e mooring arrangements may be a r b i ­
t r a r y . A g r e a t advantage of t h i s model i s t h a t more gen­
e r a l and r a t h e r c o m p l i c a t e d problems, such as m u l t i p l e 
f l o a t i n g o b j e c t s c a n - be e a s i l y a n alyzed w i t h o n l y a s l i g h t 
m o d i f i c a t i o n of t h e f l o w and boundary c o n d i t i o n s . The accu­
r a c y of t h i s model appeared t o be v e r y good f o r s t r u c t u r e s 
of s i m p l e geometry. 

Using t h i s computermodel, t h e i n f l u e n c e of t h e mooring on 
th e t r a n s m i s s i o n c o e f f i c i e n t i s i n v e s t i g a t e d . See f i g u r e 
15. 
The "open s p r i n g " mooring worsened t h e r e s u l t s due t o t h e 
u n d e s i r a b l e r o l l i n g m o t i o n g e n e r a t e d by t h e waves. The best 
r e s u l t s were achieved w i t h t h e " c r o s s - s p r i n g " mooring f o r 
the h i g h e s t s p r i n g c o n s t a n t . A c c o r d i n g t o t h i s computer mo­
d e l a s t i f f mooring system r e s u l t s i n t h e best wave a t t e n u a ­
t i o n p e r f o r m a n c e . ( I n case of s c r a p - t i r e f l o a t i n g b r e a k ­
w a t e r s , b e s t r e s u l t s were a c h i e v e d w i t h a s l a c k mooring 
l i n e . ) 
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F i g u r e 15: C a l c u l a t e d t r a n s m i s s i o n c o e f f i c i e n t s f o r f l o a t ­
i n g s t r u c t u r e w i t h v a r i o u s m o o r i n g c o n d i t i o n s ( a f t e r Yarra-

moto, Yo s h i d a , and I j i m a , 1 9 8 0 ) . 

2.8 BREAKWATER MOTION PREDICTION OF RIGID STRUCTURES 

Ofuya (1968) made c a l c u l a t i o n s t o p r e d i c t t h e sway mo­
t i o n , t h e heaving m o t i o n and t h e r o l l i n g m o t i o n o f t h e A-
frame b r e a k w a t e r , but h i s c a l c u l a t i c n s can a l s o be used f o r 
o t h e r r i g i d s t r u c t u r e s . 

Ofuya expressed the e q u a t i o n o f sway motion as: 

Mx= e x t e r n a l f o r c e s 
• F. * F, fx (2.24) 

Where: 
M 
x 

FP* 

Fj* 

mass o f b l o c k 

h e r . component o f f o r c e due t o wave p r e s s u r e , 
i n e r t i a l f o r c e i n ' t h e d i r e c t i o n o f sway-motion, 
drag f o r c e i n t h e d i r e c t i o n o f th e sway-motion, 
r e s t o r i n g f o r c e o f t h e e l a s t i c mooring l i n e . 

a s s u m p t i o n s : 
Fp* i s caused by w a t e r p r e s s u r e v a r y i n g l i n e a r w i t h d e p t h , 

i s l i n e a r w i t h t h e average f l u i d p a r t i c l e a c c e l e r a t i o n , 
i s l i n e a r w i t h t h e square of th e r e l a t i v e body v e l o c i t y 
i s l i n e a r w i t h x. 

Fd» 
F, 

For h e a v i n g m o t i o n Ofuya w r o t e : 

MZ= e x t e r n a l f o r c e s 
= F f°2 • F. rd. * F w • F r z - U, (2.25) 

Where: 
rp2 

F;2 

F wj 

p r e s s u r e f o r c e 
i n e r t i a l f o r c e i n t h e heaving d i r e c t i o n 
v i s c u o u s drag i n t h e heaving d i r e c t i o n , 
drag f o r c e due t o wave g e n e r a t i o n . 
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F i g u r e 16: T h e o r e t i c a l response o f br e a k w a t e r m o t i o n . 

F r z : r e s t o r i n g f o r c e of t h e mooring l i n e . 
W, : w e i g h t o f t h e b r e a k w a t e r . 

T h i s g i v e s a s o l u t i o n s i m i l a r t o t h a t o f t h e sway- m o t i o n . 

The e q u a t i o n o f r o l l i n g m o t i o n can be expressed a s : 

I * = "ia + M/ö
 + Mrt

 + M ^ * M ^ < 2 ' 2 6 ) 
Where: 

6 : a n g u l a r m o t i o n o f b r e a k w a t e r about i t s c e n t e r 
of mass. 

M;» : moments caused by i n e r t i a l f o r c e s . 
Hje : damping moment caused by wave g e n e r a t i o n o f 

b r e a k w a t e r . 
Mr0 : r e s t o r i n g moment o f mooring-1 i n e . 

: r e s t o r i n g moment due t o d i s p l a c e m e n t o f t h e 
c e n t e r o f buoyancy o f immersed body. 

Mjo ' moment due t o wave p r e s s u r e f o r c e s . 

Ofuya assumed t h a t : 
M-a i s l i n e a r w i t h $-d) where jzf i s t h e a n g u l a r m o t i o n 

o f t h e d i p l a c e d f l u i d , about t h e c e n t e r o f mass o f 
b r e a k w a t e r , and i s l i n e a r w i t h I f l (added mass o f 
i n e r t i a ) . 

Mcta = N 0 i0~d) • Al s o l i n e a r damping i s assumed; Nd i s a 
damping f a c t o r 

Mrs> = -kD,0. A l i n e a r mooring system i s assumed. (D= moment 
arm o f t h e m o o r i n g - l i n e about the w a t e r s u r f a c e ) . 

Mo$ = -W,(GM) . Where ÜH i s the m e t a c e n t r i c h e i g h t 
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2.9 REPJJCTICN OF BREAKWATER JjOTIfiK M M QEESEÏ 
CONFIGURATION 

R e d u c t i o n o f br e a k w a t e r m o t i o n can be achieved by chang­
i n g t h e mooring system o r by changing t h e c o n f i g u r a t i o n o f 
t h e b r e a k w a t e r . The l a t t e r i s the d e s i g n concept o f t h e 
o f f s e t b r e a k w a t e r (see c h a p t e r 31 ) . 

To compare t h e f o r c e s on a s i m p l e r i g i d w a l l w i t h those 
on t h e o f f s e t b r e a k w a t e r , t h e n e x t s i m p l i f i e d a n a l y s i s can 
be made u s i n g t he f o l l o w i n g a s s u m p t i o n s : 

1 . The w a l l s a r e f i x e d i n p o s i t i o n . 

2. S t i l l water c o n d i t i o n s a r e p r e s e n t on t h e l e e 
s i d e . 

3. The f o r c e s on t h e o f f s e t - w a l l a r e not e f f e c t e d by 
end c o n d i t i o n s a t each segment. 

(|. T r a n s i l a t o r y waves approach t h e w a l l w i t h c r e s t s 
p a r a l l e l t o the w a l l and form s t a n d i n g waves. 

5. The waves do not break. 

6. The p r e s s u r e d i s t r i b u t i o n a t t h e w a l l i s based on 
t h e S a i n f l o u method. 

7. The p r e s s u r e d i s t r i b u t i o n i s t h e same as f o r a 
w a l l t h a t p e n e t r a t e s t o t h e bottom, b u t i t a c t s 
o n l y f o r t h e dep t h o f p e n e t r a t i o n o f t h e w a l l . 

L/2-
A p p r o a c h i n g 
Vave s 

mean v 

w a t e r l e v e l 
i . 

L 

A 
h„ 

— F 

T 

1 
s t i l l 
w a t e r l e v e l ~* 

D d 

bottom 
-777?— 

F i g u r e 17: Diagram of f o r c e s a c t i n g on a o f f s e t b r e a kwater 
c o n f i g u r a t i o n . Wave t r o u g h a t f i r s t r e f l e c t i n g s u r f a c e , 

c r e s t a t second s u r f a c e . 
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L e t F, i » •2 » and F) be f o r c e s per u n i t l e n g t h (see 
f i g . 17) t h e n "the t o t a l f o r c e f c r a w i d t h of one u n i t 
l e n g t h o f each o f f s e t w a l l (two u n i t s o f l e n g t h t o t a l ) i s F 0 

and i s g i v e n by: 

= F, • F< - F, - F3 

.2 (D+h 0 *AJ* (£d+P, ) (D + h 0-A) (£d-P, ) vD vD 

2(d*h 0+A) 2(d + h 0-A) 

) 

(2.27) 

(2.26) 

\h till [i m \i j zllSl ml 
7T it* A) 

(2.2J) 

where: 
h„ = (TCA / L ) * c o t h (2n:d/L) . 
A = a m p l i t u d e of i n c i d e n t wave. 
d = depth o f w a t e r . 
L = wave l e n g t h . 
P, = Ay/ (cosh (2*d/L) ) 
v = s p e c i f i c w e i g h t o f w a t e r . 

On a s i m p l e r i g i d w a l l , a l s o f o r a w i d t h o f two u n i t s of 
l e n g t h i s : 

F R = 2F, - 2F2 
(2.30) 

. i f 
1 7VT7) I *' 

The r a t i o o f F 0 / F ^ i s a measure of the r e d u c t i o n i n f o r c e on 
an o f f s e t w a l l c o n f i g u r a t i o n compared w i t h a s i m p l e r i g i d 
w a l l . See f i g u r e 18. The f i g u r e s i n d i c a t e t h a t f o r t h e 
g i v e n wave and water d e p t h c o n d i t i o n s t h e f o r c e on t h e o f f ­
s e t w a l l i s a p p r o x i m a t e l y l/« t o 1/5 of t h a t on a s i m p l e 
r i g i d w a l l . 
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o.h-

0.3-
0 . 2' 
0.1 

T=7 s 
0.5 < A < 3ui 
5m <• d < kOm 

( 4 5 . 7 < L ^ 76.4m) 

8 10 
-> 2 

A 

0.4-
0.3-

0.2' 
0.1 

T=4 s 
0.5m < A < 3m 
5m < d <• 40m 

(22.2 < L ^ 25m) 

8 
D 
A 10 

F i g u r e 18: R a t i o o f mooring f o r c e s on a f i x e d s i m p l e r i g i d 
w a l l t o f i x e d o f f s e t w a l l c o n f i g u r a t i o n . 
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2.10 ABSTRACT OF MODELS FOR WAVE ATTENUATION PREDICTION 

MODELS 

REQUIRED DATA FOR 

C t PREDICTION 

of t h e b r e a k w a t e r : 
beam (B) 

d r a f t (D) 

body c o n t o u r 

w e i g h t per u n i t l e n g t h 

c e n t e r o f g r a v i t y 

mass moment o f i n e r t i a 

h y drodynamic s p r i n g c o n s t a n t 

n a t u r a l p e r i o d 

c i r c u m s t a n c e s : 
w a t e r d e p t h (d) 

wave l e n g t h 

wave h e i g h t 

m o o r i n g : 
s p r i n g c o n s t a n t 

l o c a t i o n o f mooring 
l i n e a t t a c h m e n t 

R I 

FIXED 

CO 

G I D 

NON-FIXED 

I c I c I c 

X 

X 

X 

X 

X 

I 
X I X 

X I ? 

X I ? 

X I ? 

x I 

I 

I 2 
o° I X 
X I X 

I 
X I X 

c computer model 
1) s h a l l o w w a t e r 
2) b o t t o m c o n f i g u r a t i o n 

2.11 DIMENSIONAL CONSIDERATIONS FOR A FLEXIBLE BREAKWATER 

For a c e r t a i n t y p e o f bre a k w a t e r i t i s p o s s i b l e t o express 
t h e t r a n s m i t t e d wave H t as a f u n c t i o n o f the f o l l o w i n g v a r ­
i a b l e s : 

Hi = f ( H,L, B#<(>,G,l,m, k , £ . d . y . \ ) . g ) (2.31) 
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The f o l l o w i n g parameters have been d e l e t e d f o r s t a t e d 
r e a s o n s : 

1/0 : o n l y two d i m e n s i o n a l problems a r e c o n s i d e r e d , 
(no d i f f r a c t i o n ) . 

: i s t h e r a t i o o f mooring system s t a t i c r e s t o r i n g 
ng and ought not t o be changed d u r i n g t h e e x p e r i m e n t . 

£/H : assumed t o be of l i t t l e i m p o r t a n c e f c r s m a l l 
v a l u e s . 

B0 
: i s t h e r a t i o o f t h e d i s p l a c e d mass t o th e mass 

• g o f t h e breakwater i t s e l f and ought t o be 
changed d u r i n g the e x p e r i m e n t . 

Re : the v a l u e i s assumed l a r g e enough t o ensure a 
Re-independent b e h a v i o r . 

By e l i m i n a t i n g d i m e n s i o n l e s s groups t h e f o l l o w i n g r e l a t i o n 
i s o b t a i n e d : 

C £= f ( L/B , H/L . D/d , B/D ) (2.32) 

I h e mooring f o r c e r e l a t i o n s h i p can be expressed as: 

F = ( H-,^ ,L, B.^.G,l,m, K,£, d,y,V,g ) (2.33) 

Or d i m e n s i o n l e s s : 

F/(yH 2 ) = f ( L/B , H/L , D/d , B/d ) (2.3U) 

2.12 GLOBAL ANALYSES OF FLOATING MATS 

The a n a l y s e s of a f l o a t i n g s l a b under d i f f e r e n t wave c o n d i ­
t i o n s i s a d i f f i c u l t p r oblem. E s p e c i a l l y t h e damping mechan­
ism and t h e i n t e r a c t i o n o f ""the s t r u c t u r e w i t h t h e waves are 
no t f u l l y u n d e r s t o o d . The damping mechanism seems t o be a 
combined e f f e c t o f r e f l e c t i o n , resonance and a b s o r p t i o n 
t h r o u g h d e f l e c t i o n o f t h e s t r u c t u r e . 

Only a few a n a l y s e s have been c a r r i e d o u t i n t h e p a s t . 
The r e m a i n d e r of t h i s s e c t i o n w i l l p r i m a r i l y d e a l w i t h a mo­
d e l made by Stoker e t a l . ( 1 9 5 3 ) . Then a t t e n t i o n w i l l be 
p a i d t o t e s t s c o n c e r n i n g f l o a t i n g s l a b s . 

Mathemat c a l a n a l y s e s o f t h e a c t i o n o f s h a l l o w water 
waves on a r i g i d f r e e l y f l o a t i n g s l a b and an e l a s t i c f r e e l y 
f l o a t i n g s l a b were c a r r i e d o u t by S t o k e r , Fleishman and Wel-
i c k z e r . 

2.12.1 F o r m u l a t i o n o f t h e problem 

S t o k e r f i r s t f o r m u l a t e s t h e e x a c t p r o b l e m . See f i g u r e 2 . 
S t o k e r used t h e l i n e a r i z e d wave t h e o r y t o d e t e r m i n e t h e v e l ­
o c i t y p o t e n t i a l a t t h e f r e e s u r f a c e . Under an immersed body 
t h e v a l u e o f t h e v e l o c i t y p o t e n t i a l i s det e r m i n e d by t h e 
c o n t i n u i t y e q u a t i o n . The e x a c t f o r m u l a t i o n o f t h e problem 
would r e q u i r e t h e d e t e r m i n a t i o n cf a harmonic f u n c t i o n 
«^-(x,y,z;t) i n t h e space between z - -d-(x,y) and z =y, which 
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s a t i s f i e s t h e c o n d i t i o n s (2.2) and (2.3) at t h e upper s u r ­
f a c e (see s e c t i o n 2 . 1 ) . A d d i t i o n a l c o n d i t i o n s where immersed 
b o d i e s o c c u r would be necessary t o d e t e r m i n e p, which p r o ­
v i d e s " c o u p l i n g " between t h e water on one hand and t h e im­
mersed body on t h e o t h e r . F i n a l l y , a p p r o p r i a t e i n i t i a l con­
d i t i o n s would be needed. A l l t h i s becomes t o o c o m p l i c a t e d 
and t h e r e f o r e an ap p r o x i m a t e t h e o r y was used. 

2.12.2 The approximate t h e o r y used by Stoker e t a l . 

The s y m p l i f y i n g assumptions can be summerized as: 

1 . Two d i m e n s i o n a l . 

2. V e r t i c a l a c c e l e r a t i o n s n e g l i g i b l e . 

3. F r i c t i o n n e g l i g i b l e . 

M. Sm a l l Froude numbers. 

These assumptions l e a d t o : 
u^ = -g r\K ( e q u a t i o n of mc t i o n ) (2.35) 

( u d ) x = ->1t ( e q u a t i o n o f c o n t i n u i t y ) (2.36) 

E l i m a t i o n o f r| l e a d s t o t h e well-known dynamic wave equa­
t i o n : 

^KK - J- *t>U. = C 1X1 > L (2. if) 

w i t h : c = ^/(gd)' 

T h i s e q u a t i o n i s v a l i d under t h e f r e e s u r f a c e . The e q u a t i o n 
of c o n s e r v a t i o n o f mass d e s c r i b e s t h e problem under t h e 
r a f 11 

S o l u t i o n s o f the problem f o r some s i m p l e cases a r e d i s c u s s e d 
i n t h e next s e c t i o n . 

2.12.3 S_olu_tions f o r t h e l o n g wave a p p r o x i m a t i o n s 

For a s l a b f i x e d a t Y] = 0, e x t e n d i n g from x = - l t o x = + l . S t o k e r 
et a l p r e s e n t e d an e x p r e s s i o n f o r <fi and n; u s i n g t h e above 
p r e s e n t e d t h e o r y . 
Stoker assumed ^ ( ^ t o be c o n t i n u o u s . C o n s i d e r i n g o n l y 
s i m p l e harmonic waves: 

^>(\-l) = ?(x) e>xpri^t) | x l > l (-2 3g) 

r| ( x,t) = v ( x i exp C i u3t) i x U t (2 4°) 



(2.37) • (2.3c9) becomes: 

dV , LD = o 

dx 2 

|xl>l ( 2.4O 

I f t h e board i s r i g i d then r1(x#t)=0 and 
l b i t f o l l o w s t h a t L>Ly-' 

under t h e board seems t o be a l i n e a r f u n c t i o n o f x. Then i t 

v ( x , t ) = 0 . From 
e q u a t i o n 7,.^\b i t f o l l o w s t h a t 1^=0. The v e l o c i t y p o t e n t i a l 

f o l l o w s t h a t the v e l o c i t y under t h e board i s g i v e n by: 
if(±)= £ ( u Cz U| c [ (2 41') 

From t h e t r a n s m i s s i o n c o n d i t i o n H r and Ĥ . can be s o l v e d t o 
obta i n : 

hi 
H; 

Ht 
H; 

(2.12) 

0= 21/L (2.43) 

I n t a b l e 1 v a l u e s f o r C x a n d c r a r e g i v e n as a f u n c t i o n o f 
21/L. 

T a b l e 1 . 

T r a n s m i s s i o n and r e f l e c t i o n c o e f f i c i e n t s as a f u n c t i o n of 
21/L ( a f t e r S t o k e r ) . 

I 21/L I 
J0.5 

|1 .0 

I 2 .0 

1 r C-t 1 CV 

11 0.51 1 0.65 

i f 0.30 1 0.95 

11 0.157 1 0.986 

I n case of a f r e e l y f l o a t i n g board the d e t a i l s of t h e c a l c u ­
l a t i o n s a r e more c o m p l i c a t e d . They can be found i n t h e paper 
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by F l e i s h m a n ( 1 9 5 3 ) . Fleishman's c a l c u l a t i o n s are i n a g r e e ­
ment w i t h t h e f e e l i n g t h a t a f i x e d board s h o u l d damp waves 
more s u c c e s f u l l y t h a n a movable one. 

N e x t , S t o k e r e t a l c o n s i d e r e d a f l o a t i n g e l a s t i c beam. 
The beam ext e n d s from x = - l t o x=0, and i s assumed once more 
t o s i n k s l i g h t l y below the water when i n e q u i l i b r i u m . The 
same e q u a t i o n as f o r t h e f l o a t i n g s l a b can be used. To des­
c r i b e t h e t r a n s v e r s e o s c i l l a t i o n s o f t h e beam,the w e l l known 
l i n e a r i z e d d e f l e c t i o n e q u a t i o n was used: 

EIh>xx + R)h>t = P+ (2 .**«) 

where: 
E I : bending s t i f f n e s s of t h e beam 
m : mass per u n i t area 
y\ : breakwater d i s p l a c e m e n t from z=0 (+ up) 
p + : dynamic p r e s s u r e 

The w e i g h t o f the beam and t h e c o n t r i b u t i o n o f t h e h y d r o s ­
t a t i c p r e s s u r e i n p were i g n o r e d . Combination of e q u a t i o n 
(2.UU) and (2.36) g i v e s : 

P r e d i c t i o n o f t h e r e f l e c t i o n and t h e t r a n s m i s s i o n c o e f f i ­
c i e n t s , u s i n g e q u a t i o n (2.15) gave r i s e t o v e r y t e d i o u s c a l ­
c u l a t i o n s o f which two i m p o r t a n t c o n c l u s i o n s can be drawn. 

F i r s t i t was found t h a t an e l a s t i c f r e e l y f l o a t i n g s l a b 
of f i n i t e l e n g t h can a c h i e v e a h i g h r e f l e c t i o n c o e f f i c i e n t . 
However, a s l i g h t change o f s l a b l e n g t h produces an e n t i r e l y 
d i f f e r e n t v a l u e of r e f l e c t i o n c o e f f i c i e n t . 

Secondly i t was found t h a t a beam o f f i n i t e l e n g t h can be 
more e f f e c t i v e as a b r e a k w a t e r t h a n a beam o f i n f i n i t e 
l e n g t h . T h i s wave a t t e n u a t i o n performance i s a r e s u l t o f 
m u l t i p l e r e f l e c t i o n t h a t t a k e s p l a c e a t t h e end of t h e beam. 
That such a proces m i g h t w e l l be s e n s i t i v e t o s m a l l changes 
i n t h e p a r a m e t e r s , cannot be wondered a t . 
A s t u d y of t h e r e s u l t s of t h e m a t h e m a t i c a l s t u d y by Stoker 
et a l s u g g e s t s t h a t a t h i n l i g h t w e i g h t p l a s t i c s h e e t would 
be i n e f f e c t i v e as a b r e a k w a t e r . However, t h i s i s i n c o n t r a d ­
i c t i o n w i t h v a r i o u s wave e x p e r i m e n t s . 
To e v a l u a t e f l o a t i n g mats, Jones r e a n a l y z e d t h e d a t a of 
t e s t s c o n d u c t e d on t h i n membranes. He p r e s e n t e d t h e t r a n s ­
m i s s i o n c o e f f i c i e n t _ C ^ as a f u n c t i o n o f r e l a t i v e water 
d e p t h , L/d, f o r s e v e r a l wave s t e e p n e s s e s . The F i g u r e s 19 t o 
22 p r e s e n t Jones r e a n a l y s e s c f f o u r d i f f e r e n t m a t e r i a l s . 
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Wove Period For -iO- M Deel» ( i ) 

= «*-

KiX - C.01 of 0.03 
HA • 0-03 oi 0.0* 
H.'L * 0.05 »i O.Ot 
H/L • 0.07 >» 0.0* 
H/L • O.CÏoiO.IO 

MctMÏnl LiJU 
Stnot 

«^tio of Kivelenjth-to-Kaier Depth, L/d 

F i g u r e 19: E f f e c t of r e l a t i v e water d e p t h , L/d, and i n c i ­
d e n t wave st e e p n e s s , H/L, on t r a n s m i s s i o n c o e f f i c i e n t s , C<. 

f o r a woven f a b r i c of p l a s t i c f i b e r s . 

Wort Perie: Foi 6 0 - f t Depth 1st 

Ratio of K*velenjth-to-Katet Depth, L/d 

F i g u r e 2 0 : E f f e c t of r e l a t i v e water d e p t h , L/d, and i n c i ­
d e n t wave stee p n e s s , H/L, on t r a n s m i s s i o n c o e f f i c i e n t s , 

f o r t h i n i m p e r v i o u s s h e e t s of p l a s t i c o r p o l y e t h y l e n e . 
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ÏÏavt Period For 6 0 - f t Depth (%) 
i i * i % t 7 • t I * n i ) 
n — [ i i 1 1 :—i " i 1 i -jr 

i s * a * \ * T I Ratio of Wivftlcngth-to-Xater Depth, L/d 

F i g u r e 2 1 : E f f e c t of r e l a t i v e water d e p t h , L/d, and i n c i ­
d e n t wave s t e e p n e s s , H/L, on t r a n s m i s s i o n c o e f f i c i e n t s , 

f o r sponge b l a n k e t s o f v a r i c u s t h i c k n e s s e s . 

Wa.. P«ric. for 60-1) Olplk 

Ratio of r / iveler\ ; th-to-ïfater Depth, 

F i g u r e 22: E f f e c t o f r e l a t i v e water d e p t h , L/d, and i n c i ­
d e n t wave s t e e p n e s s , H/L, on t r a n s m i s s i o n c o e f f i c i e n t s , 

f o r a c o r r u g a t e d b l a n k e t . o f woven p l a s t i c f a b r i c . 

2.13 DISSIPATION 

D i s s i p a t i o n can be a c h i e v e d i n many ways. When t h e r e i s a 
l o c a l s m a l l water d e p t h , t h e waves w i l l break ( t h i s process 
w i l l s t a r t when H/L=0.6, i f the bcttom i s h a r d , o t h e r w i s e 
they w i l l break l a t e r ) . The energy w i l l be d i s s i p a t e d 
t h r o u g h t u r b u l e n c e . Another p o s s i b i l i t y of d i s s i p a t i o n i s 
th e use of porous w a l l e d s t r u c t u r e s . 

D i s s i p a t i o n can a l s o be ac h i e v e d by f r i c t i o n . N o r r o a l l y , 
f r i c t i o n w i l l not dominate, b u t i n cases of resonance, when 
h i g h v e l o c i t i e s a r e a c h i e v e d , f r i c t i o n may dominate ; t h i s 
happens i n case o f the t e t h e r e d - f l o a t b r e a k w a t e r . 

U n f o r t u n a t e l y , t h e amount o f d i s s i p a t i o n o r t u r b u l e n c e i s 
d i f f i c u l t t o p r e d i c t o r t o d e s c r i b e i n a model. 
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2.13.1 A n a l y t i c a l model of. d r a g d i s s i p a t i o n 

The a n a l y t i c a l model of Seymour and Hanes (1979) i s made 
f o r t h e t e t h e r e d f l o a t breakwater. which i s shown i n c h a p t e r 
XIX. The model c o n s i d e r s o n l y drag d i s s i p a t i o n , because 
p r e l i m i n a r y l a b o r a t o r y measurements suggested t h a t s c a t t e r 
and r e f l e c t i o n a r e minor c o n t r i b u t o r s t o the r e d u c t i o n of 
wave energy. They d e f i n e d t h e d r a g power i n frequency space 
f o r a s i n g l e f l o a t a s : 

P 0(f) = F ^f) .U r(f) = l/2/oAC6[ür(f) ] 3 (2.46) 

where 
P ö(f) : drag power of t h e f l o a t i n f r e q . space. 
F ö(f) : d r a g f o r c e of t h e f l o a t i n f r e q . space. 
p : f l u i d d e n s i t y . 
Cö : e m p i r i c a l l y d e t e r m i n e d d r a g c o e f f i c i e n t . 
U r(f) : r e l a t i v e v e l o c i t y between f l o a t and f l u i d 

par t i c l e . 
—ï "V 

t a k i n g average v a l u e s : Ur = Sr 

V-W = J ? 0 ( f ) d £ ? C | k C S r ( R A f ) ] ' ( 2 * U ? ) 

where: Ŝ  : t h e spectrum o f r e l a t i v e v e l o c i t i e s . 
C, : l/2/o ACÖ 

Wave power per u n i t l e n g t h : 

P w ( f ) - ( l / 2 ) / c g S ? C n ( f ) (2.48) 

where: C n ( f ) : t h e group v e l o c i t y 
S(j ( f ) : the spectrum of s u r f a c e e l e v a t i o n . The r a t i o 

o f t h e d i s s i p a t i v e power t o t h e i n c i d e n t wave power i s t h e 
energy r e d u c t i o n f a c t o r per row. 

C2>_ [ S ^ ( n * f ) ] 2 

i - —JL- C2 = AC D/gl (2.49) 
Z. S„ C*(n<*f) 

where, 1 ' , i s the w i d t h o f the c o n s i d e r e d wave c r e s t . When 
the d i s t a n c e between two f l o a t s i s d*, d* + diameter o f t h e 
f l o a t can be t a k e n f o r 1 . U n f o r t u n a t e l y , "S r" i s unknown, 
but i t i s p o s s i b l e to a p p r o x i m a t e Sr . The l i n e a r i z e d 
e q u a t i o n o f motion i s : 

(CV\* M,)x + C,U0 (x-u) • g(M„-M«,) (x/A) = (l+C M)iM,u (2.50) 

where: 
x : h o r i z o n t a l p o s i t i o n o f the s p h e r e . 
u : h o r i z o n t a l water m o t i o n . 
Ms : f l o a t mass . 
Mw: mass of d i s p l a c e d w a t e r . 
C M: added mass c o e f f i c i e n t 3 

Ua : c h a r a c t e r i s t i c v e l o c i t y - Ï^^Rv 
oj,^ : s t a n d a r d d e v i a t i o n of the r e l a t i v e v e l o c i t y . 
A : e f f e c t i v e t e t h e r l e n g t h . 

(2. 5!>) i s s o l v e d by Seymour, knowing the m o t i o n s , i t was 
p o s s i b l e t o f i n d S r ( f ) . 0y s p e c i f y i n g a spectrum and knowing 
Sr ( f ) , i t was p o s s i b l e , u s i n g ( 2 . 4 7 ) , t o f i n d the I r a g power 
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Pc.tcé»/ • F i n a l l y , Knowing , i t was p o s s i b l e t o p r e d i c t 
t h e wave a t t e n u a t i o n . Some r e s u l t s are g i v e n i n c h a p t e r X 

2.13.2 S e m j - t h e o r e t j c a l model t o p r e d i c t wave 
a t t e p u a t i o n of. l l o a . t i . n g t i r e 
b r e a k w a t e r s 

Harms worked o u t d e s i g n c r i t e r i a f o r FIB [ WW2 may 1979 ] . 
Using l i n e a r wave t h e o r y and deep water c o n d i t i o n s he d e r ­
i v e d a s e m i - t h e o r e t i c a l model f o r d e t e r m i n i n g Cfc. The power 
r e q u i r e d t o p r o p e l a t i r e (of n e g l i g i g b l e mass) a t v e l o c i t y 
u ( t ) u n i d i r e c t i o n a l l y t h r o u g h a v i s c o u s f l u i d a t r e s t i s : 

E = |F Du| -» |F tuf (2.51) 

where 
Fj> = Cs* 1/2 p u* A 
F, = C rMru 
Cj, : drag c o e f f i c i e n t 
C m : hydrodynamic mass c o e f f i c i e n t 

: hydrodynamic mass 

T h i s b a s i c r e l a t i o n s h i p i s assumed t o be a p p l i c a b l e i f t h e 
t i r e i s f i x e d and u ( t ) r e p r e s e n t s an unsteady f l o w . F u r t h e r 
i t w i l l be assumed t h a t t h e power r e p r e s e n t s t h e r a t e a t 
which t h e energy i s d i s s i p a t e d w i t h i n t h e s t r u c t u r e . The 
r a t e o f energy d i s s i p a t i o n w i t h i n segment AX o f t h e b r e a k ­
water i s assumed t o be p r o p o r t i o n a l t o t h e number o f t i r e s , 
n, c o n t a i n e d i n t h a t segment 

n = N (AX/B) (2.52) 

where: 
N : t h e number o f t i r e s c o n t a i n e d i n t h e volume By(J) 

I — L -

- B -

F i g u r e 23: D e f i n i t i o n s k e t c h ( a f t e r Harms) 

Another i m p o r t a n t parameter i s t h e p o r o s i t y , P, d e f i n e d as: 

(2.53) 
By$ volume o f breakwater 

JP= __ 
volume o f t i r e s 
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To c a l c u l a t e the time average r a t e o f energy d i s s i p a t i o n , 
Harms assumed t h a t t h e v e l o c i t y , u, v a r i e s s i n u s s o i d a l l y 
w i t h t i m e . Harms t h e n found t h a t 

—-s . A* 

i n w hich 

AE^(x) = (C,u3 • C,u mu). 

C< = 2^CpyB/ (3TrgP) 
C2 C^yBCj)/ (2irgP) 

(2.54) 

An e n e r g y f l u x b alance w i t h i n segment Ax i n d i c a t e s t h a t 

<4EW = -4E 
where 

zi E w = 1/Bp gc gB 
dH? 

dx 
The v a r i a t i o n of H (x) can be o b t a i n e d from t h e aforemen­
t i o n e d r e l a t i o n . T h i s i s n o t easy s i n c e the f l o w f i e l d i s 
not p u r e l y wave-induced. W i t h i n t h e s t r u c t u r e t h e f l o w 
f i e l d i s even more complex (wave b r e a k i n g , a i r - e n t r a i n m e n t , 
s u r g i n g , e t c . ) , which c a n n o t be accounted f o r i n t h e most 
s o p h i s t i c a t e d wave t h e o r i e s . T h e r e f o r e , deep water c o n d i ­
t i o n s and l i n e a r wave t h e o r y a r e used. 

Because t h e t h e o r y i s based upon deep water c o n d i t i o n s , 
t h e i n f l u e n c e o f D/d i s n o t accounted f o r . The r e l a t i v e 
d r a f t , D/d, may be of i m p o r t a n c e i n s h a l l o w w a t e r . T h i s p a r ­
ameter must c e r t a i n l y be c o n s i d e r e d as t h e r i g i d i t y o f t h e 
b r e a k w a t e r ( i n t h e d i r e c t i o n o f wave p r o p a g a t i o n ) i n c r e a s e s . 
T h i s may be demonstrated by c o n s i d e r i n g t h e Goodyear-Break­
water and t h e PT-Breakwater. 

ay. 

B 

(2.55) 

{2.56) 

1. For t h e Goodyear-Breakwater an i n c r e a s e o f D/d 
from 0.16-0.33 causes a decrease o f Ĉ. t h a t i s 
t y p i c a l l y l e s s t h a n 0.1. 

2. For t h e PT-Breakwater an i n c r e a s e of D/d from 
0.22-0.51 i s a s s o c i a t e d w i t h a decrease of C t by 
as much o f 0.1, depending upon L/B. 

I t i s o b v i o u s t h a t t h e i n f l u e n c e c f t h e r e l a t i v e d r a f t on 
wave a t t e n u a t i o n i n c r e a s e s w i t h i n c r e a s i n g s t i f f n e s s of the 
b r e a k w a t e r . The b r e a k w a t e r t h e n a t t e n u a t e s waves - more and 
more t h r o u g h r e f l e c t i o n , which process i s m a i n l y governed by 
th e r e l a t i v e d r a f t . 

I n a d d i t i o n t o l i n e a r wave t h e o r y and deep water c o n d i ­
t i o n s t h e f o l l o w i n g a s s umptions a r e used: 

- D « L 
- F D~H 2 ( l o c a l wave energy d e n s i t y ) 
- u^ngH, H 2/ (2TL) 
- <t>/H, s Cfi/Cm 

Using eq. (2.54) and (2.56) i n t h e energy f l u x b a l a n c e and 
i n t e g r a t i n g a c r o s s t h e beam of t h e b r e a k w a t e r . Harms ob­
t a i n e d : 



Ct = ex p 
-20TÜ CT 

H 

L 

L 

B 

(2.57) 

i n w h i c h : 
CD : d r a g c o e f f i c i e n t 
P : p o r o s i t y c o e f f i c i e n t 

For H/L = 0.014: 

(2 .58) 

I n which : 
Cp/P = 0.69 f o r t h e Goodyear-FTB 
Cp/P = 1.22 f o r t h e PT-FTB 

The a p p r o p r i a t e v a l u e o f C^was determined from eq. (2.58) by 
matching t h e measured t r a n s m i s s i o n c o e f f i c i e n t Cfcu o c c u r i n g 
a t L / B = l , w i t h t h e t h e o r e t i c a l v a l u e . This r e s u l t e d i n 

Cp = -1.19P ( I n C i l ) (2.59) 

For the Goodyear-Breakwater w i t h P=0.87 and ^ , = 0 . 5 6 , t h i s 
r e s u l t s i n 0^=0.60. For the PT-Breakwater w i t h P=0.53 and 
C t i = 0 . 3 6 , t h e c o r r e s p o n d i n g v a l u e i s C D=0.65. Since the va­
l u e of Cj, does n o t d i f f e r s i g n i f i c a n t l y from one s t r u c t u r e 
t o t h e o t h e r , t h e t r a n s m i s s i o n performance i s e x p o n e n t i a l l y 
governed by t h e i n v e r s e of t h e p o r o s i t y parameter P i f both 
H/L and L/B a r e c o n s t a n t . 

C t= exp -0.84 
L 

B 

I n t h e r e g i o n where t h e breakwater p r o v i d e s s i g n i f i c a n t wave 
p r o t e c t i o n , t y p i c a l l y L/B<2, t h e t h e o r e t i c a l v a l u e s d i f f e r e d 
from t h e measured by l e s s t h e n 10%, For l a r g e r v a l u e s o f L/B 
the t h e o r e t i c a l c u r v e i s c o n s i s t a n t l y lower t h a n t h e e x p e r i -
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m e n t a l c u r v e . But even t h e r e t h e d i f f e r e n c e does not exceed 
15*. T h i s b e h a v i o r can be a n t i c i p a t e d from t h e t h e o r e t i c a l 
f o r m u l a t i o n i t s e l f . The sway m o t i o n of t h e b r e a k w a t e r i s as­
sumed t o be s i g n i f i c a n t l y s m a l l , which i s o n l y v a l i d f o r 
s h o r t waves (say L/B<<1). The in-phase surge motion of t h e 
b r e a k w a t e r decreases t h e r e l a t i v e v e l o c i t y between b r e a k ­
w a t e r components and f l u i d . The l e v e l o f energy d i s s i p a ­
t i o n , due t o these components, s h o u l d be r e d u c e d . The model 
was f o u n d t o be s u f f i c i e n t p r e c i s e f o r e n g i n e e r i n g a p p l i c a ­
t i o n s . 

CERC, t h e C o a s t a l E n g i n e e r i n g Research C e n t e r , a l s o p u b l ­
i s h e d d e s i g n curves f o r FTB. These were i n good agreement 
w i t h t h o s e p u b l i s h e d by Harms. However, d i f f e r e n c e s d i d oc­
c u r . E s p e c i a l l y t h e wave t r a n s m i s s i o n d e s i g n c u r v e s show 
moderate d i f f e r e n c e s . These a r e m a i n l y due t o s c a l e e f f e c t s . 

Mooring f o r c e s 

Harms e m p i r i c a l l y d e r i v e d d e s i g n c u r v e s f o r t h e PT-Break-
w a t e r s and t h e Goodyear-Breakwater. These c u r v e s a r e shown 
i n f i g u r e 25 . 

F i g u r e 25: Mooring f o r c e o e s i g n c u r v e s ( a f t e r Harms) . 

For D/d-0.065, H/L=0.03-0.06 and L/B>0.8, t h e peak mooring 
f o r c e F per u n i t l e n g t h of t h e breakwater can be d e t e r m i n e d 
f rom : 

300i 
L \ '0.065 

F L L 
) t a n h ( (2.60) 

B B 

wi t h : 
= 0.093 
= 0.15 

Goodyear-Ereakwater 
PT-Breakwater 
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Because of t h e g r e a t e r wave a t t e n u a t i o n c a p a c i t y o f t h e PT-
Br e a k w a t e r , t h e mooring f o r c e s a r e l a r g e r than t h o s e e x p e r i ­
enced w i t h t h e Goodyear-Breakwater. But f o r a d e s i r e d wave 
a t t e n u a t i o n t h e peak mooring f o r c e o f t h e PT-Breakwater may 
be s m a l l e r than t h e v a l u e found f c r t h e Goodyear, because 
t h e d e s i r e d beam f o r the Goodyear-Breakwater i s g r e a t e r than 
t h e beam of t h e e q u i v a l e n t PT-Breakwater. 

2.1U ABSORPTION 

The amount o f energy i n a wave t r a i n i s so l a r g e , t h a t 
a t t e m p t s t o take t h e energy i n t o t h e system s t r u c t u r e , may 
r e s u l t i n l a r g e s t r e s s e s , s t r a i n s and f a t i g u e f a i l u r e s . But 
i t i s t h e o n l y way t o g e n e r a t e (wave)energy, and i t i s 
s u r e l y p o s s i b l e . For example, " t h e nodding duck" which has 
been s t u d i e d by S a l t e r i n B r i t a i n , has an e f f i c i e n c y o f 90% 
at r e s o n a n c e , and the e f f i c i e n c y i s s t i l l above 50% over a 
wide band o f f r e q u e n c i e s . A l t h o u g h t h e power t r a n s p o r t e d by 
t h e waves reaches 70 kw/m a t t h e c c a s t of S c o t l a n d and t h e 
H e b r i d e s , which would p e r m i t an anual p r o d u c t i o n of 620 
MWh/m ( a t 100% e f f . ) , i t i s s t i l l u n c e r t a i n t h a t such a dev­
i c e can be e c o n o m i c a l l y f e a s i b l e . 

2.15 AEjSQRPlION OF WAVE ENERGY BY ELONGATED BODIES 

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

Very i m p o r t a n t f o r t h e a b s o r p t i o n o f wave energy by e l o n ­
g a t ed b o d i e s i s t h a t t h e c a p t u r e w i d t h i s broader t h a n t h e i r 
own beam. I n p a r t i c u l a r Newman i n v e s t i g a t e d t h i s i n t h e o r y . 
I n p r a c t i c e , the r e s u l t s a r e a l i t t l e d i s a p p o i n t i n g due t o 
t h e n o n - l i n e a r e f f e c t s . 

A f t e r d i s c u s s i n g t h e t h e o r y o f Newman, t h e o r i e s f o r two 
d i f f e r e n t r a f t s w i l l be d i s c u s s e d : t h e c o n t i n u o u s f l e x i b l e 
r a f t s and t h e a r t i c u l a t e d r a f t s ( w i t h , say one t o s i x 
h i n g e s ) . I n the "Theory by Newman" t h e a r t i c u l a t e d r a f t s 
w i l l be di c u s s e d t o o . 

2.15.2 Theory by Newman 

beam 

l e n g t h 

I f t h e a b s o r b i n g d e v i c e i s t w o - d i m e n s i o n a l , t h e e f f i c i ­
ency of a b s o r p t i o n can be d e f i n e d as t h e r a t i o o f energy ex­
t r a c t e d from the i n c i d e n t waves per u n i t w i d t h . The d e v i c e 
can o n l y be c o n s i d e r e d as t w o - d i m e n s i o n a l i f t h e beam i s 
l a r g e r e l a t i v e t o o t h e r s c a l e s , i n c l u d i n g t h e wave l e n g t h . 
When t h e beam i s r e l a t i v e s m a l l , t h e absorbed wave energy i s 
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more t h a n a v a i l a b l e i n the i n c i d e n t waves w i t h a w i d t h e q u a l 
t o t h e beam of t h e d e v i c e . Seemingly, more than 100% 
e f f i c i e n c y i s a c h i e v e d . The energy t h a t can be absorbed 
e q j 3 l s t h e a v a i l a b l e energy i n the s o - c a l l e d " a b s o r p t i o n 
w i d t h W". 

I n g e n e r a l , a t h r e e d i m e n s i o n a l d e v i c e can be designed t o 
f o c u s t h e i n c i d e n t waves, and t o absorb t h e i r energy o v e r a 
w i d t h s u b s t a n t i a l l y g r e a t e r than i t s own beam. Maximum W i s 
e q u a l t o 3L/2TC ( L i s t h e wave l e n g t h ) . An e l o n g a t e d body 
w i t h s m a l l beam-length r a t i o , i s one o f t h e most p r o m i s i n g 
t y p e s of wave a b s o r b e r s . The f o r c e s r e q u i r e d to moore such a 
v e s s e l a r e r e l a t i v e l y s m a l l , compared w i t h t h e two-
d i m e n s i o n a l c o n f i g u r a t i o n , b e s i d e s , energy can be absorbed 
a l o n g t h e l e n g t h of the s t r u c t u r e w i t h o s c i l l a t i o n s o f 
r e a s o n a b l e magnitude, due t o d i f f r a c t i o n . A f u r t h e r 
advantage i s t h a t w i t h t h e f l e x i b l e o r a r t i c u l a t e d body, 
energy can be e x t r a c t e d by the opposing r e l a t i v e m o t i o n 
between d i f f e r e n t e l e m e n t s , w h i l e t h e body as a whole i s 
f r e e t o respond t o t h e t o t a l f o r c e and rroment of t h e 
i n c i d e n t waves. I n t h i s case t h e mooring f o r c e i s 
n e c e s s a r i l y o n l y t o r e s t r a i n t h e v e s s e l i n a g i v e n mean 
p o s i t i o n . 
An example of such a r a f t i s t h e C o c k e r e l l r a f t ( s e v e r a l 
a r t i c u l a t e d elements) . 

Newman assumed i n h i s t h e o r y : 

1 . a m p l i t u d e s o f t h e i n c i d e n t waves and t h e m o t i o n s 
o f t h e a b s o r b i n g body a r e s m a l l . 

2. l i n e a r i z a t i o n i s j u s t i f i e d . 

3. a x i s y m m e t r i c body. 

4. body l e n g t h i s s u b s t a n t i a l l y l a r g e r t h a n t h e beam 
and t h e d r a f t ( s l e n d e r body a p p r o x i m a t i o n ) . 

5. r e g u l a r waves. 

6. i n f i n i t e water d e p t h . 

For t h e a b s o r p t i o n w i d t h was f o u n d : 
* f o r a x i s y m m e t r i c m o t i o n s (such as heave) H *= L/2/T . 
* f o r l a t e r a l motions V1**"- L/TC . 
* s u p e r p o s e d : \T*K= 3L/2/C (=0.48 L) . 

I n t h e l o n g wave l i m i t ( k l - * 0 ) : 

( 2 . 6 1 ) 

where n i s a f u n c t i o n o f t h e s o r t of m o t i o n ( f o r example i f 
n=0: o n l y heave, i f n = l : o n l y , p i t c h ) . Thus the body shape 
and dimensions a r e not i m p o r t a n t i f 1<<L, and the beam does 
not e f f e c t W"*. 
I n p r a c t i c e , t h e v e r t i c a l body d i s p l a c e m e n t i s l i m i t e d t o a 
maximum v a l u e i n the o r d e r of t h e i n c i d e n t wave a m p l i t u d e . 
This g i v e s a r e s t r i c t i o n f o r the a b s o r p t i o n w i d t h by s m a l l 
1/L. Computations of the a b s o r p t i o n w i d t h a r e shown i n 
f i g u r e 26 f o r modes n=0 to 5. I n f i g u r e 26 t h e s o l i d c u r v e s 
a r e f o r u n l i m i t e d body d i s p l a c e m e n t s and the broken c u r v e s 
c o r r e s p o n d t o l i m i t e d body m o t i o n s . 
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K'M/2 
L I _ l I 1 ' I 

0 0.5 1.0 15 2 0 2.5 . 3J0 
IIX 

Absorption-width ratios VV/1, for Legendre 
polynomial modes of optimum magnitude and phase. , 
Unlimited body displacement; and , 
arbitrary limits on the product of the body displacement 
amplitude [vj and the beam-length ratio b/1. 

F i g u r e 26: A b s o r p t i o n - w i d t h r a t i o s , a f t e r Newman. 

For a f l o a t i n g body w i t h s l a c k m o o r i n g , power can n o t be 
e x t r a c t e d from heave and p i t c h m o t i o n s , but o n l y from t h e 
h i g h e r o r d e r modes ( n > l ) . 

For t r i g o n o m e t r i c mode shapes ( t h r e e h i n g e s ) and k l > > l : 

(2.62) 

so, f o r 1>>L the a b s o r p t i o n w i d t h i s p r o p o r t i o n a l t o 1 * . 
With p o s s i b l e e x c e p t i o n of i t s s h o r t wave l e n g t h p e r f o r ­

mance, t h e r e l a t i v e s i m p l e t w o - h i n g e c o n f i g u r a t i o n appears 
t o be optimum, f r o m t he e n g i n e e r i n g s t a n d p o i n t , ft g r e a t e r 
number o f h i n g e s would improve t h e p e r f o r m a n c e f o r s h o r t e r 
wave l e n g t h s , b u t p r o b a b l y n o t t o a s u f f i c i e n t e x t e n t t o 
o f f s e t t h e i n c r e a s e d m e chanical c o m p l e x i t y . A r a f t w i t h two 
h i n g e s can absorb t w i c e as much energy as a r a f t w i t h o n l y 
one h i n g e . When t h e hi n g e s have t h e same d i s t a n c e t o t h e 
m i d d l e o f t h e ' r a f t , t h e h i n g e p o s i t i o n i s r e l a t i v e l y unim­
p o r t a n t , u n l e s s t h e ' h i n g e s a r e l o c a t e d c l o s e t o t h e body 
ends. The optimum c o n f i g u r a t i o n appears t o be t h a t where t h e 
t h r e e segments a r e about t he same l e n g t h , t h u s each r a f t 
l e n g t h i s a p p r o x i m a t e l y 1/3 1 . 

The optimum body l e n g t h i s a p p r o x i m a t e l y e q u a l t o t h e av­
e r a g e wave l e n g t h o f t h e seaway, t y p i c a l l y i n t h e r a n g e of 
100 t o 200 m. The optimum beam l e n g t h appears t o be i n t h e 
ra n g e of 0.1 t o 0.2 L. The d r a f t was n o t i m p o r t a n t i n t h e s e 
a p p r o x i m a t e a n a l y s i s . For t h i s r e a s o n , and a l s o t o r e f i n e 
t h e c o m p u t a t i o n s , a more complete a n a l y s i s u s i n g a t h r e e - d i ­
m e n s i o n a l n u n . e r i c a l scheme may be needed. 
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2.15.3 T h e o r y o f a c o n t i n u o u s f l e x i b l e r a f j . by F a r l e y 

A l o n g s l e n d e r f l o a t i n g beam, s u f f i c i e n t l y f l e x i b l e t o 
f o l l o w t h e waves i s c o n s i d e r e d as a wave power c o n v e r t e r . 
T e n s i o n e d c a b l e s a p p l y l o n g i t u d i n a l c o m p r e s s i o n f o r c e s t o 
t h e beam, e n c o u r a g i n g b u c k l i n g , which enhances t h e wave i n ­
duced v e r t i c a l o s c i l l a t i o n s . The o s c i l l a t i o n s a c t i v e pumps 
i n c o r p o r a t e d i n t h e s t r u c t u r e . The r a f t i s d e s i g n e d so t h a t 
t h e phase v e l o c i t y o f v e r t i c a l f l e x u r a l waves i s e q u a l t o 
t h e v e l o c i t y o f t h e sea waves a t t h e d e s i g n f r e q u e n c y , and 
a t t h e same t h e t i m e o s c i l l a t i o n s o f t h e beam r e s o n a t e w i t h 
t h e waves. As a r e s u l t a t r a v e l l i n g wave i s e x c i t e d w i t h an 
a m p l i t u d e l a r g e r t h a n t h a t o f t h e sea wave, and t r a v e l s down 
t h e beam w i t h a phase d e l a y o f a b o u t 90°. The r a f t r a d i a t e s 
a s e c o n d a r y wave, s t r o n g l y c o l l y m a t e d i n t h e f o r w a r d 
d i r e c t i o n , which t e n d s t o c a n c e l t h e o r i g i n a l wave. The 
backward r a d i a t i o n i s s m a l l . 

p r e i i r o j n a r y o f r a f t m o t i o n . 

L e t t h e mass pe r u n i t area be ml and assume t h a t t h e r a f t 
i s compressed i n t h e d i r e c t i o n o f i t s l e n g t h by a f o r c e N 
p e r u n i t l e n g t h ( t h i s can be p r o v i d e d f o r example by c a b l e s 
u n d e r t e n s i o n j o i n i n g t h e two ends, p r o b a b l y a t t h e s i d e s o f 
t h e s t r u c t u r e ) . The i n c i d e n t wave i s assumed t o p r o p a g a t e 
a l o n g t h e a x i s o f t h e r a f t ( x - a x i s ) , and i s g i v e n by t h e i n ­
s t a n t a n e o u s h e i g h t o f t h e w a t e r s u r f a c e above- mean sea 
l e v e l , ->£ = Aexp ( i c o t - i k x ) . The v e r t i c a l d i s p l a c e m e n t "Z" o f 
an e l e m e n t o f t h e r a f t above i t s e q u i l i b r i u m t h e n s a t i s f i e s : 

i n e r t i a l f o r c e = buoyancy f o r c e + f o r c e caused by b u c k l i n g • 
e l a s t i c f o r c e o f t h e c o n s t r u c t i o n + 
damping f o r c e . 

in 
it1 

where: 

- Z ) - A (2.63) 

N 

Z 
n 

C 
ba 

m = 

c o m p r e s s i o n f o r c e per u n i t l e n g t h , a p p l i e d by 
t e n s i o n e d c a b l e s . 
v e r t i c a l d i s p l a c e m e n t of t h e r a f t . 
E I .per u n i t w i d t h . 
s p e c , mass o f t h e f l u i d ( w a t e r ) . 
i n t e r n a l " damping. 
r a d i a t i o n damping. 
ml • m2 = mass pe r u n i t r a f t + added mass 

(due t o w a t e r moving w i t h t h e r a f t ) 

The l a s t t h r e e a r e 
e q u a t i o n (2.63) i s : 

f u n c t i o n s of f r e q u e n c y , The s o l u t i o n o f 

where 
Z = 7j / d (F • i u b ) 

d = m/̂ > 
b = b,_ • b r 

F = F (w,k) = l / d - <-Vg 
k = 2*"/L 

(N/ag)k Z • (n/mg)k* 

(2.64) 



The a m p l i t u d e o f t h e r a f t w i l l he i n f i n i t e when both t he 
damping and F are z e r o . When F i s very s m a l l , o n l y damping 
w i l l s t o p t h e r a f t from e x c e s s i v e a m p l i t u d e . So, s m a l l F 
seems t o be i m p o r t a n t f o r good a b s o r p t i o n r e s u l t s . 

The s t a t i c s t a b i l i t y can be checked by o b s e r v i n g F ( 0 , k ) . 
So w=0, but MO. The minimum of F w i l l j u s t reach z e r o i f : 

-2 
T= 2 2/3 gk 

A 
(2.65) 

I f t h e r a f t i s e x c i t e d by a water wave w 2/g=k (deep wa­
t e r ) , t h e resonances a r e determined by: 

F= F (/gïT.k) = l / d - k - 1, k* • 1*̂  k* = 0 (2.66) 

Where 1, = T/mg and L, = (n/mg)'/j 

The work done by t h e r a f t per u n i t area per second d e t e r ­
mines t h e power o u t p u t per u n i t a r e a : 

P0ijé = i n t e r n a l damping f o r c e £ v e l o c i t y 
^ n z 

,2 
= m * g * tfa = m * g * ba * u>2 * Z 2 

(1/2)^0 gA 2u) 2 

d [ F 2 • 60 2(b r • b ^ ) 2 j 

(2.67) 

(2.68) 

A c c o r d i n g t o F a r l y , t h e maximum o u t p u t i s o b t a i n e d i f t h e 
power t a k e o f f i s a d j u s t e d so t h a t b a= b r . The i n p u t power 

T>n m h f?1 _—L^Z where: A = a m p l i t u d e (2.69) 
<*> W = e f f e c t i v e w i d t h 

S i n c e P(B = P e^* Si} where S* i s t h e t o t a l area o f t h e r a f f . 

W = U i X V uikts*. e=c(^r^k^)Z (2.70) 

F i g u r e 27 shows a t y p i c a l power o u t p u t f u n c t i o n W as a 
f u n c t i o n of the wave p e r i o d f o r s e v e r a l v a l u e s o f the 
comp r e s s i o n f o c e N. A broad response i s o b t a i n e d c o v e r i n g a 
range of 7 t o 15 seconds. The i n f l u e n c e of N i s c l e a r : 
t e n s i o n can improve t h e e f f e c t i v e w i d t h , and th u s t h e power 
o u t p u t . I f N and d J-m//^) a r e c o n s t a n t , t h e n t h e e f f e c t i v e 
w i d t h i s o n l y dependent on Ŝ  . So, i f Ŝ  i s doubled (no 
m a t t e r t h e l e n g t h or the w i d t h of t h e c o n s t r u c t i o n i s 
doubled) t h e n W i s doubled t o o . T h i s i n c o n t r a s t w i t h a 
a r t i c u l a t e d r a f t , ^ where, under c e r t a i n c i r c u m s t a n c e s W i s 
p r o p o r t i o n a l t o Is . 

The e f f e c t of c h a n g i n g t h e e f f e c t i v e depth of t h e r a f t i s 
t h a t f o r deeper r a f t s t h e maximum e f f e c t i v e w i d t h moves t o 
l o n g e r wave p e r i o d s and t h e response g e t s b r o a d e r . 

I t can be seen i n f i g u r e 28 t h a t t h e c o n t i n u o u s f l e x i b l e 
r a f t w i t h t r a v e l i n g wave has a s u p e r i o r a b s o r p t i o n w i d t h t o 
th e h i n g e d r a f t . T h i s i s because the r a d i a t i o n f r o m a l l 
elements i s i n phase i n t h e f o r w a r d d i r e c t i o n . For t h e same 
reason a s m a l l e r r a f t m o t i o n r a f t m o tion i s needed. 
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a 10 15 JO 
Wave Period - E T f l " l 

Absorption width W vs. wove period from 
equation 2-U» Wd/S, is plot ted for various values of thrust N 
in tjm width. Static stability limit N = 820 t/m. d = 20m, A3 = f 
= 0.W m~\ w=L6 GNm 

F i g u r e 27: A b s o r p t i o n - w i d t h , a f t e r F a r l e y . 

» //L 
A b s o r p t i o n w i d t h W f r o m wave 
s c a t t e r i n g t h e o r y , a t r e s o n a n c e 
w i t h optimum damping, p l o t t e d 
a g a i n s t r a f t l e n g t h 1 . 

f l e x i b l e r a f t , a r t i c u l a t e d r a f t 
F i g u r e 2B: A b s o r p t i o n - w i d t h o f f l e x i b l e and a r t i c u l a t e d 

r a f t ( a f t e r F a r l e y ) . 

2.15.4 Theory o f the a r t i c u l a t e d r a i t by P. 
Haren and CC. Mei 

The t h e o r y o f Haren and Mei i s a sh a l l o w water t h e o r y , 
where: 

kd « 1 
k l = 0 ( 1 ) 

k = u5/c = to/v'glJ 
p = Re (Pexp ( - i t o t ) ) , P = y>o0, 

(2.71) 
(2.72) 
(2.73) 
(2.74) 
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0 2 4 6 6 
k| 

F i g u r e 29: R a f t h i n g e d t o a sea w a l l o r t o a n o t h e r i n -
f i n t e l y l o n g r a f t , b / l = 0.01, d / l = 0.1, e x t r a c t i o n r a t e <v= 
0,278, fy i s n o r m a l i z e d v e r t i c a l f c r c e a t t h e h i n g e , IYI = 

« / 201/Hj. 

Under t h e f r e e s u r f a c e , t h e v e l o c i t y p o t e n t i a l i s governed 
by: 

& K * K2 frf = 0 (2.75) 

The v e l o c i t y p o t e n t i a l under t h e r a f t i s governed by: 

L (d-D) f f K ] x = i<oZ (2.76) 

where: 
Z : a m p l i t u d e of t h e bottom d i s p l a c e m e n t from 

e q u i l i b r i u m p o s i t i o n , 
p : v e l o c i t y p o t e n t i a l . 
D : common d r a f t . 

I h e t o t a l p r e s s u r e on t tie bottom o f t h e body i s : 
Pt.£»< = - f>9l 4 /=gD (2.77) 

(= dyn. p r e s s u r e - added h y d r o s t a t i c p r e s s u r e * h y d r o s t a t i c 
p r e s s u r e a t e q u i l i b r i u m ) . 

At t h e edges of t h e r a f t , c o n t i n u i t y of t h e mass f l u x and 
the dynamic p r e s s u r e i s r e q u i r e d i . e . : 

p i -~~$\_ a l l edges (2.76) 

d 0 j + = (d-D) 0 J , a t t h e bow (2.79) 

(d-D) - d a t t h e s t e r n (2.B0) 

$4 j = 0X| between two r a f t s (2.61) 

F i r s t t h e y c o n s i d e r e d a t w o - d i m e n s i o n a l r a f t , h inged t o a 
v e r t i c a l w a l l (see s e t - u p d e p i c t e d i n f i g . 2 9 ) . The s o l u ­
t i o n does n o t change i f t h e r a f t i s hing e d t o a n o t h e r s t a ­
t i o n a r y h o r i z o n t a l r a f t of i n f i n i t e l e n g t h , s i n c e f o r both 
t h e r e i s no f l u x a t x = l : u ( l ) = 0. 
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S i n c e P i s Known, t h e dynamic momentum about t he h i n g e 
can be r d e f i n e d 

M = - J P(x) * (1-x) dx. (2.82) 
o 

L e t " I " be t h e momentum of i n e r t i a o f t h e r a f t about x = l . 
Assume t h a t t h e e f f e c t o f t h e energy absorber i s t o e x e r t a 
damping f o r c e p r o p o r t i o n a l t o t h e a n g u l a r v e l o c i t y o f t h e 
r a f t . I f cx i s the damping r a t e , t h e n : 

lë = «è + M (2. 6 3) 

-L>ZIQ - io<*0 • M (2.64) 

The maximum e f f i c i e n c y can be o b t a i n e d when t h e r a f t r e s o ­
n a t e s , t h e n t h e energy e x t r a c t i o n i s e q u a l t o t h e r a d i a t i o n 
damping. 

The r e s u l t s a r e shown i n f i g . 29. When t h e d r a f t (and 
hence i n e r t i a ) i s i g n o r e d , optimum e f f i c i e n c y can be ob­
t a i n e d when (1/K) 2 = 20/3, t h u s 1/L = VTSVSTI =0.4. Haren 
has shown t h a t a lower but f l a t t e r e f f i c i e n c y curve may be 
a c h i e v e d by s l i g h t l y i n c r e a s i n g ex. Haren and Mei extended 
t h e t h e o r y f o r more r a f t s ( a l l of f i n i t e l e n g t h ) . I n t h i s 
extended t h e o r y t h e y i n v o l v e d a l s o t h e c o s t s , t o c a l c u l a t e 
t h e optimum r a f t c o n f i g u r a t i o n . They c o n s i d e r e d t h e f o l l o w ­
i n g o p t i m a l i t y c r i t e r i a , f o r each of which o p t i m i z a t i o n s 
w i l l be performed on 1; ( l e n g t h o f r a f t i ) and (damping 
a t h i n g i ) , keeping f i x e d : N (number of r a f t s ) , d ( w a t e r -
depth) and D ( d r a f t ) : 

I . l i n e spectrum (k = k p ) . 
I I . r e c t a n g u l a r spectrum ( k l < k < 2 * k l ) . 
I I I . d o u ble peak s p e c t r u m . 

a l l f o r : 
a. best e f f i c i e n c y w i t h f i x e d t o t a l l e n g t h 

(no c o s t s i n v o l v e d ) . 
b. best p r o f i t ( p r i c e p e n a l t y on i n c r e a s i n g 

r a f t l e n g t h ) . 

£ai§32Ly I : d r a s t i c s i m p l i f i c a t i o n o f s i n g l e peak s p e c t ­
rum. 
Category I I : wave ranges from 4s t o 8s were choosen, which 
i s t y p i c a l o f N o r t h A t l a n t i c c o n d i t i o n s . 
Ca t e gor y I I I : t y p i c a l f o r Nort_h Sea c o n d i t i o n s . 

ad a. I t i s necessary t o impose a c o n s t r a i n t on t h e l e n g t h 
of t h e r a f t s , o t h e r w i s e one of t h e r a f t s would become i n f i n ­
i t e l y l o n g . 
ad b. Assume t h a t the c o s t of t h e d e v i c e i s p r o p o r t i o n a l t o 
t h e l e n g t h 1 . So t h e c o s t of t h e d e v i c e i s ( c * l ) , where *'c" 
i s t h e c o s t per u n i t w i d t h . Assume t h a t t h e l i f e - t i m e of t h e 
r a f t i s 20 ye a r s and t h e i n t e r e s t i s 8«. Then t h e annual 
c o s t w i l l be 0 . 1 * c * l . The annual b e n e f i t i s : 

b e n e f i t = x * E 0 * A * < e f f > (2.65) 

where: 
x = p r i c e per kWh. 
E = incoming wave energy 

= f r a c t i o n o f t h e g e n e r a t e d energy 
ft 
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t h a t can be used. 
< e f f > = e f f i c i e n c y o f f t h e c o n v e r s i o n , 

p r o f i t = ( b e n e f i t ) - (var i a b l e c c s t ) 
= (xt 0/5,<ef f >) - (0.1 * c * l ) 

D e v i d i n g by t h e maximum p o s s i b l e income (xE. 3) : 

proTl-t i n d e x = < e f f > - Ql - (2.66) 

Where Q i s c a l l e d t h e " c o s t f a c t o r " . 

T a b l e 2. 

Optimum d e s i g n by c r i t e r i a l a and l b 
Optimum tlciiam by criteria lu 

= d = 30 fl; Tr = 5.52 s; A = | fl; / - 450 fl; /f,,= l7l h.Krl-[=\.\ 

u 
'5 

b i 
N 
k J 
kil 

\<>2-th\ 
Vh-o*\ 
l " 4 - f , l 

"„ of energy 
exlraclcd 
al node 2 

3 rafls 4 rafls 

1.828 (54.S fl) 
5.70S (171.2 fl) 
7.464 (224 fl) 

0.6704(1.125 x 10" lb) 
2.406(4.0.16 x 106 lb) 

0.9667 

0.6102 (1178 lb/ft1) 
0.5725 (1105 Ib/fl 2) 

1.07 (0.036 rad) 
0.12 (0.003 rad) 

96'' 

1.8226 
5.9899 
4.8379 
2.3502 

0.667 
1.149 
0.9793 

0.9823 

0.615 
0.465 
0.139 

1.07 
0.i44 
0.129 

95% 

5 rafls 

1.8242 
5.S295 
4.9256 
1.5385 
0.8823 

0.6497 
1.078 
1.0361 
0.4009 

0.9826 

0.601 
0.472 
0.143 
0.036 

1.09 
0.14S 
0.126 
0.029 

95", 

Optimum desiym, by criterion lh 
7 , = 5.52 | M = l f l . 

0 = 0.0025 f f ' t s 1.1 
L 3 rafts 

L0 = d =30 fl 

e!\(K„)-QLT 

10." 

K>3-

02\ 
0,1 
0.1 

% of energy 
extracted 
at node 2 

1.60 (48 ft) 
3.86 (115.8 fl) 
1.68 (50.4 fl) 

7.14 (214 ft) 

0.269 (4.51 x l O ' lb) 

0.473 (7.93 x 10" lb) 

0.806 
0.271 

0.326 (629 lb/ft 3) 
0.248 (480 lb/ft 2) 

1.48 (0.049 rad) 
0.40 (0.013 rad) 

89"„ 

vaoablc:A,= 171 h: 

4 rafts 

1.60 
3.91 
1.62 
0.0001 
7.13 

0.272 
0.441 
0.00022 

0.813 
0.271 

0.327 
0.244 

1.47 
0.41 
0.0002 

The t a b l e s show very c l e a r l y t h a t t h e d e v i c e w i t h t h e 
h i g h e s t e f f i c i e n c y i s n o t t h e one w i t h t h e b e s t p r o f i t . See 
t a b l e 2, 3, and U, xn a l l cases t h e most e f f i c i e n t d e v i c e 
has the l o n g e s t r a f t a t t h e end, and t h e s h o r t e s t a t t h e be­
g i n n i n g . The d e v i c e w i t h t h e b e s t p r o f i t has t h e l o n g e s t 
r a f t somewhere i n t h e m i d d l e . 

The i n f l u e n c e of kd on t h e e f f i c i e n c y can be seen i n 
f i g u r e 30 f o r case I and I I . 

I t s o b v i o u s t h a t t h e e f f i c i e n c y and t h e p r o f i t w i l l de­
cr e a s e when t h e c o s t f a c t o r w i l l i n c r e a s e . The p r o f i t can be 
n e g a t i v e as i s showed i n t h e t a b l e o f f i g u r e 3 1 . 

Haren and Mei s e l e c t e d a sample r a f t - t r a i n w i t h dimen­
s i o n s a l r e a d y o p t i m i z e d a c c o r d i n g t o t h e s h a l l o w water 
t h e o r y and t h e c r i t e r i o n 1(a) and performed t h e c a l c u l a t i o n s 
f o r a r b i t r a r y water d e p t h u s i n g the f i n i t e element method. 
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Table 3. 

Optimum de s i g n by c r i t e r i a I l a and l i b . 
Optimum desic/ns by criterion Ila 

Z , 0 = t / = 3 0 f l ; I =450 f i 

'3 
h 
Is 

«3 
« 4 

<efO 

3 rafls 

1.36 (40.8 ft) 
5.72 (171.7 ri) 
7.92 (237.5 fl) 

0.317 (5.31 x I0> lb) 
1.550 (2.6 x 106 lb) 

0.960 

4 rafls 

1.56 
7.08 
3.78 
2.57 

0.508 
1.551 
0.931 

0.967 

5 rafts 

0.88 
2.52 
4.77 
4.55 
2.28 

0.0333 
1.613 
0.177 
0.986 

0.983 

Optimum designs by criterion lib 
L0=d =30 ft; / = variable; 0=0.0025 ft" 1 

3 rafts 4 rafls 5 rafls 

'1 1.32 (39.5 fl) 0.89 0.76 
'2 3.67 (110.2 ft) 1.39 1.06 
h 1.62 (48.7 fl) 2.86 2.43 
U 1.49 1.32 
'5 0.97 

a2 0.156 (2.61 x I 0 5 lb) 0.069 0.057 
«3 0.391 (6.56 x 105 lb) 0.820 0.475 
«4 0.308 1.153 
«5 0.191 

<érr> 0.792 0.793 0.795 

<eiï>--e r̂ 
0.296 • 0.302 0.304 

Table U. 

Optimum d e s i g n by c r i t e r i a I l i a and I l l b . 
Optimum designs by criterion Ilia Optimum designs by criterion Illb 

i-u=d = 30 ft; i =450 f i Lu=d =30 ft; £ = variable; 0 = 0.0025 f l " 1 

3 rafts 4 rafts 3 rafls 4 rafls 

0.65 (19.6 ft) 0.43 0.45 (13.6 fl) 0.45 
6.94 (208.2 ft) 3.63 2.65 (79.4 ft) 1.04 

'3 7.41 (222.2 ft) 3.49 '3 0.02 (0.6 fi) 0.79 
U 7.44 ' 4 0.9o 

*2 0.032 (5.35 x I 0 4 lb) 0.0048 a2 0.0030 (4.85 x I0 J lb) 0.0032 
*3 19.5 (3.26 x lO 1 lb) 1.553 «3 0.39 (5.08 x 10" lb) 1.57 
* 4 1.865 " 4 1.73 

<cfT> 0.864 0.876 <elT> 0.564 0.576 

<err>-or., 0.330 0.333 

I n f i g u r e 32 the curves f c r e f f i c i e n c y v e r s u s K-times t h e 
average r a f t l e n g t h ( i s c o n s t a n t ; 150m) are p r e s e n t e d . The 
two t h e o r i e s g i v e remarkable c l o s e r e s u l t s . The e f f e c t of 
i n c r e a s i n g depth does n o t change t h e e f f i c i e n c y m a t e r i a l l y . 
T h i s o b s e r v a t i o n g i v e s f u r t h e r e v i d e n c e t h a t f o r a s u r f a c e 
f l o a t i n g body w i t h a s h a l l o w d r a f t such as a dock o r a p l a t ­
form whose h o r i z o n t a l dimensions a r e comparable t o t h e wave 
l e n g t h , s h a l l o w water t h e o r y g i v e s a good rough a p p r o x i m a ­
t i o n of the performance of t h e f l o a t i n g o b j e c t . 

The c o n c l u s i o n s taken by Haren and Mei a r e : 

1. From a s i m p l e s h a l l o w water t h e o r y two or t h r e e 
r a f t s are adequate f o r a t r a i n and f u r t h e r a d d i ­
t i o n o f r a f t s does not h e l p m a t e r i a l l y . 

2. The i d e a l e f f i c i e n c y i s comparable or even b e t t e r 
t h a n S a l t e r ' s cam, w h i l e t h e h o r i z o n t a l and t h e 
v e r t i c a l mooring f o r c e s a r e much l e s s . 
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F i g u r e 30: E f f i c i e n c y o f optimum design f o r l i n e and r e c ­
t a n g u l a r spectrum. ' 

0 Q5 1.0 ,, 1.5 2.0 

F i g u r e 3 1 : E f f e c t o f c o s t f a c t o r Q on e f f i c i e n c y and o p t i ­
mum d e s i g n of a t h r e e - r a f t t r a i n . 

3- For t h e same wave l e n g t h , t h e e f f e c t o f water 
d e p t h i s weak. T h i s i s a l s o found f o r S a l t e r ' s cam. 

U. For a sample- double-peaked spectrum i t i s most 
c o s t - e f f e c t i v e t o e x t r a c t energy from t h e s h o r t 
wave-peak. 

I n a d d i t i o n . Haren and Mei c o n c l u d e d : 

C l e a r l y t h e economical c o n s i d e r a t i o n s made here 
a r e t h e most r u d i m e n t a r y , and a d d i t i o n a l f a c t o r s 
such as c o s t of energy a b s o r b e r s , t r a n s m i s s i o n 
l i n e , l o c a l l a b o u r , e t c . , s h o u l d be i n v o l v e d i n a 
c o s t - b e n e f i t a n a l y s i s . Not a l l o f these f a c t o r s 
can be r e l i a b l y e s t i m a t e d a t p r e s e n t , and f u t u r e 
t e c h n i c a l and economic development can change 
t h e s e e s t i m a t e s . With t h e s e r e s e r v a t i o n s , from t h e 
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F i g u r e 32: Comparison of e f f i c i e n c y f o r s h a l l o w and deep 
water t h e o r i e s f o r the o p t i m a l t h r e e - r a f t t r a i n . (1) d = 3 0 f t , 

s h a l l o w water t h e o r y , ( 2 ) d = 3 0 f t deep water t h e o r y , 
( 3 ) d = 1 2 0 f t deep w a t e r . 

p r e s e n t study we (Haren and Mei) f e e l t h a t t h e 
r a f t i s p r o b l a b l y t h e b e s t o f a l l d e s i g n s Known 
t o use. N e v e r t h e l e s s , t h e h i g h c o s t o f c o n s t r u c ­
t i o n can render t h e b e n e f i t n e g a t i v e i f t h e o b j e c ­
t i v e i s t o g e n e r a t e e l e c t r i c i t y . However, one can­
n o t r u l e o u t o t h e r a p p l i c a t i o n s o f t h i s power dev­
i c e , s u c h as d e s a l i n a t i o n o f water. F u r t h e r c o s t r e ­
d u c t i o n i s necessary by u s i n g t h r e e - d i m e n s i o n a l 
a r r a y s o f r a f t s as was o r i n a l l y proposed by Cocke-
r e l l and Hagen. 

- «45 -



Chapter I I I 

MOORING 

There a r e two main components t o a mooring system: 
- a n c h o r s , 
- m o o r i n g l i n e s . 

3.1 &NCHORS 

P r e s e n t l y , a range of d r a g , deadweight and p i l e d e q u i p ­
ment i s a v a i l a b l e f o r a n c h o r i n g , of which t he dimensions a r e 
governed by p r e s e n t market r e q u i r e m e n t s . 

The d o m i n a t i n g parameters which govern t h e performance of 
an anchor l i e u n d o u b t e d l y i n t h e s o i l c o m p o s i t i o n o f t h e sea 
bed. I f t h e bottom c o n t a i n s rock a t o r near t h e s u r f a c e 
t h e n t h e c h o i c e becomes ve r y l i m i t e d t o e i t h e r rock p i l e s o r 
deadweight a n c h o r s . The e f f i c i e n c y o f a l l o t h e r c u r r e n t 
means of a n c h o r i n g i s t o t a l l y dependent on s o i l c o n d i t i o n s 
and an assessment o f anchor h o l d i n g c a p a c i t y . Hence, t h e d i ­
mensions o f an anchor must be de t e r m i n e d f o r each p a r t i c u l a r 
s i t e . An anchor s u i t e d f o r a l l p o s s i b l e l o c a t i o n s does n o t 
e x i s t . 

The l a r g e s t s i z e of an i n d i v i d u a l anchor which c u r r e n t l y 
e x i s t s i s c o n s i d e r a b l y s m a l l e r t h a n r e q u i r e d f o r open sea 
c o n d i t i o n s . Using s e v e r a l s m a l l e r anchors i n s t e a d of a s i n ­
g l e l a r g e one might be p o s s i b l e , b u t may have economic pen­
a l t i e s . 

A r e c e n t l y developed anchor ( p a t e n t e d by S h e l l ) i s shown 
i n f i g u r e 33. For p e n e t r a t i o n of t h e anchor i n t o t h e bottom, 
t h e water must be pumped out o f t h e c y l i n d e r and due t o t h e 
h y d r o s t a t i c water p r e s s u r e , t h e anchor w i l l p e n e t r a t e i n t o 
t h e s o i l . T h i s anchor w i l l p r o b a b l y f a c i l i t a t e o p e r a t i o n i n 
deep w a t e r , u n l e s s the seabed i s t o hard (removal as w e l l as 
i n s t a l l a t i o n o f t h e a n c h o r ) . The h e i g h t of t h e f i r s t t y p e s 
reaches from § t o 1C meters h a v i n g a dia m e t e r of 3.6m. They 
can r e s i s t f o r c e s i n - h o r i z o n t a 1 and v e r t i c a l d i r e c t i o n . 

3.2 MOORING LINES 

There a r e t h r e e c a t e g o r i e s o f mooring l i n e s c u r r e n t l y 
a v a i l a b l e a l t h o u g h s t r i c l y s p e a k i n g o n l y two a r e w i d e l y used 
f o r mooring t o a n c h o r s . These are c h a i n and w i r e r o p e . 

The t h i r d , man made f i b e r r o p e , i s used e x t e n s i v e l y f o r 
above-water moorings o f s h i p s t o quays and t o s i n g l e buoy 
m o o r i n g s . Sea bed a n c h o r i n g r a r e l y e x i s t s . The p r o p e r t i e s 
which man-made f i b e r ropes have t o c f f e r make them w o r t h y of 
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s e r i o u s c o n s i d e r a t i o n . Since t h e i n t r o d u c t i o n o f n y l o n f i ­
ber i n 19*40 f o l l o w e d by p o l y e s t e r , p o l y p r o p y l e n e and p o l y e ­
t h y l e n e , t h e use of t h e s e f i b e r s has grown d r a m a t i c a l l y . 
They a r e now used a l m o s t e x c l u s i v e l y i n s t e a d o f t h e n a t u r a l 
f i b e r s hemp, m a n i l l a and s i s a l . They ar e not s u s c e p t i b l e t o 
b i o - d e g r a d a t i c n and t h e q u a l i t y o f raw m a t e r i a l can be c a r e ­
f u l l y c o n t r o l l e d . The i n c r e a s e d s t r e n g t h o f f e r e d by man-made 
f i b e r s a l l o w s s m a l l e r more manageable s i z e s . A l s o t h e i r ca­
p a c i t y f o r s t o r i n g s t r a i n energy i s r e l a t i v e l y h i g h . 

Chain i s t h e t r a d i t i o n a l m o o r i n g t o anchors and i s most 
w i d e l y used t h r o u g h o u t t h e marine i n d u s t r y . However, t h e 
o f f s h o r e i n d u s t r y i s t e n d i n g t o use w i r e r o p e s i n s t e a d of 
c h a i n : the advantages b e i n g ease o f h a n d l i n g and o f s a v i n g 
wei g h t . 

The d i f f e r e n c e i n w e i g h t per u n i t l e n g t h between c h a i n 
and w i r e rope i s e v i d e n t . For example: 

w i r e r o p e : 0 = 28 mm, F = 506 kN, mass = 326 kg/100m 
c h a i n : <p - 30 mm, F = 52*4 kN, mass = 2000 kc/100m 

So t h e w e i g h t of t h e c h a i n i s s i x t i m e s more t h a n a compara­
b l e w i r e rope-. One consequence o f a h e a v i e r mooring l i n e i s 
an i n c r e a s e o f t h e r e q u i r e d b r e a k w a t e r buoyancy. (For exam­
p l e , t h i s can l e a d t o problems f o r a f l o a t i n g t i r e b r e a k ­
w a t e r : a l o c a l e x t r a bouyancy would be needed.) Another e f ­
f e c t i s the i n f l u e n c e on t h e b r e a k w a t e r m o t i o n , which w i l l 
be d i s c u s s e d i n t h e next s e c t i o n . 

A l t h o u g h c h a i n can have a l i f e - t i m e of 20 y e a r s o r more, 
i t s l i f e - t i m e can be reduced t o o n l y a few years under ad­
v e r s e c o n d i t i o n s . The p a s t development has been c o n s t r a i n e d 
by h a n d l i n g and s t o r a g e c o n s i d e r a t i o n s . U i t h l o n g m a i n t e ­
nance f r e e l i f e o f i n c r e a s e d i m p o r t a n c e t h e r e i s scope f o r a 
new approach t o d e s i g n . 

No m o o r i n g l i n e i s i d e a l i n a l l r e s p e c t s , and t h e f i n a l 
c h o i c e w i l l depend upon t h e a c c u m u l a t i o n of more d e t a i l e d 
knowledge, e s p e c i a l l y of t h e l o a d e x t e n s i o n c h a r a c t e r i s t i c s 
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and t h e f a t i g u e p r o p e r t i e s . Other problems i n c l u d e : c o r r o ­
s i o n f a t i g u e of s t e e l w i r e r o p e s , the v a l i d l y o f a c c e l e r a t e d 
t e s t i n g , f a i l u r e a t t e r n i i n a t i o n s and c o m p l i a n t moorings w i t h 
t a u t moorings w i t h t a u t e l a s t i c p r o p e r t i e s . 

3.3 INFLUENCE OF THE MOORING SYSTEM ON THE WAVE 
ftllENUAJlON PERFORMANCE 

The mooring w i l l i n f l u e n c e t h e motion of t h e b r e a k w a t e r . 
As can be seen i n s e c t i o n 2.6, t h e r e i s a c l e a r r e l a t i o n 
between breakwater motion and t h e wave a t t e n u a t i o n p e r f o r ­
mance: t h e l a r g e r t h e b r e a k w a t e r motion ( s p e c i a l l y t h e surge 
m o t i o n ) , t h e more wave energy w i l l be t r a n s m i t t e d . 

3.3.1 I n f l u e n c e of t h e mooring s t i f f n e s s 

I t i s t e m p t i n g t o c o n c l u d e t h a t t h e breakwater motion 
w i l l decrease w i t h i n c r e a s i n g mooring s t i f f n e s s , and th u s an 
i n c r e a s e o f wave a t t e n u a t i o n w i l l t a k e p l a c e . However, t h e 
s i t u a t i o n i s more c o m p l i c a t e d , because t h e mooring l i n e w i t h 
t h e b r e a kwater forms a mass-spring system. T h i s may cause 
an i n c r e a s e i n s t e a d of a decrease cf wave t r a n s m i s s i o n w i t h 
i n c r e a s i n g mooring s t i f f n e s s . A c l e a r example i s shown i n 
f i g u r e 12: 

a t D/L=0.7, a mooring system w i t h k//ogL = 0.01 r e ­
s u l t s i n Q =0.t45, w h i l e a mooring system w i t h 
K//agL=1.00 r e s u l t s i n C t=1.0. 

H i g h e r D e c r e a s e „ D e c r e a s e 
moorxng o f — / o f 
s t i f f n e s s b r e a k w a t e r C 

mo t i o n 

T h i s r e p o r t emphasizes b r e a k w a t e r s i n deep w a t e r . Then, a 
s l a c k mooring w i l l be e v i d e n t . 

3.3.2 I n f l u e n c e e t th.e rnoQiing l i n e cn t h e wave 
a t t e n u a t i o n performance 

F i r s t , t h e i n f l u e n c e o f t h e w e i g h t of t h e l i n e w i l l be 
d i s c u s s e d . A l a r g e r w e i g h t o f th e mooring l i n e w i l l i n ­
crea s e t h e n a t u r a l p e r i o d T„ of t h e b r e a k w a t e r . 
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I n s h a l l o w w a t e r , a c c o r d i n g t o Carr ( 2 . 7 . 1 ) , an i n c r e a s e 
of I„ m i g h t improve as w e l l as worsen t h e wave a t t e n u a t i o n 
p e r f orma nee . 

T 

F i g u r e 3U: Cf as a f u n c t i o n of T„-/T, a c c o r d i n g t o t h e f o r ­
mula of Carr ( s h a l l o w w a t e r ) . 

As can be seen i n f i g u r e 34, one must a v o i d a n a t u r a l p e r i o d 
which e q u a l s wave p e r i o d s of waves which must be a t t e n u a t e d . 

I n deep w a t e r , S t i a s s n i e (2.7.2) i n v e s t i g a t e d t h e i n f l u ­
ence o f t h e mass parameter f o r k=0 ( t h u s s l a c k mooring, 
which seems t o be r e a l i s t i c i n deep w a t e r ) . I n f i g u r e 11 
can be seen t h a t an i n c r e a s e of t h e beam (and t h u s o f t h e 
w e i g h t ) o f 10 t i m e s , improves t h e wave a t t e n u a t i o n p e r f o r ­
mance f o r 0.2< D/L <1.0. So, a c c o r d i n g t o t h i s model, a 
s l i g h t improvement may be e x p e c t e d i f t h e w e i g h t of t h e 
b r e a k w a t e r i n c r e a s e s . The a t t a c h m e n t of a heavy mooring 
l i n e w i l l not have e x a c t l y t h e same e f f e c t as t h e i n c r e a s e 
of t h e w e i g h t of the b r e a k w a t e r . Because t h e w e i g h t o t t h e 
n o o r i n g l i n e w i l l not have t h a t much i n f l u e n c e on the mass 
of i n e r t i a i n h o r i z o n t a l d i r e c t i o n of t h e b r e a k w a t e r . 

A n o t h e r e f f e c t o f t h e mooring l i n e i s the damping caused 
by t u r b u l e n c e due t o t h e motion o f t h e l i n e i n t h e w a t e r . 
S i n c e a c h a i n w i l l cause more t u r b u l e n c e than a w i r e r o p e , a 
c h a i n i s i n f a v o u r i n t h i s a s p e c t . 
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Chapter IV 

WAVE ENEFv~Y 

U»l INTRJDDUCnQN. 

Wave energy i s a d e r i v a t i v e of s o l a r energy i n p u t t o t h e 
e a r t h , which i s accumulated on open water s u r f a c e s by the 
a c t i o n s o f t h e w i n d . The w o r l d - w i d e wave power r e s o u r c e s can 
be r e l a t e d t o the d i s t r i b u t i o n o f w i n d s . Since e a r l y i n t h i s 
c e n t u r y t h e r e has been no l a c k o f i d e a s on how t o r e c o v e r 
wave energy f o r u s e f u l purposes. I n a c l a s s i c 1892 paper, 
S t a h l p r e s e n t e d an e x h a u s t i v e a n a l y s i s o f mechanical con­
c e p t s f o r wave energy c o n v e r s i o n . His c l a s s i f i c a t i o n i s sum­
marized i n f i g u r e 35 . 

F i g u r e 35: I l l u s t r a t i o n o f t h e v a r i o u s k i n d s of d e v i c e s 
which can use t h e motions of waves t o develop power (from 

S t a h l , 1892) . 

Leishman and Scobie e s t i m a t e d t h a t from 1856 t o 1973 over 
340 B r i t i s h p a t e n t s were g r a n t e d on wave-powered g e n e r a t o r s . 
Many of th e s e p a t e n t s show t h a t t h e concept o f c o n v e r s i o n i s 
s i m p l e b u t n o t n e c e s s a r i l y s t r a i g h t f o r w a r d i n e n g i n e e r i n g 
d e s i g n and emplantment. A reason f o r t h e i n t e r e s t i n wave 
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energy i s t h e c h a l l e n g i n g p o t e n t i a l of vave energy c a r r i e d 
w i t h i n t h e waves. Using l i n e a r wave t h e o r y , p r o m i s i n g e s t i ­
mates o f a v a i l a b l e wave power can be made. As can be seen i n 
f i g u r e 36, energy from waves i s a v a i l a b l e t o some degree 
n e a r l y everywhere a t sea, though some r e g i o n s a re more f a ­
v o r e d t h a n o t h e r s i n t h i s r e g a r d . 

.—Annual wave enorpy, in megawatt-hours per meter of wave erf ' 
length, for various specific areas. ( F r o m Le i shmnn nnd Seobie, 1970.) 

F i g u r e 36: G e o g r a p h i c a l d i s t r i b u t i o n of wave power r e ­
sources . 

Wave energy f a c i l i t i e s a r e most l i k e l y t o be s i t e d a l o n g t h e 
c o a s t l i n e , where l o g i s t i c s u p p o r t can be p r o v i d e d more ea­
s i l y . T h i s has a n o t h e r advantage s i n c e most of t h e n a t i o n s 
energy i s g e n e r a t e d and consumed by c o a s t a l s t a t e s . The 
h i g h e s t c o n c e n t r a t i o n o f energy p l a n t s i s i n t h e c o a s t a l 
a r e a . For convenience t h e p o t e n t i a l wave power d e n s i t i e s f o r 
t h e remote ocean r e g i o n s are shown i n t a b l e 5. 

Tabl e 5. 

Wave power d e n s i t y l e v e l s f o r t h e remote ocean r e g i o n s . 
IFrom Connors. Morrison, Mow. and Sailer. 1976] 

Wave power density 

Average of 4 
Average power per midseason month midseason 

(megawatts per kilometer) months 
(megawatts 

Subregion May August November February per kilometer) 

A — r a ' North Atlantic Ocean 30 «0 30 30 3 2 . 5 
6—Mid-North Atlantic Ocean 30 22 50 40 3 5 . 5 
C—Car ibbean. __ 3 3 21 30 14. 3 
D—West Indian Ocean _ 3 30 3 3 9 8 
[ — E a s t Indian Ocean 3 30 3 3 9. « 

3 3 1? 12 7. 5 
G—Mid-Pacific Ocean 13 3 22 13 12. 8 
H—North Pacific Ocean. _ 30 3 60 30 30. t 
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However, l i n e a r wave t h e o r y i s t o o much s i m p l i f i e d . As 
everyone knows waves a r e i r r e g u l a r i n s i z e and f r e q u e n c y . 
Taken i n t o account t h i s f e a t u r e of waves, i n d i c a t e s t h a t t h e 
p r e d i c t e d p o t e n t i a l of energy u s i n g l i n e a r wave t h e o r y i s an 
o p t i m i s t i c p r e s e n t a t i o n of wave energy r e s o u r c e s . F u r t h e r 
t h i s f e a t u r e of waves c o m p l i c a t e s t h e wave energy e x t r a c t i o n 
a l o t . 

I t i s c l e a r t h a t l o n g and h i g h waves are t h e most im p o r ­
t a n t energy c a r r i e r s . So, i t seems p r o m i s i n g t o s t a t i o n wave 
energy c o n v e r t e r s a t s i t e s where l o n g and h i g h waves f r e ­
q u e n t l y o c c u r . However, h i g h waves g i v e r i s e t o c o m p l i c a t e d 
c o n s t r u c t i o n problems o f t h e c o n v e r t e r s . The c o n v e r t e r s 
have t o be capable of w i t h s t a n d i n g t h e tremendous f o r c e s as­
s o c i a t e d w i t h o c c a s i o n a l storm waves. The a s s o c i a t e d mooring 
f o r c e s have a s i g n i f i c a n t b e a r i n g on the f e a s i b i l i t y of 
wave energy c o n v e r t e r s . On t h e o t h e r hand, c o n v e r t e r s s i t e d 
a t p r o t e c t e d s i t e s must cover a l a r g e s u r f a c e area t o ex­
t r a c t an amount of energy comparable t o t h a t of c o n v e r t e r s 
s i t e d a t rougher seas. So f a r r e s e a r c h has not g i v e n a 
pr o p e r i n d i c a t i o n o f t h e most s u i t a b l e s i t e c o n d i t i o n s . 

A n o t h e r problem i s t h e l a c k of wave data f o r proposed 
s i t e s , e s p e c i a l l y measurements of wave d i r e c t i o n s . 

No f i n a l c o n c l u s i o n s c o n c e r n i n g wave energy can be drawn 
y e t , b u t u n d i s p u t a b l e f e a t u r e s o f wave energy a r e : 

1 . The p o t e n t i a l o f wave energy i s enormous, b u t d i ­
l u t e d . 

2. Wave power i s an i n e x h a u s t i b l e r e s o u r c e . 

3. Wave power cannot p r o v i d e a quaranteed source o f 
power. 

. Cost o f a wave power g e n e r a t i n g system tend t o be 
h i g h . 

•4.1.1 The e x t r a c t i o n chai_n 

Now t h e a t t e n t i o n w i l l be d i r e c t e d t o t h e energy e x t r a c t i o n 
i t s e l f and t o t h e u t i l i z a t i o n of t h e e x t r a c t e d energy. The 
problem of energy e x t r a c t i o n i s g i v e n i n t h e f i g u r e below. 
The number of elements of t h e c o n v e r s i o n c h a i n depends on 
the s c a l e o f . t h e p r o j e c t . C l e a r l y every element of t h e 
c o n v e r s i o n system i r j t r c u u c e s l o s s e s . So optimum e f f i c i e n c y 
i s g a i n e d i f t h e c o n v e r s i o n c h a i n i s m i n i m i z e d w i t h r e s p e c t 
t o t h e number of el e m e n t s . An advantage cf s r a l l s c a l e 
p r o j e c t s i s t h a t they enable a more d i r e c t energy 
c o n v e r s i o n . B e s i d e s , i n a d i s t a n t r e g i o n , s n a i l s c a l e wave 
energy c o n v e r s i o n may be l e s s e x p e n s i v e than c o n v e n t i o n a l 
energy s u p p l y . So, any st a t e m e n t w i t h r e g a r d t o wave energy 
c o n v e r s i o n depends on both t h e s c a l e o f t h e p r o j e c t and the 
s i t e c o n d i t i o n s . G e n e r a l l y , l a r g e s c a l e e x t r a c t i o n i s not 
recommended: f i r s t of a l l , i t can not compete w i t h o t h e r 
energy s u p p l i e s , b e s i d e s , i t imposes l a r g e problems on t h e 
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D u c k M e c h a n i c a l E l e c t r i c a l C a b l e E l e c t r i c i t y 

^ R a f t H y d r a u l i c C h e m i c a l 

P ipe l ine 

s u p p l y 

— o w e P n e u m a t i c T h e r m a l P ipe l ine C h e m i c a l s 

R e c t i f i e r M e c h ^ H y d H y d r a u l i c T a n k e r F u e l 
e t c 

W A V E S C O N V E R T E R P R I M A R Y C O N V E R S I O N T O T R A N S M I S S I O N U T I L I S A T I O N 

P O W E R T R A N S M I S S I O N T O S H O R E O F E N E R G Y 

T A K E - O F F M E D I U M 

F i g u r e 37: I h e e x t r a c t i o n c h a i n . 

d e s i g n o f t h e c o n v e r s i o n c h a i n . A f a i r l y d e t a i l e d s tudy of 
t h i s o p t i o n i s p r e s e n t e d i n t h e Energy Paper number U2 
p r e s e n t e d by t h e department of energy (U.K.) ( b i b l i o g r a p h y 
n r . 9) . 

U.2 WAVE ENERGY RECOURCES COMPARED WITH PRESENT 
ENÈÜGY CONSUMPTION 

I n o r d e r t o get an i n s i g h t i n t h e p o s s i b l e meaning of wave 
energy i t i s necessary t o i n v e s t i g a t e i t s r e s o u r c e p o t e n t i a l 
and t he energy c o n s u m p t i o n . These s u b j e c t s a r e judged d i f ­
f e r e n t l y by a u t h o r s on wave energy. The o p i n i o n of S a l ­
t e r ( 1 9 7 6 ) i s the most o p t i m i s t i c one. At t h e "Energy from 
Oceans Co n f e r e n c e " , j a n . 1976, S a l t e r s a i d : 

I n s t r u m e n t o b s e r v a t i o n s o f waves i n B r i t i s h wa­
t e r s , made by Draper o f t h e E r i t i s h Oceanographic 
Data S e r v i c e , i n d i c a t e d t h a t t h e average power 
d e n s i t y i n t h e N o r t h A t l a n t i c i s about 80 KW/m. 
WorK i n pro g r e s s by M o l l i s o n and Buneman u s i n g 
more r e f i n e d t e c h n i q u e s suggests t h a t i t i s a c t u ­
a l l y more t h a n 90 KW/m. The peak supply i s i n t h e 
win t e r . 

V i s u a l o b s e r v a t i o n s from arcund t h e w o r l d have 
been c o l l e c t e d by Le w i s , Hogben and Lumb. They 
show t h a t power d e n s i t i e s i n open oceans a r e 
n e a r l y always g r e a t e r t h a n 10 KW/m. Draper p r e ­
s e n t s a t a b l e which shows t h a t a f e t c h o f 100 Km 
i s s u f f i c i e n t t o produce l a r g e enough waves t o be 
wo r t h h a r v e s t i n g . 

N o r t h A t l a n t i c waves on a 500Km f r o n t c o u l d 
produce a l l t h e e l e c t r i c i t y now used i n t h e U.K. 
I f ways can be found of t r a n s p o r t i n g energy from 
o f f s h o r e s t a t i o n s t o t h e shore t h e n t h e w o r l d wave 
power p o t e n t i a l i s s e v e r a l t i m e s t h e p r e s e n t w o r l d 
demand f c r a l l forms o f e n e r g y . 

A l e s s o p t i m i s t i c p o i n t of view can be fou n d i n "Energy 
from t h e Ocean", Science P o l i c y Research D i v i s i o n , Congres­
s i o n a l S e r v i c e , L i b r a r y of c o n g r e s s , 1978: 
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The energy i n ocean waves i s b e i n g d i s s i p a t e d 
and renewed a t t h e c o n t i n u i n g r a t e of about f i v e 
o i i l l i o n megawatts, t h i s i s t h e t h e o r e t i c a l 
e x t r a c t i o n l i m i t i f wave energy c o n v e r s i o n i s t o 
be a renewable p r o c e s s . The p r a c t i c a l l i m i t 
however, i s much l e s s s i n c e wave energy c o n v e r s i o n 
f a c i l i t i e s must be l o c a t e d where t h e y can be 
s u p p o r t e d l o g i s t i c a l l y and where they a r e t o be 
b e n e f i c i a l t o n o t - t o o - f a r d i s t a n t c e n t e r s o f 
p o p u l a t i o n . I n a view o f t h e s e and o t h e r 
r e s t r i c t i o n s , a p r a c t i c a l l i m i t t o wave power 
would p r o b l a b l y n o t exceed about t e n percent of 
t h e t o t a l renewable power, i . e . , about 500,000 
megawatts. At t h i s r a t e , n e g l e c t i n g t h e e f f i c i e n c y 
o f t h e c o n v e r s i o n d e v i c e s , t he annual worldwide 
energy p r o d u c t i o n from ocean waves c o u l d be about 
f o u r b i l l i o n k i l o w a t t - h o u r s . T h i s i s small 
compared w i t h o t h e r energy r e s o u r c e s . See t a b l e 
6 . 

T a b l e 6. 

Type 

T o t a l e s t i m a t e d ocean r e s o u r c e s . 
— T O T A L ESTir.'.ATED OCLAN ENERGY R E S O U R C E S 

Total potential Cunent utilization 

— T O T A L ESTIMATED OCEAN. POWER IN MEGAWATTS 

(Based on 1 yr's utilisation) 

Total 
potential 

Megawatts for 
30 yr 

Cunent 
utilization 

Ocean thermal Conversion 10.000,000 MW _ None. 
Ocean wave power 500,000 MW Negligible. 
Ocean curienl power 50,000 MW __ None. 
Ocean tidal power 200,000 MW 248 MW. 
Ocean w.nd power 170,000 MW (United Slates) _ . Negligible. XJlJLl 
Sahn'ty giad.ent power 3,540,000 MW _. None. 
Ocean byconversion. 770.000 MW Negligible. 
Continental Shell oil reserves _ 172,800.000,000 barrels _. 3,296,000,000 barrels pel year . 
Continental Shell oil resources - 520,000,003,000 barrels 
Continental Shell gas reserves 16S,5M.OO0,O00,OO0 t l ' 9,532,000,000,000 tt ! per year _ 
Continental Shell j a s resources 2,693,300,000.000,000 ft' - - - - -
Offshore geopressuit-d gr-olhermal e n e r g y . . . 3,000,000 MW (United States) None. XU-S1 
onshore coal resources. 508,300,000.000 tons 33,500,000 tons per year 
Otlshore oil shale resources 1,000,000,000,000 barrels (oi l) None. 
Offshore tar sands resources _ 200.000.000.000 barrels (oil) Do. 
Offshore uranium resources 29,400,000,000 g U=" _ Do. 

Note. The United States consumes over 6,000,000,000 barrels ol oil and about 21,000,000,000,000 ft 1 of gas per year. 

• Negligible. 

Note: Total U.S. p c * " capability equals 2,000,000 MW. Total U.S. electrical power capability equals «0 .000 Mw . 
llal world power capability equals 1,200,000 Mw. Projected world (.owe; capability needed ir. year 2000 ec^als 15,000,000 

io, ooo, 
500, 

50, 
200, 
170, 

3, 540, 
770, 

33, 500, 
101, 000, 

5,600, 
89, 000, 

3. 000, 
499, 000, 
194, 000, 

36, 800, 
77, 200, 

000 ___ 
000 
000 
000 
000 __ 
000 . _ . 
000 
000 1,116,000 
000 3, 366, 000 
000 186,000 
000 2, 966, 000 
000 100,000 
000 16,633,000 
000 6, 466, 000 
000 1, 293, 000 
000 2, 573, 000 

1,056,330,000 

Tc: 
Mv, 

None 
( ' ) 

None 
248 
(>) 

None 
( ' ) 

640, 000 
310,000 

None 
32.900 

None 
None 
None 

983,148 

T a b l e 7. 

C o n v e r s i o n t a b l e : kWh and o t h e r u n i t s o f energy 

Unit kwh j Cal W-yr Btu 

1 Nowatt-houf (kwh) 
CeiMl! 1 3 . 6 0 X 1 0 ' 8 . 6 0 X 1 0 ' 0.114 3,410 

'• ,0-iie ( I ) rquals 2 . 7 8 X 1 0 - ' 1 .239 3 . 1 7 x 1 0 - ' 9 .48X10-" 
I ca'one (cal) equals 1 . 1 6 X 1 0 - ' 4.18 1 1 . 3 3 x 1 0 - ' 3 . 9 7 X 1 0 - ' 
1 w.ilt-vcai (w-yr ) equals . 8.77 3 . 1 6 X 1 0 ' 7 . 5 4 X 1 0 ' 1 2 . 9 9 x 1 0 ' 
i bu l sh thermal unit 

(Btu) equals 2 . 9 3 X 1 0 ^ 1054 252 3 . 2 1 X 1 0 - ' 1 

i r.ctric Inn of coal 
( - I C S ) welds 8,600 3 .10X10 '» 7 . 4 0 x 1 0 ' 981 2 . 9 3 X 1 0 ' 

1 barreltti l) l)0l oi l ( = 42 
r » l ) y e , d s 1700 6 . 1 2 X 1 0 ' 1 .46X10 ' 194 5 .80X10* 

1 cubic fool ( IP) of natu­
ral , a s yirliis .29 1 . 0 S X I 0 * 2 . 5 2 X 1 0 ' .033 1,000 

l f r a - n ( S ) o l l l » » y i e i d s . . 2 . 3 0 X 1 0 ' 8 . 2 8 X 1 0 ' C 1 .98X10 1 " 2,620 7 . 8 4 X 1 0 ' 
1 Kram (£) of deuterium 

yields 6 . 6 0 X 1 0 ' 2 . 3 8 X 1 0 » 5 . 6 8 X 1 0 " 7 . 5 3 x 1 0 s 2 . 2 5 X 1 0 ' 

F r o m : Wilson, Richard I W.llam J . Jones, "Energy, Ecology, and the Environment," Academic P u n , Inc., 1974. 
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Comparing t h e l i m i t o f wave energy c o n v e r s i o n t o t h e U.S. 
a n n u a l o i l and gas consumption ( i . e . 6.00 0,000.000 b b l o i l 
and 21,000,000,000,000 f t 3 g a s ) : 

o i l : 6*10' b b l * 1700 = 10. 2 * 10 KWh 
gas: 21*10" f t * 0.29 = 6.09 « 10 u KWh 

+ 
16.3 * 10'2 KWh per year 

Wave energy: 0.004 * 10 1 2 KWh per year 

So t h e t o t a l wave power a t t h e c o a s t l i n e s a l l over t h e w o r l d 
i s a b out 25 % o f the U.S. o i l and gas c o n s u m p t i o n . 

I n t h e near t e r m , t h e most a v a i l a b l e and e c o n o m i c a l l y and 
t e c h n i c a l l y e x p l o i t a b l e ocean energy r e s o u r c e i s o i l and gas 
from t h e c o n t i n e n t a l s h e l v e s . The o f f s h o r e o i l and gas r e ­
s o u r c e base i s v e r y l a r g e and the t e c h n o l o g i e s and economics 
of i t s development have been demonstrated t h r o u g h o u t t h e 
w o r l d f o r a number of y e a r s . 

So, ocean energy from renewable sources w i l l not become a 
s i g n i f i c a n t s o u r c e of t h e w o r l d energy s u p p l y , but c o u l d be 
of major l o c a l i m p o r t a n c e i n p a r t i c u l a r l y f a v o r a b l e areas 
where t h e r e s o u r c e p o t e n t i a l i s s i g n i f i c a n t o r where conven­
t i o n a l energy systems a r e n o t a v a i l a b l e o r f e a s i b l e . 

I n t h e l o n g t e r m , t h e e x p l o i t a t i o n o f renewable oceanic 
power s o u r c e s may r e s t on t h e i r economic competiveness when 
a l l i n t e r n a l and e x t e r n a l c o s t s o f c o n v e n t i o n a l energy 
sources are p r o p e r l y assessed. The u n c e r t a i n a v a i l a b i l i t i e s 
and i n c r e a s i n g c o s t s of f o s s i l f u e l s , t o g e t h e r w i t h t h e i n ­
c r e a s i n g c o s t s o f n u c l e a r power p l a n t s , c o u l d advance t h e 
t i m e when o c e a n i c power a c h i e v e s l o c a l c o m p e t i t i v e p o s t u r e . 
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Chapter V 

PONTOON 

5.1 INTRODUCTION 

s'SVyjTT/ s 7 / 7 7 J , 7 7 / t / ? t 7 7 7 7 7 7 7 7 . - 7 7 7 7 7 7 7 7 

4 • rf) 

F i g u r e 38: Pontoon b r e a k w a t e r ( a f t e r Ofuya) 

The p o n t o o n , see f i g u r e 38 , i s a massive s t r u c t u r e of r e c ­
t a n g u l a r c r o s s - s e c t i o n . I t s d e p t h of submergence depends on 
i t s mass. The concept o f t h e d e s i g n i s based on t h e c r i t e r ­
i o n of l a r g e mass. The n a t u r a l p e r i o d o f i t s h e a v i n g motion 
depends on t h e mass and t h e e l a s t i c i t y o f t h e ponto o n . The 
undamped n a t u r a l p e r i o d T n of h e a v i n g motion can be w r i t t e n 
as: 

i n w h i c h : 

2LM*MQ ] 

M : mass 
Ma : added mass i n h e a v i n g motion 
F : r e s t o r i n g f o r c e per n e t e r immersion 

An i n c r e a s e o f mass produces an i n c r e a s e i n t h e n a t u r a l per­
i o d o f o s c i l l a t i o n . But t h e m e t a c e n t r i c h e i g h t GM, which 
d e t e r m i n e s t h e s t a b i l i t y of t h e f l o a t i n g body decreases w i t h 
i n c r e a s i n g mass. T h i s f e a t u r e imposes a l i m i t a t i o n on t h e 
e x t e n t t o which t h e n a t u r a l p e r i o d of t h e pontoon may be i n -
cr eased . 
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5.2 WAVE ATTENUATION CHARACTERISTICS 

F i g u r e 39: Pontoon b r e a k w a t e r wave a t t e n u a t i o n c h a r a c t e r i s ­
t i c s ( a f t e r O f u y a ) . 

F i g u r e 39 shows a p l o t f o r C^ a g a i n s t L/d f o r v a r i o u s depths 
of s u b m e r s i o n . The occurence of * * k i n k s " i n t h e wave a t t e n u a ­
t i o n c u r v e s i n d i c a t e s t h e c o n t r i b u t i o n o f f a c t o r s o t h e r 
than mass t o f l o a t i n g b r e a k w a t e r performance. 
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Chapter V I 

DOUBLE MODULE BREAKWATER 

The d o u b l e module breakwater c o n s i s t s o f two massive u n i t s 
of r e c t a n g u l a r c r o s s - s e c t i o n which a r e r i g i d l y c onnected a t 
i n t e r v a l s . The d e s i g n a t t e m p t s t o damp waves by wave r e f l e c ­
t i o n , t u r b u l e n c e and i n t e r f e r e n c e . The d e s i g n a l s o t r i e s t o 
combine l a r g e mass and l a r g e r a d i u s o f g y r a t i o n . 

W 

1) 

F i g u r e HO: Double module ( a f t e r Ofuya) 

The pontoon and double module can f u n c t i o n as f l o a t i n g 
p i e r s as w e l l as wave dampers. I n t h a t case t h e s t a b i l i t y 
and p erformance o f the s t r u c t u r e under v a r i o u s l o a d i n g con­
d i t i o n s , t h e c o n s t r u c t i o n m a t e r i a l s , and the c h o i c e of b a l ­
l a s t would be prime c o n s i d e r a t i o n s i n the d e s i g n of the 
p i e r . 

6.0.1 F i e l d " e x p e r i e n c e 

The D i v i s i o n o f Water and Harbors o f t h e S t a t e o f Alaska 
has embarked on an a m b i t i o u s program o f h a r b o r development 
w i t h t h e a i d of s e v e r a l pontoon t y p e b r e a k w a t e r s . They de­
si g n e d t h e so c a l l e d Alaska Type F l o a t i n g Breakwater " 
which had t o meet t h e f o l l o w i n g demands: 

1. Ease o f t r a n s p o r t a t i o n . 

2. Ease o f assembly a t t h e s i t e . 

3. E f f e c t i v e a t t e n u a t i o n o f a lm wave. 
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i*. S u r v i v a l o f a 2m wave. 

The maximum wave h e i g h t d e s i r e d i n s i d e t h e s m a l l h a r b o r s i s 
d e f i n e d as 0.15-0.30m. The b a s i c module of t h i s b r e a k w a t e r 
i s g i v e n i n f i g u r e Ul . 

r 

6.4m 
(21 f f ) 

TIMBER WALE 

I 

L 4.£,7m _ J 
V ( I 5 f l ) ~l 

TYP. 

JL 
POST-TENSIONING RODS 

-TRANSVERSE THRU- RODS 

18.29m 
( 6 0 f I) 
NOM. 

PLAN 

:NEOPRENE PAD 
POST -T EN SI ONI NG RODS SECTION 

LIGHTWEIGHT CONCRETE 
?$C.4lm(l6in! 

h^h- POLYSTYRENE FOAM 
.10m 
(4in) 
TYP. 

Alaska-type floating breakwater module 

F i g u r e HI: Alaska breakwater module 

The Alaska breakwater i s f a b r i c a t e d from r e i n f o r c e d l i g h t ­
w e i g h t c o n c r e t e p i e c e s which a r e formed over a s t y r o f o a m 
c o r e . Each peace i s U.6*1.5*0.9m w i t h f i f t e e n p i e c e s j o i n e d 
t o g e t h e r t o form a module. The c o n n e c t i o n s between t he mo­
d u l e s have been t h e " A c h i l l e ' s H e e l " of f l o a t i n g b r e a kwater 
d e s i g n . The c u r r e n t d e s i g n t r e n d i s t o p o s t t e n s i o n t h e mo­
d u l e s t o form a c o n t i n u o u s s t r u c t u r e . A l t h o u g h t h e i n i t i a l 
c o s t s of t h e breakwater a re h i g h e r t h a n t h o s e o f conven­
t i o n a l a s s e m b l i n g t e c h n i q u e s , t h e f i n a l p r o d u c t s h o u l d be 
cost e f f e c t i v e . The assembly t e c h n i q u e was a d i f f i c u l t 
p r o c e d u r e t o c a r r y o u t i n f i e l d c o n d i t i o n s , t o w i n g was a l s o 
a d i f f i c u l t o p e r a t i o n e x c e p t a t v e r y low speed. 

F u l l s c a l e b r e a k w a t e r s have been i n s t a l l e d a t Tenakee 
( 1 9 7 2 ) , S i t k a (1973) and K e t c h i c a n ( 1 9 8 0 ) . The Tenakee 
bre a k w a t e r has a l e n g t h of 91m. The S i t k a b r e a k w a t e r has a 
L - c o n f i g u r a t i o n and e x t e n t s f o r over 279m. 

The p r e s e n t l o c a t i o n s a r e p r o t e c t e d from t h e ocean. The 
p r e v a i l i n g winds a t t h e s i t e s a r e n o t d i r e c t e d t owards t h e 
beam b u t t e n d t o be p a r a l l e l t o t h e b r e a k w a t e r . Fetches a re 
of t h e o r d e r o f 8km a t Tenakee and l e s s t h a n 1.6km a t 
S i t k a . The s h o r t e r l e g a t S i t k a i s open t o a l o n g e r f e t c h 
and t h e r e i s a l s o a component o f ocean s w e l l which comes 
from t h a t d i r e c t i o n . The bre a k w a t e r a t K e t c h i c a n has t h e 
l o n g e s t f e t c h of l*4Km. 
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G e n e r a l l y , s p e c i f i c a t i o n o f a r e a l i s t i c wave c l i m a t e i s 
one of t h e more p e r p l e x i n g problems f a c i n g t h e d e s i g n e r s . At 
some s i t e s , boat wake l o a d i n g may be more i m p o r t a n t than 
wind g e n e r a t e d waves. Users o f t h e A l a s k a - t y p e breakwater 
gave t h e f o l l o w i n g recommendations: 

1 . S t a n d a r d i s a t i o n o f t h e breakwater dimensions c o u l d 
l e a d t o l o w e r d e s i g n and f a b r i c a t i o n c o s t . 

2. S a f e t y l a d d e r s s h o u l d be p r o v i d e d where the f r e e ­
b o a r d i s more t h a n 0.3m. 

3. N a v i g a t i o n o r r a d a r t a r g e t s s h o u l d be p l a c e d a t 
more r e g u l a r i n t e r v a l s than those r e q u i r e d by U.S. 
Coast Guard r e g u l a t i o n s . 

U. Q u a l i t y c o n t r o l i n f a b r i c a t i o n . 

From t h e p r e v i o u s f a c t s one can co n c l u d e t h a t u s e r s o f t h e 
Alaska t y p e seem t o be q u i t e s a t i s f i e d w i t h t h e wave a t t e n u ­
a t i o n e f f i c i e n c y of t h e b r e a k w a t e r . The p r o j e c t i s seen as 
an example o f what can be accomplished i n r e d u c i n g wave 
h e i g h t s w i t h i n a g i v e n budget. I n many cases t h e f l o a t i n g 
b r e a k w a t e r enhanced o r p r o v i d e d a d d i t i o n a l h a b i t a t f o r 
b i r d s . 

6.1 WAVE ATTENUATION PERFORMANCE 

The f i g u r e s show t h a t t h e e f f e c t i v e n e s s of t h e breakwater i n 
wave damping i n c r e a s e s w i t h i n c r e a s i n g mass and s l i g h t l y de­
c r e a s i n g r a d i i of g y r a t i o n . T h i s t r e n d i s s i m i l a r t o t h a t 
of t h e p o n t o o n . 
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6.2 TRANS PORTABILITY 

A l t h o u g h ease o f t r a n s p o r t a b i l t y was e x p l i c i t l y mentioned 
i n t h e d e s i g n g o a l s , the use o f heavy l a r g e c o n c r e t e b l o c k s 
d i d n o t enhance t h i s f e a t u r e . I t i s n o t s u r p r i s i n g t h a t 
problems were r e p o r t e d when s e t t i n g o u t t h e a n c h o r s . 

6.3 COST 

Cost d a t a o f the Alaska b r e a k w a t e r a r e g i v e n i n t h e f o l l o w ­
i n g t a b l e . Note how t h e s t o r m damage a f f e c t s t h e c o s t of 
th e K e t c h i c a n b r e a k w a t e r . 

T a b l e 8. 

Cost o f A l a s k a - t y p e b r e a k w a t e r s . 

I S i t k a $ 1560 .-/m (1973) I 

ITenakee $ 1400.-/m (1972) I 

j K e t c h i c a n $ U600.-/m (1980) I 

* i n c l u d i n g s t o r m damage 
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Chapter V I I 

TWIN CYLINDERS 

7.1 INTRODUCTION 

The t w i n c y l i n d e r c o n s i s t s e s s e n t i a l l y o f two c i r c u l a r a l l u -
minium c y l i n d e r s r i g i d l y connected a t i n t e r v a l s by s h o r t 
p i p e s . See f i g u r e *43 . 

r 

MATERIAL : ALUMINUM 

OCEAN — • - HARSCUT; 

i 1 
F i g u r e *U 3: Twin c y l i n d e r ( a f t e r O f u y a ) . 

I t s d e s i g n i s an a t t e m p t t o a t t e n u a t e wave energy main l y 
t r o u g h f o r c e d i n s t a b i l i t y of the i n c i d e n t wave, t o produce 
wave b r e a k i n g and t u r b u l e n c e i n t h e gap of t h e c y l i n d e r . The 
optimum depth-of submergence a ( l ) / a ( 2 ) has been d e t e r m i n e d 
e x p e r i m e n t a l l y . For-optimum wave a t t e n u a t i o n w i t h one c y l ­
i n d e r f i l l e d , t h e submergence p o s i t i o n had a v a l u e of 
a ( 1 ) / a ( 2 ) = 0 .4 , and seemed t o be independant of t h e i n c i d e n t 
wave l e n g t h . With a f i l l i n g f l u i d o f h i g h e r v i s c o s i t y and 
d e n s i t y than w a t e r , t h e o s c i l l a t i o n c h a r a c t e r i s t i c s and 
hence i t s wave damping p e r f o r m a n c e , was c o n s i d e r a b e l y i n -
crea sed . 
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7.2 WAVE AT2ENUAÏI0Ü PERFORMANCE 

The wave a t t e n u a t i o n of t h e breakwater i s d i s c u s s e d as a 
f u n c t i o n o f wave steepness, H/L, and the r a t i o of wave 
l e n g t h t o water d e p t h , L/d. As e x h i b i t e d i n f i g u r e 44 an 
al m o s t l i n e a r r e l a t i o n s h i p e x i s t s between CL. and L/d f o r 
wave steepnesses i n the range of 0.045-0.065. 

F i g u r e 44: Twin c y l i n d e r s wave damping c h a r a c t e r i s t i c s 
( a f t e r O f u y a ) . 

For l a r g e v a l u e s of L/d t h e s t r u c t u r e i s an i n e f f e c t i v e 
b r e a k w a t e r . However f o r L/d<1.3 t h e t w i n - c y l i n d e r a c h i e v e s a 
t r a n s m i s s i o n c o e f f i c i e n t l e s s t h a n 0.5. Wave b r e a k i n g i n t h e 
gap between t h e two c y l i n d e r s appeared t o be t h e most impor­
t a n t damping mechanism f o r s m a l l v a l u e s o f L/d. F u r t h e r m o r e 
t h e b r e a k w a t e r m o t i o n s decreased c o n s i d e r a b l y i n t h e range 
of L/d i n w h i c h . t h e s t r u c t u r e was found t o be an e f f e c t i v e 
b r e a k w a t e r . 
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Chapter V I I I 

PARABOLIC BEACHES 

8.1 INTRODUCTION 

The hing e d and f l o a t i n g p a r a b o l i c beaches are made of wooden 
beams o f p a r a b o l i c shape: 

4x? 

3d 

F i g u r e 45: F l o a t i n g p a r a b o l i c beach ( a f t e r O f u y a ) . 

Wooden s l a t s of equa l s i z e a r e l a i d o v er t h e beams. See 
f i g u r e 45 . The d e s i g n a t t e m p t s t o cause wave damping by 
f o r c e d i n s t a b i l i t y of t h e i n c i d e n t wave, p r o d u c t i o n o f coun­
t e r c u r r e n t s by t h e m o t i o n o f t h e b r e a k w a t e r , and energy ab­
s o r p t i o n t h r o u g h t h e , d e f l e c t i o n o f t h e s t r u c t u r e . The p e r ­
formance of the beaches i s e v a l u a t e d i n terms of L/d and 
t h e i r p o r o s i t y . The p o r o s i t y i s d e f i n e d as t h e number of 
s l a t gaps on the beach s u r f a c e t o t h e number of s l a t s r e ­
q u i r e d t o cover t h e e n t i r e s u r f a c e . 

8.2 WAVE ATTENUATION 

Experimen t s showed t h a t a hinged p a r a b o l i c beach h a v i n g po­
r o s i t y o f 202 or l e s s can e f f e c t i v e l y a t t e n u a t e deep water 
and i n t e r m e d i a t e water d e p t h waves. A beach h a v i n g a p o r o s ­
i t y of 30% t o 50*, may be s u i t a b l e f o r damping deep water 
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waves. A beach h a v i n g a p o r o s i t y o f more than 502 i s i n e f ­
f e c t i v e as a b r e a k w a t e r . 

F i g u r e 46 shows t h a t t h e moored f l o a t i n g beach i s more e f ­
f e c t i v e than t he one hinged t o t h e b o t t o m , e s p e c i a l l y f o r 
deep water c o n d i t i o n s . T h i s d i f f e r e n c e i n performance i s 
a t t r i b u t e d t o t h e f a c t t h a t t h e f l o a t i n g beach i s i n t e r a c t ­
i n g w i t h waves i n the r e g i o n o f l a r g e k i n e t i c energy concen-
t r a t i o n s . 

8.3 MOORING CHARACTERISTICS 

Ofuya s t a t e s t h a t due t o r e p e a t e d l o a d i n g and h y s t e r e s i s o f 
th e d e f l e c t i n g wooden s t r u c t u r e i t s energy a b s o r b t i o n and 
s t r e n g t h c h a r a c t e r i s t i c s would decrease w i t h t i m e , f r a t h e r 
l a r g e modulus of e l a s t i c i t y would be needed, hence a mater­
i a l o t h e r t h a n wood would be r e q u i r e d f o r t h e c o n s t r u c t i o n 
of t h e p r o t o t y p e beach. The hinged p a r a b o l i c beach i s r e f e r ­
red t o as an academical c o n c e p t . I t i s h a r d l y s u r p r i s i n g 
t h a t no p r a c t i c a l i n f o r m a t i o n i s a v a i l a b l e . 
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Chapter IX 

PERFORATED HORIZONTAL PLATE BREAKWATER 

9.1 INTROEiyCTION 

The b r e a k w a t e r has a s i m p l e r e c t a n g u l a r geometry w i t h p e r f o ­
r a t i o n s on i t s h o r i z o n t a l p l a t e . Incoming wave energy i s 
d i s s i p a t e d t h r o u g h the p e r f o r a t i o n s . The c o n s t r u c t i o n m a t er­
i a l s a r e n o t mentioned by Raman, but the s t r u c t u r e i s as­
sumed t o be made of r i g i d m a t e r i a l s . The r e s e a r c h d e a l t o n l y 
w i t h t h e i n f l u e n c e o f t h e form o f the s t r u c t u r e on t h e wave 
a t t e n u a t i o n , f l o o r i n g f o r c e s were measured as w e l l . 
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F i g u r e 47: P e r f o r a t e d h o r i z o n t a l p l a t e b r e a k w a t e r 
( a f t e r Raman). 

9.2 WAVE. ATTENUA110N 

Exp e r i m e n t s were c a r r i e d o u t t o f i n d t h e e f f e c t o f wave 
s t e e p n e s s , r e l a t i v e l e n g t h , B/L, and r e l a t i v e d r a f t , D/d, 
of t h e breakwater on t r a n s m i s s i o n and r e f l e c t i o n c o e f f i ­
c i e n t s . From f i g u r e 46 one can see t h a t C-j- decreases w i t h 
i n c r e a s i n g wave s t e e p n e s s . T h i s o b s e r v a t i o n i s i n agreement 
w i t h o t h e r r e p o r t e d t r a n s m i s s i o n c h a r a c t e r i s t i c s . 
The r e l a t i v e l e n g t h o f t h e breakwater p l a y s a s i g n i f i c a n t 
r o l e i n the wave a t t e n u a t i o n p e r f o r m a n c e . The damping c h a r ­
a c t e r i s t i c s a r e compared w i t h t h o s e o f t h e PT-l-Module and 
w i t h t h e p r e d i c t e d c u r v e s by John's t h e o r y . See f i g u r e 49 . 
Note t h a t a drop o f r e l a t i v e b reakwater l e n g t h from two t o 
one r e s u l t s i n a c o r r e s p o n d i n g decrease of Cfc from 0.6 t o 
0.3. The b e t t e r performance of the P e r f o r a t e d H o r i z o n t a l 
P l a t e Breakwater c o u l d be due t o i t s h i g h e r p l a n area r a t i o . 
The r e l a t i v e d r a f t , D/d, o f t h e s t r u c t u r e has o n l y a minor 
i n f l u e n c e on the wave damping. As t h e r e l a t i v e water d e p t h , 
d/L, and t h e wave steepness i n c r e a s e t h i s e f f e c t becomes 
n e g l i g i b l e , as can be seen from f i g u r e 50 . 

9.3 MQQRING CHARACTERISTICS 

F i g u r e 51 shows t h e v a r i a t i o n o f t h e d i m e n s i o n a l peak moor­
i n g f o r c e F/(pgLH 2) as a f u n c t i o n o f wave s t e e p n e s s , H/L, 
f o r two v a l u e s o f r e l a t i v e d r a f t . The scope, S, had t h e va­
l u e 3.75 d u r i n g a l l t h e t e s t s . 
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F i g u r e 48: C.L as a f u n c t i o n c f wave s t e e p n e s s . 

F i g u r e 49: H o r i z o n t a l p l a t e wave a t t e n u a t i o n c h a r a c t e r i s 
t i c s compared w i t h o t h e r t y p e s , ( a f t e r Raman) . 
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F i g u r e 50: T r a n s m i s s i o n c o e f f i c i e n t as a f u n c t i o n o f r e l a 
l i v e d r a f t . 



Wove itefftviéH, H, v£ i K>9) 

F i g u r e 5 1 : Mooring f o r c e c h a r a c t e r i s t i c s as a f u n c t i o n o f 
H/L and D/d. 

Comparing f i g u r e 50 w i t h f i g u r e 51 one sees t h a t t h e r e ­
d u c t i o n o f t h e t r a n s m i t t e d wave h e i g h t i s c l o s e l y f o l l o w e d 
by an i n c r e a s e o f mooring f o r c e . Note t h a t t h e mooring 
f o r c e s on t h e onshore s i d e a r e l a r g e r than t h o s e on t h e o f f ­
s h o r e s i d e . 

9.4 TRANSPOHT^BILITY 

Because o f t h e p e r f o r a t i o n s i n t h e p l a t e , t o w i n g w i l l be 
d i f f i c u l t . 
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Chapter X 

A-FRAME BREAKWATER 

10.1 INTRODUCTION 

Massive, f i x e d b r e akwaters p r e s e n t problems o f m o b i l i t y 
and i n s t a l l a t i o n . The f i r s t f l o a t i n g b r e a k w a t e r s were de­
s i g n e d a c c o r d i n g t o t h e c r i t e r i o n of l a r g e mass, which r e ­
s u l t e d i n r a t h e r ponderous s t r u c t u r e s . Ofuya i n v e s t i g a t e d 
whether t he c r i t e r i a o f l a r g e mass c o u l d be r e p l a c e d by t h a t 
of l a r g e moment o f i n e r t i a i n v o l v i n g o n l y s m a l l i n c r e a s e of 
mass. For h i s i n v e s t i g a t i o n , Ofuya made use of t h e A-frame 
b r e a k w a t e r which c o n s i s t s e s s e n t i a l l y of a c e n t r a l t h i n v e r ­
t i c a l r i g i d c u r t a i n o f wood, and two c i r c u l a r a l u m i n i u m c y l ­
i n d e r s s y m m e t r i c a l l y l o c a t e d about a v e r t i c a l c u r t a i n . 

fi 

THW ALUMINUM PLATE 

li A»* PLYWOOD 

F i g u r e 52: The A-frame c o n f i g u r a t i o n 

The c y l i n d e r s are connected a t i n t e r v a l s by 
v e r t i c a l b o a r d . The depth of t h e v e r t i c a l 
water s u r f a c e can be v a r i e d . The h e i g h t 
above t h e water s u r f a c e i s such t h a t wave 
occur above t h e c u r t a i n . V a r i a t i o n o f t h e 
amounts t o changes o f t h e r a d i u s o f g y r a t i o n 
t u r e about a l a t e r a l a x i s t h r o u g h i t s c e n t e r 

t h i n rods t o t h e 
board below t h e 
of t h e c u r t a i n 
b r e a k i n g cannot 

c y l i n d e r s p a c i n g 
of t h e s t r u c -
o f g r a v i t y . A 

c o n f i g u r a t i o n w i t h more c y l i n d e r s i s a l s o p o s s i b l e , 
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10.2 WAVE^ITENUATION CHARACTERISTICS 

10.2.1 I n f l u e n c e of m o o t i n t j l i n e l o c a t i o n and of_ freguency_ 

Two d i f f e r e n t a t t a c h m e n t p o i n t s o f the m o o r i n g - l i n e were 
t e s t e d . The method o f mooring which caused t h e l a r g e s t Ĉ. 
v a l u e s was abandoned because t h e system caused more i r r e g u ­
l a r and j e r k y breakwater m o t i o n s . See f i g u r e 53. 

F i g u r e 53: I n f l u e n c e of mooring l i n e l o c a t i o n and o f f r e ­
quency . 

I n f i g . 53 can be seen t h a t t h e optimum o f wave a t t e n u a ­
t i o n i s achieved f o r L/B=l ( f o r the g i v e n v a l u e s of d and 
B ) . The e x p l a n a t i o n seems t o be o b v i o u s : t h e two c y l i n d e r s 
have a d i s t a n c e o f one wave l e n g t h t o each o t h e r , so t h e 
v e r t i c a l motion of the c y l i n d e r s a r e i n the same d i r e c t i o n , 
c o n s e q u e n t l y the v e r t i c a l board remains i n a more o r l e s s 
v e r t i c a l p o s i t i o n . 

10.2.2 E f f e c t o f wave steepness 

F i g u r e 54 shows t h a t the g e n e r a l t r e n d i s t h a t de­
creases w i t h i n c r e a s i n g wave stee p n e s s . For v a l u e s o f L/B 
between 0.9 and 1.2 d e v i a t e from t h i s g e n e r a l t r e n d . T h i s 
may a t t r i b u t e d t o wave i n t e r f e r e n c e e f f e c t s . No s i m p l e r e l a ­
t i o n s h i p s a r e e v i d e n t . (See f i g . 5 4 ) . 

10.2.3 E f f e c t o f depth of v e r t i c a l c u r t a i n 

I n t h e o r y the e f f e c t of changes i n depth of the v e r t i c a l 
c u r t a i n w i l l be r e l a t i v e l y s m a l l i n deep water (when a c e r ­
t a i n d e p t h i s a c h i e v e d ) , and g r e a t e r i n s h a l l o w w a t e r . The 
measurements show t h a t i n deep water a.n i n c r e a s e of 
D/d = 0.23 t o D/d = 0.34 causes a c l e a r decrease o f Ĉ  , an i n ­
crease t o D/d=0.47 has no e f f e c t , but i n i n t e r m e d i a t e depth 
i t has e f f e c t . 
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10.2.4 Comparison 9t t h e o r y and experiment f o r and Cr 

F i g u r e 55 shows p l o t s of U r s e l l ' s "deep w a t e r " t h e o r y and 
Wiegel*s "power t r a n s m i s s i o n " t h e o r y , f o r waves t r a n s m i t t e d 
past f i x e d b a r r i e r s h a v i n g equal d r a f t s as t h e v e r t i c a l c u r ­
t a i n of t h e A-frame. E x p e r i m e n t a l r e s u l t s a r e a l s o shown. 
The t h e o r e t c a l v a l u e s a r e much more s e n s i t i v e t o changes i n 
D/d t h a n t h e y s h o u l d be. The U r s e l l t h e o r y i s good f o r 
D/d=0.25 and L/B > 1.2. But f o r D/d=0.U7, t h e t h e o r e t i c a l 
f i g u r e s are much t o o o p t i m i s t i c . 
F i g u r e 56 shows p l o t s o f t h o s e t h e o r i e s , but now f o r t h e r e ­
f l e c t i o n c o e f f i c i e n t s . The r e f l e c t i o n seems t o be much l e s s 
than t h e p r e d i c t e d v a l u e s . I t i s o b v i o u s t h a t t h e d i f f e r e n c e 
i s caused by d i s s i p a t i o n . I t may be remarked t h a t energy 
d i s s i p a t i o n appears t o be caused m a i n l y by p a r t i a l wave 
b r e a k i n g due t o t h e wave s t e e p e n i n g e f f e c t o f t h e c y l i n d e r 
on t h e seaward s i d e o f t h e system. So t h e l o n g e r t h e wave 
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F i g u r e 56: Comparison o f t h e o r y and exp e r i m e n t f o r C r. 

l e n g t h , t h e l e s s t h e energy d i s s i p a t i o n . There i s o n l y a 
v a l e a t L/B=1.2 which i s c l o s e t o L/B=l where t h e optimum o f 
a t t e n u a t i o n i s a c h i e v e d . That may be a t t r i b u t e d t o t h e 
one-wave-length d i s t a n c e between t h e c y l i n d e r s , so t h a t t h e 
v e r t i c a l board remains more o r l e s s i n a v e r t i c a l p o s i t i o n . 

10.2.5 Four c y l i n d e r A-frame 

F i g u r e 57 shows t h e wave a t t e n u a t i o n c h a r a c t e r i s t i c s of bot h 
t y p e s . Wave damping by c h a i n connected c y l i n d e r s decreases 
w i t h d e c r e a s i n g v a l u e s of E/B. T h i s may be p a r t l y a t t r i b u t e d 
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t o t h e f a c t t h a t , w i t h d e c r e a s i n g v a l u e s o f E/B, both c y l i n ­
d e r s become more l o c a t e d i n r e g i o n s of l a r g e K i n e t i c wave 
energy c o n c e n t r a t i o n . Since b o t h c y l i n d e r s move i n d e p e n ­
d e n t l y , t h e waves generated by t h e lower c y l i n d e r augment 
t h o s e produced by t h e b a s i c A-frame u n i t . At c e r t a i n v a l u e s 
of\E/B, t h e s t r u c t u r e moved towards t h e seaward d i r e c t i o n 
and hence t h e mooring c a b l e remained s l a c K . The seaward 
movement, which made t h e measurements of mooring f o r c e s d i f ­
f i c u l t , may be a t t r i b u t e d p a r t l y t o t h e i n e r t i a l e f f e c t s of 
th e l o w e r c y l i n d e r s , or perhaps, t o mass t r a n s p o r t i n the 
f l u i d due t o f i n i t e wave e f f e c t s . G r e a t e r e f f e c t i v e n e s s may 
be a c h i e v e d by w e l d i n g t h e c y l i n d e r s , as shown i n f i g u r e 57. 
U n l i k e t h e c h a i n connected t y p e , seaward movements d i d not 
f e a t u r e t h e system. The j e t e f f e c t o f f l u i d emerging from 
t h e l o w e r porous c y l i n d e r s p r o v i d e s an a d d i t i o n a l s o u r c e o f 
energy d i s s i p a t i o n . 

10.3 MOORING FORCES 

When L/B dec r e a s e s , t h e mooring f o r c e w i l l i n c r e a s e expo­
n e n t i a l l y (see f i g . 5 8 ) . The s c a t t e r i n the r e s u l t s may be 
p a r t l y a t t r i b u t e d t o th e i n f l u e n c e o f wave r e f l e c t i o n , wave 
s t e e p n e s s , v a r i a t i o n o f the damping f a c t o r , and, i n p a r t i c u ­
l a r t o t h e v a r i a t i o n o f a m p l i t u d e s of motion w i t h t i m e . The 
peaK mooring f o r c e s a r e a b o u t 1.5 t o 2 times t h e average 
f o r c e s . 
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10.(4 TRANSPORTABILITY 

No i n f o r m a t i o n about t r a n s p o r t a b i l i t y was a v a i l a b l e , but 
f l o a t i n g t r a n s p o r t does not seem t o r e q u i r e much power, con­
s i d e r i n g t h e c r o s s - s e c t i o n of t h e A-frame. S i n c e t h e A-frame 
i s a r e f l e c t i n g b r e a k w a t e r , i t i s v e r y i m p o r t a n t t h a t t h e 
d r a f t i s l a r g e enough. I f t h e A-frame b r e a k w a t e r must be 
used i n deep w a t e r , we can see i n f i g u r e 7 t h a t t h e d r a f t 
w i l l have t o be l a r g e r t h a n 0.12 L t o o b t a i n between 0.5 
and 0.6 ( t h e o r e t i c a l l y , a f t e r U r s e l l and W i e g e l ) . T h i s may 
r e s u l t i n a very l a r g e d r a f t , and hence t r a n s p o r t a t i o n p r o b ­
lems . 

10.5 COSTS 

D u r i n g 1964 and 1965 an A-frame b r e a k w a t e r was b u i l t a t 
Lund, B r i t i s h Columbia, h a v i n g a t o t a l l e n g t h o f 110m. The 
c o s t s were about $755 f o r t h e s e c t i o n s b u i l t i n 1965. The 
maintenance c o s t s have ranged between $5 t o $10 per meter 
per y e a r . 
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Chapter XI 

THE OFFSET BREAKWATER 

11.1 INTRODUCTION 

S i m p l e W a l l C o n f i g u r a t i o n 

R=L/2 

O f f s e t W a l l D e s i g n 

F i g u r e 59: Plan view o l breakwater d e s i g n . Waves approatldng 
from top o f t h e page. 

The o f f s e t breakwater c o n f i g u r a t i o n , b e i n g s t u d i e d a t 
th e U n i v e r s i t y of Texas a t A u s t i n , i n c o r p o r a t e s v e r t i c a l r e ­
f l e c t i n g s u f a c e s o r i e n t e d normal t o t h e d i r e c t i o n of wave 
p r o p a g a t i o n , and de p l a c e d from each o t h e r o n e - h a l f a wave 
l e n g t h . See f i g u r e 59. 

The o f f s e t c o n f i g u r a t i o n has the f o l l o w i n g d e s i g n con­
cept : 
A s i m p l e r i g i d w a l l w i l l e f l e c t more energy i f i t i s pene­
t r a t i n g deeper i n t h e w a t e r , t h u s t h e l e s s energy i s t r a n s ­
m i t t e d past t h e s t r u c t u r e , but t h e h i g h e r a r e t h e f o r c e s on 
t h e s t r u c t u r e . When a c t e d on by l a r g e waves, t h e f o r c e s r e ­
q u i r e d t o h o l d a r i g i d w a l l i n a f i x e d p o s i t i o n , a r e o f such 
a magnitude t h a t i t i s i m p o s s i b l e t o anchor t h e s t r u c t u r e so 
t h a t a r i g i d w a l l i s s i m u l a t e d . D i s p l a c e m e n t s and r o t a t i o n s 
of t h e f l o a t i n g w a l l w i l l o c c u r . These motions a c t t o gener­
a t e waves i n the l e e of the w a l l , r e d u c i n g i t s e f f e c t i v e n e s s 
as a b r e a k w a t e r . The o f f s e t c o n f i g u r a t i o n i s supposed t o 
reduce t h e mooring f o r c e s and t o i n c r e a s e t h e wave a t t e n u a ­
t i o n performance because of t h e s m a l l e r m o t i o n s . U n f o r t u ­
n a t e l y , i n f i e l d c o n d i t i o n s , t h e waves d i f f e r i n wave 
l e n g t h , so t h a t t h e o f f s e t i s n ot always o n e - h a l f wave 
l e n g t h . So a t e s t u s i n g w i n d - g e n e r a t e d waves i s d e s i r a b l e . 

The o f f s e t c o n f i g u r a t i o n has been p a t e n t e d . 
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11.2 WAVE ATTENUATION CHARCTERI ST ICS AND MQQRING FORCES 

11.2.1 Pe ne t r a t i o n 

G e n e r a l l y , t r a n s m i s s i o n c o e f f i c i e n t s were l o w e s t f o r the 
g r e a t e s t p e n e t r a t i o n and i n c r e a s e d as t h e r e l a t i v e p e n e t r a ­
t i o n d e c r e a s e d . When t h e wave l e n g t h was t w i c e t h e o f f s e t , 
d i f f e r e n c e s i n wave a t t e n u a t i o n performance were ve r y s m a l l . 
See f i g u r e 60 . 

F i g u r e 60: R e l a t i v e p e n e t r a t i o n t e s t s ( l e f t ) and a n g l e o f 
i n c i d e n c e ( r i g h t ) . 

11.2.2 Anchor a t t a c h m e n t 

A t t a c h i n g the mooring c a b l e s 1/6 o f t h e model h e i g h t from 
the top gave b e t t e r r e s u l t s t h a n t h e same d i s t a n c e from t h e 
botto m . 

11.2.3 Ancjlê o f i n cede nee 

The l o n g ( h o r i z o n t a l ) a x i s o f t h e model was pl a c e d a t an­
g l e s of 30 and 45 degrees t o t h e i n c i d e n t wave f r o n t s . See 
f i g u r e 60. 

11.2.4 Wind-generated waves 

Moore e t a l w r o t e : 

T e s t s on these waves i n d i c a t e t h a t t h e o f f s e t 
b r e a k w a t e r i s capable o f e x t r e m e l y good wave a t ­
t e n u a t i o n p e r f o r m a n c e , based cn va l u e s f o r mea­
sur e d wave t r a n s m i s s i o n . The s i t u a t i o n on t h e 
windward s i d e o f t h e br e a k w a t e r was c o m p l i c a t e d 
due t o t h e i n f l u e n c e o f the r e f l e c t e d waves, b u t 
t h e leeward s i d e was smooth and r e g u l a r w i t h no 
i n t e r f e r e n c e . 
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When t h e models were d e s i g n e d , a wave l e n g t h o f one f o o t was 
c o n s i d e r e d t h e d e s i g n wave l e n g t h . T e s t r e s u l t s showed t h a t 
f o r a l l t e s t s where t h e v a l u e of t h e s i g n i f i c a n t i n c i d e n t 
wave l e n g t h was l e s s t h a n o r e q u a l t o one f o o t , t h e model 
behaved w e l l . See f i g . 6 1 . The minimum v a l u e s f o r measured 
wave t r a n s m i s s i o n c o e f f i c i e n t s a r e w e l l below t h o s e r e ­
p o r t e d f o r o t h e r f l o a t i n g b r e a k w a t e r s . I n a d d i t i o n , t h i s i s 
t h e o n l y t e s t o f f l o a t i n g b r e a k w a t e r s known by t h e a u t h o r s 
(Moore e t a l . ) where wind g e n e r a t e d waves were used. The 
Binimum r e c o r d e d t r a n s m i s s i o n c o e f f i c i e n t as l i s t e d by t h e 
Navel C i v i l E n g i n e e r i n g L a b o r a t o r y was 0.20 under i d e a l con­
d i t i o n s . There i s a s i g n i f i c a n t d i f f e r e n c e between r e s u l t s 
when models are t e s t e d i n r e g u l a r m e c h a n i c a l l y - g e n e r a t e d 
waves and t h i s t e s t w i t h wind g e n e r a t e d waves. The t r a n s ­
m i s s i o n c u r v e of t h e o f f s e t b r e a k w a t e r i s compared w i t h t h e 
t r a n s m i s s i o n curve of a r i g i d w a l l . See f i g u r e 62. 
The power t r a n s m i s s i o n t h e o r y by Wiegel (2.5.3) was used t o 
d e t e r m i n e t h e c u r v e f o r t h e r i g i d s u r f a c e . The o f f s e t b r e a k ­
water d e s i g n agrees v e r y w e l l w i t h t h e i d e a l i z e d model f o r 
a l l v a l u e s up t o t h e d e s i g n wave l e n g t h . F i g u r e 62 shows 
t h a t t h e o f f s e t d e s i g n a l l o w s wave l e n g t h s up t o 1.3 t i m e s 
t h e d e s i g n b e f o r e a t r a n s m i s s i o n c o e f f i c i e n t o f 0.30 (which 
i s c o n s i d e r e d a c c e p t a b l e i n many cases) i s exceeded. 

Anchor f o r c e s were n o t measured. But t o g i v e an i d e a of 
t h e magnitude, we can use t h e a n a l y s i s f o r F 0 /F^ (see sec­
t i o n 2 . 9 ) . For example: 

case I : an o f f s e t b r e a k w a t e r w i t h a d r a f t o f U m e t e r s , a 
water d e p t h o f 15 meters and waves w i t h a p e r i o d . o f 4 sec­
onds and 3.5 meters h i g h , so t h a t t h e wave l e n g t h becomes 
24.96 m e t e r s (of f set=12 .46ro) r e s u l t s i n : 

FR = 11.19 * yA*/2 2 

= 11.19 * (1020 * 9.8) * (1 .75) /2 N/2m 
= 85.63 kN/m 

F0 = 0.25 * FR = 21.83 kN/m 
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I I I I 

O . S O .1.00 l . S O 2.00 
W a v e l e n g t h ( F t . ) 

F i g u r e 62: Comparison o f t h e o f f s e t d e s i g n w i t h a r i g i d 
s i m p l e w a l l . 

case I I : as i n case 1 , but now T=2 sec, so t h a t L=6,2M. And 
H=0.90 (max. s t e e p n e s s ) . 

F R = 3 9.36 * rA 2/2 
- 39. 36 * (1020 * 9 .8) * (0.U5) 2/2 N/2m 
= 19.92 kN/m 

Fe = 0.21 F,, = 4.09 kN/m 

I n p r a c t i c e t h e s t r u c t u r e can make s m a l l movements, which 
w i l l reduce t h e mooring f o r c e s . So t h e r e p o r t e d v a l u e s a r e 
upper l i m i t s . 

As mentioned b e f o r e , wave a t t e n u a t i o n of waves w i t h a 
wave l e n g t h o f more than 1.3 t i m e s t h e d e s i g n wave l e n g t h 
w i l l be s m a l l . T h i s r e s u l t s i n a c o n s i d e r a b l e o f f s e t l e n g t h 
r e l a t e d t o t h e l o n g e s t waves which have t o be a t t e n u a t e d . 
I n open sea, t h i s can lead t o an o f f s e t o f more than 150m. 
This c o u l d be too e x p e n s i v e . The b r e a k w a t e r i n case I I , w i l l 
not p e r f o r m w e l l f o r waves l o n g e r than say 8.5m, but h a v i n g 
a s m a l l o f f s e t l e n g t h i t w i l l be cheaper. There w i l l be a 
optimum between t h e v a l u e s found i n case I and I I . 

11.3 TRANSPORTABILITY 

There i s no e x p e r i e n c e w i t h t r a n s p o r t but t h e best way 
seems t o be f l o a t i n g t r a n s p o r t . The f e a t u r e s of t r a n s p o r t 
a r e not v e r y p r o m i s i n g i f t h e o f f s e t b r e a k w a t e r i s used f o r 
open sea c o n d i t i o n s , because o f t h e l a r g e dimensions and t h e 
i r r e g u l a r shape. 
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11 .14 COSTS 

An o f f s e t b r e a k w a t e r i s never b u i l t a t f u l l s c a l e , so t h e 
c o s t s a r e unknown. Cost a r e not very p r o m i s i n g , because of 
t h e l a r g e s i z e s and t h e i r r e g u l a r shape of t h e s t r u c t u r e . 
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Chapter X I I 

WAVE ACTIVATED TURBINE GENERATOR (POINT ABSORBER) 

12.1 INTRODUCTION 

T h i s s e c t i o n i s r e s t r i c t e d t o t h e "wave a c t i v a t e d t u r b i n e 
g e n e r a t o r " o r "WATG". T h i s t y p e has been developed i n Japan 
and i s i n l i m i t e d o p e r a t i o n a l use by t h a t c o u n t r y f o r power­
i n g n a v i g a t i o n a l buoys and l i g h t - h o u s e s . I n th e s e d e v i c e s , 
d e s c r i b e d by Masuda, t h e a i r above an i n t e r n a l f r e e s u r f a c e 
w i t h i n a p i p e i s compressed and d r i v e s an a i r t u r b i n e which 
i s c o u p l e d t o an e l e c t r i c g e n e r a t o r . Use o f n a v i g a t i o n a l 
buoys c o n t a i n i n g WATGs has s t a r t e d i n 1965 by th e Japanese 
M a r i t i m e Agency. Standard o f f - t h e - s h e l f models of t h e WATG 
w i t h c a p a c i t i e s o f 70 w a t t s , 120 w a t t s and 300 u n i t s a r e 
a v a i l a b l e s i n c e 1974. A 500-Watt d e v i c e was demo n s t r a t e d i n 
1970, and a K i l o w a t t u n i t was c o n t e m p l a t e d by Masuda. 

The r e l a t i v e l y s m a l l power o u t p u t o f th e WATGs r e s u l t s 
from t h e i r s i m p l e and i n e x p e n s i v e c o n s t r u c t i o n . The d e v i c e 
has a c e n t r a l p i p e t h r o u g h a buoy. The w a t e r l e v e l i n t h e 
p i p e changes as t h e p i p e f o l l o w s t h e up and down m o t i o n of 
t h e wave s u r f a c e . The water i n t h e p i p e s e r v e s a p i s t o n 
which compresses t h e a i r i n a chamber, f o r c i n g i t t h r o u g h 
a n o z z l e a t h i g h v e l o c i t y i n t o a s m a l l a i r t u r b i n e . D e t a i l s 
of t h e i n t e r n a l v a l v e mechanism a r e shown i n f i g u r e 63. 
The U.S. Coast Guard has been e x a m i n i n g s e v e r a l ocean energy 
c o n v e r s i o n d e v i c e s f o r p o t e n t i a l use w i t h a i d s t o n a v i g a ­
t i o n . A Japanese-made WATG buoy was t e s t e d , l o c a t e d 22.5km 
e a s t of Cape Henry, V i r g i n i a , where t h e buoy was moored i n 
water h a v i n g a de p t h of 22 m e t e r s . From Sept. 1973 t i l l 
Aug. 1974 t h e power g e n e r a t e d by the buoy has been moni­
t o r e d , d u r i n g t h i s p e r i o d t h e average ge n e r a t e d power was 
5.75W. S u f f i c i e n t b a t t e r y c h a r g i n g power was developed t o 
compensate f o r t h e power d r a i n t y p i c a l of most Coast Guard 
f l o a t i n g a i d l a n t e r n s . 

McCormicK e t a l . p e r f o r m e d an e x p e r i m e n t a l s t u d y o f a 
pneumatic t y p e wave-energy d e v i c e u s i n g a one t e n t h s c a l e 
model i n a wave t a n k ~ a t t h e U.S. Naval Academy. The measure­
ments c o n f i r m e d t h a t t h e a i r v e l o c i t y f o r o p e r a t i o n of a 
t u r b i n e , w h i c h i s e x c i t e d by b o t h t h e heaving and t h e sway 
m o t i o n o f t h e buoy, i s p r o p o r t i o n a l t o t h e water d e p t h . They 
a l s o found t h a t t h e r e i s an optimum l e n g t h of c e n t e r p i p e and 
watercolumn f c r maximum power development; t h e power i s r e ­
duced i f t h e l e n g t h i s i n c r e a s e d o r decreased from t h i s op­
timum. F u r t h e r m o r e , t h e wave power a c t u a l l y c o n v e r t e d by 
the pneumatic energy buoy was shown t o be p r o p o r t i o n a l t o 
the cube o f the water d e p t h , and t h e optimum d e s i g n i s such 
t h a t t h e w a t e r mass i n t h e c e n t e r p i p e i s a p p r o x i m a t e l y 
t w o - t h i r d s of t h e sum o f t h e buoy mass and t h e added mass. 

A d d i t i o n a l c o n c l u s i o n s from t h i s s t u d y a r e : 
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F i g u r e 63: D e t a i l s of t h e a i r v a l v e s i n t h e wave a c t i v a t e d 
t u r b i n e g e n e r a t o r (WATG). (From Masuda, 1 9 7 1 ) . 

1 . 

The optimum d e s i g n o f t h e wave-energy c o n v e r t e r i s 
one which i n c o r p o r a t e s a l a r g e c e n t e r p i p e r a d i u s 
and a l a r g e area c o n t r a c t i o n v a l u e . 

2. The wave p e r i o d a t which t h e tim e - a v e r a g e d peak 
power per wave o c c u r s can be e f f e c t i v e l y a d j u s t e d 
by c h a n g i n g t h e l e n g t h of t h e i n t e r n a l column. By 
making the c e n t e r p i p e l e n g t h a d j u s t a b l e , t h e dev­
i c e can be made s u i t a b l e f o r any wave s p r e c t r u m 
encoun t e r e d . 

3. The d e v i c e i s p r a c t i c a l f o r use on o f f s h o r e s t r u c ­
t u r e s and, i n a d d i t i o n , t o su p p l y power t o c o a s t a l 
commun i t i e s . 

I n a n o t h e r paper, McCormick, e t a l . , c o n s i d e r e d a p r e l i m ­
i n a r y d e s i g n of a pneumatic wave-energy system f o r s u p p l y i n g 
an o f f s h o r e s t r u c t u r e . They concluded t h a t , by c o u p l i n g f o u r 
of t h e proposed f i x e d pneumatic wave energy c o n v e r t e r s , a 
t o t a l t i m e averaged power between 2.6 k i l o w a t t s and 68 k i l o ­
w a t t s p er wave can be o b t a i n e d , i f wave h e i g h t s range from 
one t o f i v e f e e t h a v i n g a wave p e r i o d g r e a t e r t h a n f o u r sec­
onds. To i n s u r e a u n i f o r m o u t p u t t o p r o v i d e power d u r i n g 
p e r i o d s o f calm seas, they proposed t h e power g e n e r a t e d t o 
be s t o r e d i n b a t t e r i e s . 
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12.2 WAVE ATTENUATION PERFORMANCE 

I n t h e l i t e r a t u r e used f o r t h i s r e p o r t , t h e wave a t t e n u a t i o n 
i s n o t i n v e s t i g a t e d . A l t h o u g h energy w i l l be e x t r a c t e d by 
th e WATG, a smooth water s u r f a c e behind t h e . WATG i s un­
l i k e l y , due t o t h e c i c u l a r wave c r e s t s caused by t h e buoy, 
which w i l l i n t e r f e r e w i t h t h e l i n e a r wave c r e s t s o f t h e i n ­
c i d e n t wave. Much b e t t e r wave a t t e n u a t i o n performance can be 
expecte d i f the WATG i s changed t c a l i n e a b s o r b e r , o r i f 
s e v e r a l bouys, a r e mored c l o s e t o each o t h e r . 

12.3 MOOR ING 

No i n f o r m a t i o n about mooring was a v a i l a b l e i n the. used 
l i t e r a t u r e . Of c o u r s e , a f l e x i b l e - mooring i s needed, due t o 
th e v e r t i c a l motion o f the buoy, necessary f o r energy ex­
t r a c t i o n . Since s e v e r a l WATGs a r e a l r e a d y p u t i n t o p r a c t i c e 
and because o f t h e s i m i l a r i t y w i t h normal buoys, t h e mooring 
w i l l n o t be a d i f f i c u l t p r oblem. 

12.4 COSTS . . 

As t o l d i n t h e i n t r o d u c t i o n t h e c o n s t r u c t i o n o f t h e WATG 
i s r e l a t i v e l y s i m p l e and i n e x p e n s i v e . No f u r t h e r i n f o r m a t i o n 
was a v a i l a b l e . 
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Chapter X I I I 

WAVE TRAP 

13.1 INTRODUCTION 

The system c o n s i s t s o f a l a r g e t h i n r a t h e r impermeable 
f l o a t i n g s h e e t f i t t e d w i t h numerous a t t a c h m e n t c o r d s sup­
p o r t i n g a l a r g e t h i n v a l v e s h e e t . See f i g u r e 64. The most 
s u c c e s s f u l membrane-type c o n s i s t s -of a f l o a t i n g b l a n k e t a t ­
t a c h e d by f l e x i b l e l i n e s t o a second b l a n k e t . The bottom 
sheet i s v a l v e d f o r maximum r e s i s t a n c e when r i s i n g and m i n i ­
mum r e s i s t a n c e when f a l l i n g . So t h e r i s i n g and f a l l i n g t e n d s 
t o a c c e l e r a t e the l a r g e mass of water c o n t a i n e d between t h e 
s h e e t s . 

Hor i ion to l Wove Trop Ver l i co l Wo»e Trop 

F i g u r e 64: Wave Trap ( a f t e r R i p k e n ) . 

13.2 WAVE ATTENUATION 

The e f f i c i e n c y of the system was good on t h e p r e l i m i n a r y 
t e s t s on waves o f hi g h steepness because o f t h e l a r g e v e r t i ­
c a l a c c e l e r a t i o n s . Low steepness r e q u i r e d a wide t r a p t o ac­
h i e v e a s u b s t a n t i a l r e d u c t i o n i n wave h e i g h t . 
I t i s s t r e s s e d t h a t r e f l e c t i o n p l a y s a minor r o l e i n t h e 
wave a t t e n u a t i o n process. The energy i s d i s s i p a t e d i n t h e 
s t r u c t u r e . T h i s causes l a r g e i f not f a t a l i n t e r n a l s t r e s s e s . 
L i m i t e d d u r a t i o n t e s t s on s c a l e showed t h a t wave h e i g h t s 
h i g h e r t h a n one f e e t a l r e a d y caused s t r u c t u r a l damage. 

13.3 MQ0R1NG CHARACTERISTICS 

The mooring f o r c e data are o b t a i n e d under two d i m e n s i o n a l 
c o n d i t i o n s and s h o u l d be used c o n s e r v a t i v e l y . Mooring f o r c e s 
tend t o be sm a l l s i n c e wave f o r c e s a g a i n s t t h e seaward b a f -
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F i g u r e 65: Wave Trap a t t e n u a t i o n c h a r a c t e r i s t i c s 
( a f t e r Ripken) . 

f i e w i l l be balanced by f o r c e s on t h e shoreward b a f f l e . 
Mooring c h a r a c t e r i s t i c s and a f o r m u l a f o r t h e mooring f o r c e s 
a r e g i v e n i n f i g u r e 66. 
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F i g u r e 66: M o o r i n g f o r c e c h a r a c t e r i s t i c s 
(af t e r Ripken 1960) . 
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Chapter XIV 

WAVE BLANKE! 

H4.1 1NÏR0DUCII0N 

The wave b l a n k e t i s a d e s i g n c o n s i s t i n g o f a permeable 
b l a n K e t f l o a t i n g j u s t below t h e water s u r f a c e . The d e s i g n 
concept assumes t h a t t h e o r b i t and t r a n s l a t i o n v e l o c i t y o f 
th e wave w i l l f o r c e a f l o w t h r o u g h t h e permeable c o n s t r u c ­
t i o n , t h e r e s i s t a n c e s h o u l d i n d u c e energy l o s s . An a n a l y s i s 
of t h e f o r c e mechanism i n d i c a t e s t h a t both v i s c o u s and 
g r a v i t y f o r c e s may be i n v o l v e d . 

The b l a n K e t s used i n RipKens t e s t s were assembled from 
s h e e t s o f t h r e e - d i m e n s i o n a l f a b r i c - w o v e n s t i f f p l a s t i c s f i ­
b r e s v a r y i n g 0.36mm t o 0.51mm i n d i a m e t e r . The f a b r i c used 
i n wave t e s t s was d e s i g n a t e d 4 - p l y * * T r i l o K " . The b l a n K e t as­
sembly c o n s i s t e d o f two sheets o f " T r i l o K " f a b r i c . The upper 
s h e e t had a s i n e wave form, t h e lower l a y f l a t . See f i q u r e 
67. 

A p i * » e e M n | WOT* Slop. R ic ld lno W o n Slept 

a. Distortion of Wave Blanket under wave action 

F i g u r e 67: S t r u c t u r e o f t h e Wave E l a n k e t ( a f t e r R i p k e n ) . 

The two s h e e t s were l a s h e d t o g e t h e r w i t h p l a s t i c c o r d i n g t o 
form t h e u n i t b l a n k e t . 
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14.2 WAV£ A2TENUAT10N 

From h i p k e n s e x p e r i m e n t s can be concluded t h a t t h e wave a t ­
t e n u a t i o n performance i s n o t c r i t i c a l l y dependent on t h e 
s t r u c t u r e and form of t h e b l a n k e t . A b l a n k e t made o f a dense 
sponge gave e s s e n t i a l l y the same wave a t t e n u a t i o n c h a r a c t e r ­
i s t i c s . The r e l a t i v e b r e a k w a t e r w i d t h , L/B, and t h e b l a n k e t 
t h i c k n e s s proved t o be of major i m p o r t a n c e t o t h e wave damp­
i n g p e r f o r m a n c e . See f i g u r e 68. 

1 .0 
! 1 I * . i I t * Tr^k ï w l i r . W«» H/S*. 

» f 4 » , TMtl V*- I V M 
TtlH I C T - I F i . 

. L i ' . t i l -201 0.8 L 

0.6 

0.4 

0.2 

F i g u r e 68: 

• a 

- Al 

0.2 0.6 1.0 2JL 1 . k 1.8 
Wave b l a n k e t a t t e n u a t i o n c h a r a c t e r i s t i c s , 

( a f t e r R i p k e n , 1960) . 

1U.3 MOORING CHARACTERISTICS 

Mooring f o r c e data are o n l y a v a i l a t l e f o r e x p e r i m e n t a l s t u ­
d i e s c a r r i e d out by R i p k e n . They are not c o n t a i n e d i n t h i s 
r e p o r t . 

14.-4 TRANSPORTABILITY 

Since t h e s t r u c t u r e a t t e m p t s t o r e t a r d t h e wa t e r movement, 
t o w i n g w i l l be i m p r a c t i c a l . 
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Chapter XV 

THE STEREO-GRID FLEXIBLE FLOATING BREAKWATER 

15.1 INTRODUCTION 

The S t e r e o - G r i d breakwater i s . a f l e x i b l e s t r u c t u r e composed 
of p l a s t i c brocks and p i p e s . See f i g u r e 69 . 

The b a s i c i d e a s which l e d t o t h e design o f t h e breakwater 
a r e summerized as f o l l o w s : 

1 . F l e x i b l e and d u r a b l e m a t e r i a l s should be used t o 
absorb wave energy. 

2. The s u r f a c e area s h o u l d be as l a r g e as p o s s i b l e by 
c o n s t a n t w e i g t i t and volume. 

3. The s t r u c t u r e ought t o d i s p e r g e waves. 

U. The s t r u c t u r e has t o c o n s i s t o f u n i t s t o f a c i l i ­
t a t e e r e c t i o n and d i s m a n t l i n g o f t h e s t r u c t u r e . 

5. The s t r u c t u r e must be e c o n o m i c a l l y f e a s i b l e . 

The a u t h o r s s t a t e t h a t t h e f l o a t i n g b r e a kwater can be used 
t o p r o t e c t f i s h f a r m s , h a r b o r s and marine c o n s t r u c t i o n s . 
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15.2 U&VE. aïïÊNUATlpJJ ££EEQR^ANCE 

The d e s i g n o f t h e S t e r e o - G r i d b r e a k w a t e r i s such t h a t wave 
energy i s m a i n l y a t t e n u a t e d by s u r f a c e f r i c t i o n and wave r e ­
f l e c t i o n . 

To i n v e s t i g a t e optimum damping performance two s e r i e s o f 
s c a l e t e s t s were c a r r i e d o u t . The f i r s t s e r i e of t e s t s a t ­
tempted t o f i n d o u t t h e o p t i m a l v e r t i c a l p o s i t i o n o f t h e 
f l o a t i n g body. Using r e g u l a r waves o f l e n g t h s L=1.16m, 
L=0.69m and L=0.U3m and a wave steepness r a n g i n g from 
0.03-0.06m, optimum performance was found as 
h/(D+h)=0.2-0.3. T h e i n f l u e n c e o f t h e d i s t a n c e between the 
bo d i e s was a l s o i n v e s t i g a t e d . A bcdy d i s t a n c e between t h e 
s t r u c t u r e s o f K l ( b ) < 2 * l f was recommended. 

i n w h i c h : 
1 : s t r u c t u r e l e n g t h " 
1 (b) : d i s t a n c e between t h e s t r u c t u r e 5 

T h i s r e s u l t seemed t o be ind e p e n d e n t o f t h e wave c o n d i t i o n s . 
The second t e s t s d e a l t w i t h t h e form o f t h e body. The a t ­
tempt was t o make c l e a r how t h e volume, V, t h e w e i g h t , W, 
and s u r f a c e a r e a , S, c o n t r i b u t e t o t h e damping e f f e c t . Tex­
t i l e f i b e r s , p l a s t i c m a t e r i a l s and r r e t a l s were used f o r v a r ­
i o u s forms o f the body. F i g u r e 70 shows t h e damping e f f e c t 
r e l a t e d t o W ( r ) , V ( r ) and S ( r ) * ^ . I n w h i c h : 

W(r) = W1/W2 
V ( r ) = V1/V2 
S ( r ) = S1/S2 

Wl: w e i g h t of t h e body 
V I : volume of t h e body 
S I : s u r f a c e area of t h e body 
W2: w e i g h t of d i s p l a c e d water 
V2: volume of t h e d i s p l a c e d water 
S2: area o f t h e h u l l o f t h e body 

These parameters are dependent and t h e r e f o r e have s i m i l a r 
c h a r a c t e r i s t i c s . 

To summarize t h e e x p e r i m e n t s t e s t s r e s u l t s were compared 
w i t h a f o r m u l a d e r i v e d by K a t o : 

Hi 
C. = = exp [-0.5 a*b 1 

H 
I n w h i c h : 

a=5 W ( r ) + V ( r ) +0.5 S ( r ) exp (0.667) ( a form f a c t c i ) 

b = [ l - s i n h 2 k ( h - d ) / s i n h 2 k h ] * l / L 

The e x p e r i m e n t a l r e s u l t s a r e i n good agreement w i t h t h e Kato 
f o r m u l a . See f i g u r e 71 . 
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F i g u r e 70 

0 0.1 0.2 0.3 0/1 0,5 0 0.1 0.2 0.3 0.4 03 0 0.5 1.0 15 2D 
S P E C I F I C W EIGHT S P E C I F I C VOLUME S P E C I F I C S U R F A C E 

(WR) (V K)- AREA ( S R 2 / 3 ) 

The damping e f f e c t r e l a t e d t o W ( r ) , V ( r ) and 
t S ( r ) ] 3 / * . 

F i g u r e 7 1 : Kato c u r v e s f o r wave a t t e n u a t i o n p r e d i c t i o n . 

15.3 MOORING CHAKACTER1 ST1CS 

Mooring f o r c e s , F l and F2, were s t u d i e d under v a r i o u s wave 
c o n d i t i o n s . 
The r e l a t i o n between F and H i s g i v e n i n f i g u r e 72 . I n i r ­
r e g u l a r waves an i n t e r e s t i n g f e a t u r e was o b s e r v e d . Large 
mooring f o r c e s were o b t a i n e d by a b s o r p t i o n o f s m a l l s t e e p 
waves. T h i s performance needs f u r t h e r i n v e s t i g a t i o n . 
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F i g u r e 72: Mooring f o r c e c h a r a c t e r i s t i c s . 

15 .U TRANSPORTABILITY 

No e x p e r i e n c e s a r e mentioned, b u t i f t h e s t r u c t u r e i s b u i l d 
a c c o r d i n g t h e s t a n d a r d s s e t o u t i n t h e i n t r o d u c t i o n , t r a n s ­
p o r t a b i l i t y w i l l n o t be a major problem. A ve r y i m p o r t a n t 
p o i n t i n j u d g i n g t h e t r a n s p o r t a b i l i t y i s t h e way how t h e 
c o u p l i n g between t h e modules i s r e a l i z e d . The d e s i g n e r s , 
however, g i v e no i n f o r m a t i o n about t he c o u p l i n g . 
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Chapter XVI 

SALTER DUCK (ENERGY DEVICE) 

16.1 INTRODUCTION 

The Duck i s i n v e n t e d by S.H. S a l t e r and has been s t u d i e d i n ­
t e n s i v e l y a t Edinburgh U n i v e r s i t y . The o r i g i n a l d e s i g n of 
t h e DucK i s t h a t o f an energy c o n v e r t e r . The e s s e n t i a l f e a ­
t u r e o f such a ducK i s a v e r y l o n g common backbone on which 
t h e "ducks" a r e l o c a t e d . The d e s i g n o f the duck w i l l f a c i ­
l i t a t e i f t h e duck i s o n l y mentioned t o a t t e n u a t e waves and 
c o n v e r s i o n o f t h e c a p t u r e d wave energy w i l l n e t t a k e p l a c e . 
F u r t h e r work i n t h e near f u t u r e has t o cover t h e t e s t i n g o f 
hi n g e s and j o i n t s under c y c l i c l o a d s . So more l o n g term 
d u r a b i l i t y a t sea can be j u d g e d . S t i l l , many problems have 
t o be s o l v e d b e f o r e S a l t e r Ducks can be o p e r a t i o n a l . S t r u c ­
t u r a l c r i t e r i a such a s : s u r v i v a l - s t r e n g t h , f a t i q u e - 1 i m i t , 
c o r r o s i o n and l a s t but not l e a s t a n c h o r i n g , w i l l p r e s e n t 
very g r e a t p r o b l e m s . Other problems which have no e n g i n e e r ­
i n g n a t u r e need a l s o t o be c o n s i d e r e d . These r e l a t e t o f o u l ­
i n g , wave-ownership and n a v i g a t i o n a l h a z a r d s . 

16.2 WAVE. ATTENUATION PERFORMANCE AND ENERGY ABSORPTION 

The n a t u r a l " nodding" p e r i o d i s designed t o c o i n c i d e w i t h 
t h e wave p e r i o d where naximuir. e f f i c i e n c y and thus naxiniun 
wave a t t e n u a t i o n i s r e q u i r e d . 
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T h e o r e t i c a l l y , i f t h e r e s t r a i n i n g f o r c e a p p l i e d t o t h e 
ducks i s chosen c o r r e c t l y , an i n c d e n t wave i s u n a b l e t o 
d i s t i n g u i s h between duck and a d j a c e n t w a t e r . I t w i l l t r a n s ­
f e r a l l o f i t s energy t o t h e duck. L a b o r a t o r y t e s t s on s i n ­
g l e u n i t s show v e r y good e f f i c i e n c y f o r monochromatic and 
mixed s p e c t r u m waves. D i r e c t i o n a l p r o p e r t i e s of waves, how­
e v e r , have a s i g n i f i c a n t b e a r i n g on t h e d e s i g n o f t h e ducks. 
To j u d g e t h e e f f i c i e n c y o f a duck we need d i r e c t i o n a l spec­
t r a . U n f o r t u n a t e l y , t i m e i n s t r u m e n t a l measurements of wave 
d i r e c t i o n s a r e s c a r c e . D i r e c t i o n a l s p e c t r a w i l l be 
v i s u a l i z e d u s i n g "K-space d i a g r a m s " . 

2TC 
k = 

L 

Power i s g e n e r a t e d from m o t i o n s o f t h e duck r e l a t i v e t o t h e 
s p i n e . The f r o n t f a c e o f t h e duck i s chosen such t h a t t h e 
d i s p l a c e m e n t s match t h o s e o f t h e water p a r t i c l e s i n a wave. 
The r e a r f a c e of t h e duck i s c i r c u l a r and t h e r e f o r e does not 
d i s p l a c e any w a t e r . s i n c e t h e e f f i c i e n c y o f the duck de­
pends on t h e r e l a t i v e m o t i o n o f . t h e ducks t o t h e s p i n e , t h e 
n e t s p i n e m o t i o n has t o be s m a l l . C o n s t r u c t i o n a l problems 
a r i z e i f a s p i n e i s p o s i t i o n e d w i t h i t s ends on c r e s t s and 
i t s c e n t e r o v e r a t r o u g h . An advantage o f a c o n t i n u o u s back­
bone i s t h a t i t a l l o w s c o l l e c t i n g t h e power o u t p u t s o f t h e 
ducks i n a d i r e c t way. However, s t r u c t u r a l r e a l i z a t i o n o f a 
good d e s i g n o f a l o n g s p i n e i s s t i l l a p r o b l e m . I f t h e Duck 
i s o n l y mentioned t o a t t e n u a t e waves, t h e l e n g t h o f t h e l o n g 
s p i n e can be chosen i n d e p e n d e n t l y . 

• f i g u r e 74 shows t h a t t h e r e i s a maximum d i s t a n c e between two 
wave c r e s t s i n a mixed sea. 

F i g u r e 74: K-space d i a g r a m s . 
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16.3 MOORING 

Mooring of t h e Ducks i s one of t h e most d i f f i c u l t problems 
t o be s o l v e d . T e s t s i n d i c a t e d v e r y h i g h peak f o r c e s i n t h e 
mooring l i n e s . T r a d i t i o n a l mooring t e c h n i q u e s are not a p t t o 
w i t h s t a n d t h e s e f o r c e s . A b r e a k t h r o u g h i n mooring e n g i n e e r ­
i n g would be b e n e f i c i a l t o t h e development o f wave energy 
c o n v e r t e r s . 

16.U TRANSPORTABILITY 

T r a n s p o r t o f a s t r i n g o f ducks w i l l be d i f f i c u l t . The ducks 
a r e i n t e n d e d t o remain a t t h e same s i t e f o r a l o n g p e r i o d . 

16.5 COSTS 

C o n s t r u c t i o n c o s t s o f a duck w i l l be h i g h . E s p e c i a l l y i f t h e 
duck i s i n t e n d e d t o c o n v e r t wave e n e r g y . 
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Chapter X V I I 

HAGEN-COCKERELL RAFT (ENERGY DEVICE) 

17.1 INTRODUCTION 

The c o n c e p t of t h e wave c o u n t e r i n g r a f t i s developed by 
C o c k e r e l l (U.K. p a t nr ) and Hagen (U.S.A. pat nr 
4,077,213). The r a f t c o n v e r t e r c o n s i s t s o f a s t r i n g of pon­
t o o n s , moored i n l i n e w i t h t h e p r e v a i l i n g wave d i r e c t i o n . 

Pump 
Pontoon 

WAVE 
PROPAGATION 

F i g u r e 75: The Hagen-CocKerell r a f t 

Power i s e x t r a c t e d from t h e r e l a t i v e a n g u l a r movements of 
t h e a d j o i n i n g " r a f t s w i t h t h e passage o f waves underneath 
them. 

17.2 WAVE ATTENUATION PERFORMANCE AND ENERGY ABSORPTION 

The system can be made t o o p e r a t e e f f e c t i v e l y as a wide band 
o s c i l l a t o r . Model t e s t s showed o p t i m a l performance f o r a 
s t r i n g o f t h r e e r a f t s . Haren came t o t h e same c o n c l u s i o n 
u s i n g l i n e a r wave t h e o r y and s h a l l o w water c o n d i t i o n s . Under 
l a b o r a t o r y c o n d i t i o n s t h e o p t i m a l d e s i g n , h a v i n g dimensions 
of 100-50-9 m e t e r s , i s cap a b l e of e x t r a c t i n g energy from 
waves o f p e r i o d s f r o m about 4-15 seconds. The f a c t t h a t t h e 
e f f i c i e n c y f a l l s r a p i d l y f o r waves w i t h p e r i o d s over 15 sec-
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onds can be regarded as an advantage from the power t a k e - o f f 
p o i n t o f v i e w . From t h e damping p o i n t o f view t h i s f e a t u r e 
l i m i t s t h e wave a t t e n u a t i o n performance. O b v i o u s l y t h e s i z e 
o f t h e c o n v e r t e r depends on i t s o p e r a t i o n range. 

For t h e p r i m a r y power t a k e - o f f the r e l a t i v e a n g u l a r mo­
t i o n s a bout t h e hinges would be used t o p r e s s u r i z e sea water 
i n a h y d r a u l i c main which would l e a d t o a t u r b i n e d r i v e n 
g e n e r a t o r . 

17.3 MOORING 

Sin c e energy i s e x t r a c t e d from t h e r e l a t i v e a n g u l a r motions 
of t h e a d j a c e n t r a f t s , no p a r t o f the r a f t need be r i g i d l y 
moored. Because o f the s m a l l d r a f t , t h e i n s t a n t a n i o u s h o r i ­
z o n t a l wave f o r c e i s r e l a t i v e l y s m a l l . The moorings o f both 
an i n d i v i d u a l r a f t and o f a d j a c e n t r a f t s i n r e l a t i v e l y c l o s e 
p r o x i m i t y p r e s e n t s s i g n i f i c a n t problems t o which a t t e n t i o n 
ought t o be g i v e n . 

17.U TRANSPORTABILITY 

I f t h e r a f t s are d e s i g n e d t o 
p l i n g o f t h e r a f t s i s p r o v i d e d 

have s m a l l d r a f t s and decou-
f o r , t o w i n g w i l l be p o s s i b l e . 

17.5 COST 

Costs t e n d t o be h i g h , e s p e c i a l l y t h e c o n s t r u c t i o n o f t h e 
hi n g e s i n c r e a s e s t h e c o s t s a l o t . 
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Chapter X V I I I 

FLOATING TIRE BREAKWATERS 

18 .1 INTRODUCTION 

The f l o a t i n g t i r e b r eakwater (FTB) i s a f l e x i b l e b r e a k w a t e r , 
a l m o s t e n t i r e l y c o n s t r u c t e d o f s c r a p t i r e s . The p r i n c i p a l 
r eason f o r c o n s i d e r i n g FTB i s t h e i r r e l a t i v e l y low c o s t ($10 
- $100/m) . Users must be aware t h a t FTB are l e s s rugged and 
p r o v i d e l e s s p r o t e c t i o n than r i g i d b r e a K w a t e r s . T h e i r ex­
treme e v e n t s u r v i v a l s h o u l d a l s o be taken i n c o n s i d e r a t i o n . 
Use o f FTB s h o u l d be l i m i t e d t o s e m i p r o t e c t e d s i t e s , o r 
s h o r t f e t c h a p p l i c a t i o n s e.g. F<10km, w i t h H6 below 0.9m t o 
1.2m. 

Two t y p e s o f FTB p r e s e n t l y e x i s t as f i e l d i n s t a l l a t i o n s : 

1 . The Wave-Maze, which i s p r e d o m i n a n t l y used on t h e 
West Coast o f t h e U.S.A. 

2. The Goodyear FTB, which predominates on t h e East 
Coast o f t h e U.S.A. 

A t h i r d t y p e o f FTB, t h e P i p e - T i r e o r Wave-Guard i s i n t r o ­
duced by Harms because i t r e q u i r e s l e s s space th a n an e q u i ­
v a l e n t Goodyear FTB. F i e l d i n s t a l l a t i o n s o f t h e P i p e - T i r e 
do n o t y e t e x i s t , b u t e x p e r i m e n t s up t o f u l l s c a l e have been 
p e r f o r m e d a t the l a b o r a t o r y . 

The s t r u c t u r e s a r e shown i n f i g u r e 76. 
F i e l d e x p e r i m e n t s w i t h t h e Goodyear FTB have been examined 
t o i n v e s t i g a t e t h e e f f e c t s o f t h e FTB. I n t h e c o n c l u s i o n of 
t h e r e p o r t by Adee i t i s s t a t e d t h a t FTB designed and b u i l d 
a c c o r d i n g t o the s t a n d a r d s s e t by r e c e n t r e s e a r c h have f a r e d 
w e l l and show pro m i s e o f me e t i n g t h e i r d e s i g n g o a l s . The 
weakest area o f t h e p r e s e n t FTB-technology a r e f l o t a t i o n and 
a n c h o r i n g systems. 

18.1.1 C o n s t r u c t i o n m a t e r i a l s 

The f o l l o w i n g recommendations c o n c e r n i n g c o n s t r u c t i o n mater­
i a l s a r e made r e s u l t i n g from t h e e x p e r i e n c e s o f t h e f i e l d 
e x p e r i m e n t s . The main c o n s t r u c t i o n m a t e r i a l used i s s c r a p 
t i r e s . C o n n e c t i o n m a t e r i a l s f o r a s s e m b l i n g t h e t i r e s were 
t h o r o u g l y t e s t e d . The recommended b i n d i n g m a t e r i a l i s edged 
conveyor b e l t i n g . T h i s i s a s c r a p p r o d u c t r e s u l t i n g f rom t h e 
t r i m m i n g of new conveyor b e l t s . Conveyor b e l t i n g was found 
t o have e x c e l l e n t a b r a s i o n r e s i s t a n c e t o c h a f i n g a g a i n s t 
t i r e c a s i n g s and i t showed no s i g n s o f d e l a m i n a t i o n . I n ad­
d i t i o n c o n v eyor b e l t i n g i s i n e r t i n seawater. The b e l t i n g 
d i s t r i b u t e s t h e l o a d i n g t r o u g h o u t t h e whole system. To f a s -
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TOP VIEW OF BUNDLE AD IT IS CONSTRUCTED ON LAND. 

T C 

TOP VIEW OF BUNDLE PREPARATORY TO ATTACHMENT 
TO OTHER BUNDLES. 

F i g u r e 76: S t r u c t u r e s o f s c r a p - t i r e f l o a t i n g b r e a k w a t e r s . 

t e n t h e b e l t i n g t h e use o f n y l o n b e l t s , n u t s and washers i s 
recommended. Heavy s t e e l c h a i n i s regarded as a secondary 
c h o i c e . I n the Wave-Haze hot dippe d g a l v a n i z e d b o l t s and 
washers s h o u l d be used t o connect t h e t i r e s . To ensure f l o ­
t a t i o n f o r up t o t h e e s t i m a t e d 1 0 - y e a r - l i f e , 1 i q u i d * p o l y u -
r e t h a n e foam has t o be poured i n t c t h e t i r e crowns b e f o r e 
a s s e m b l i n g t h e modules. 
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18.2 WAVE ATTENUATION PERFORMANCE 

A FTB d i f f e r s n o t o n l y s t r u c t u r a l l y from o t h e r f l o a t i n g 
b r e a k w a t e r s . Because o f i t s p e r m e a b i l i t y t h e wave damping 
mechanism i s dominated by d i s s i p a t i o n . I n c o n t r a d i c t i o n t o 
most o t h e r f l o a t i n g b r e a k w a t e r s r e f l e c t i o n p l a y s o n l y a m i ­
nor r o l e i n wave a t t e n u a t i o n . 
T h i s f e a t u r e i s e x h i b i t e d i n f i g u r e 77 . On t h e o r d i n a t e 

t h e r a t i o o f d i s s i p a t e d energy t o r e f l e c t e d energy i s p l o t ­
t e d a g a i n s t t h e r e l a t i v e wave l e n g t h on t h e h o r i z o n t a l a x i s . 
The r e f l e c t e d energy i s o n l y 7%-20S o f t h e d i s s i p a t e d en­
e r g y , depending upon t h e r e l a t i v e wave l e n g t h L/B. T h i s r e ­
l a t i o n s h i p i s e x t r a c t e d from s c a l e e x p e r i m e n t s on t h e Wave-
Maze, b u t s h o u l d a p p l y as w e l l t o the Goodyear and P i p e - T i r e 
FTB. 

F i g u r e 77: A t t e n u a t i o n by s c r a p - t i r e s . 

I t i s i n s t r u c t i v e t o compare t h e w a v e - t r a n s m i s s i o n c h a r ­
a c t e r i s t i c s o f FTB t o br e a k w a t e r s who behave d o m i n a n t l y as 
wave r e f l e c t o r s . See f i g u r e 78 . 
E x p e r i m e n t a l data f o r t h e Goodyear FTB i n d i c a t e d t h a t a 
Goodyear FTB w i t h a beam o f B = 12D o f f e r s about t h e same 
wave a t t e n u a t i o n as a f i x e d v e r t i c a l p l a t e o f equal d r a f t , 
D. Comparing t h e t h e o r e t i c a l wave t r a n s m i s s i o n c h a r a c t e r ­
i s t i c s o f t h e - h o r i z o n t a l p l a t e w i t h t h e Goodyear FTB i n d i ­
c a t e s t h a t t h e l a t t e r l i e s a p p r c x i m a t e l y midway between 
t h a t o f a f i x e d h o r i z o n t a l p l a t e and a f l o a t i n g h o r i z o n t a l 
p l a t e . 

Wave a t t e n u a t i o n by s c r a p t i r e s i s achieved i n t h r e e ways: 

1. D e s t r u c t i o n of t h e o r b i t a l m o t i o n o f t h e wave p a r ­
t i c l e s . 

2. T u r b u l e n c e o f water p a r t i c l e s caused by open cas­
i n g s o f t h e t i r e s . 

3. D e f o r m a t i o n o f t h e t i r e c a s i n g s . 
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RG 2 — W a n T r . n i r m . a k m : (a| Paal Vort ical Plata; f » P a n Horizonta l Plata 

F i g u r e 78: F l o a t i n g t i r e b r e a k w a t e r wave a t t e n u a t i o n com­
pared t o t h a t o f a r i g i d h o r i z o n t a l p l a t e an3 v e r t i c a l 
p l a t e , f i x e d and a l s o f l o a t i n g . 

Two p r o t o t y p e - s c a l e P i p e - T i r e f l o a t i n g b r e a k w a t e r s were 
t e s t e d u s i n g r e g u l a r waves: The PT-l-Hodule c o n s t r u c t e d of 
t r u c k t i r e s and s t e e l p i p e buoyancy chambers and t h e s m a l l e r 
PT-2-Type c o n s t r u c t e d of a u t o m o b i l e t i r e s and t e l e p h o n e 
p o l e s . Wave t r a n s m i s s i o n c h a r a c t e r i s t i c s and mooring l o a d 
data were measured. The r e g u l a r waves ranged i n h e i g h t from 
0.15 t o 1.78 meters and p e r i o d s from 2.6 t o 8.1 seconds; t h e 
water d e p t h ranged from 2.0 t o 4.6 m e t e r s . The modules were 
12.2 meters wide i n t h e d i r e c t i o n o f wave p r o p a g a t i o n and 
were h e l d t o g e t h e r w i t h conveyor b e l t l o o p s . 

18.2.1 Comparing wave a t t e n u a t i o n o f t h r e e 
s c r a p - t i re ÜQating b r e a k w a t e r s 

Wave t r a n s m i s s i o n data f o r t h e PT-Breakwater a r e shown i n 
f i g u r e 79 . 
I t can be seen t h a t t h e s h e l t e r a f f o r d e d by a PT-Breakwater 
i s s t r o n g l y dependent on t h e i n c i d e n t wave. S u b s t a n t i a l p r o ­
t e c t i o n i s p r o v i d e d f r o m waves which a r e s h o r t e r t h a n t h e 
beam of the breakwater i . e . K B , but v e r y l i t t l e f r om waves 
which a r e l o n g e r than t h r e e t i m e s t h e breakwater beam. As 
t h e .water d e p t h d e c r e a s e s , t h e wave a t t e n u a t i o n performance 
i m p r o v e s . The wave damping g e n e r a l l y improves w i t h i n c r e a s ­
i n g wave s t e e p n e s s , e s p e c i a l l y f o r r e l a t i v e l y l o n g waves i n 
s h a l l o w water e.g. L>3b and d<3D. From t h e f i g u r e s i t can be 
seen t h a t t h e wave a t t e n u a t i o n o f the PT-l-Module was found 
t o be s u p e r i o r t o t h a t o f t h e PT-2-Module. 
From f i g u r e 8 1 , one can see t h a t t h e PT-l-B r e a k w a t e r p r o ­
v i d e s s u b s t a n t i a l l y more wave p r o t e c t i o n t h a n t h e Goodyear-
B r e a k w a t e r . T h i s h o l d s a l s o f o r t h e PT-2-Module, b u t f o r 
s h a l l o w e r water t h e d i f f e r e n c e i n wave a t t e n u a t i o n i s l e s s 
pronounced. The i n f l u e n c e o f water depth i s n o t of p r a c t i c a l 
i m p o r t a n c e f o r t h e Goodyear-Ereakwater i f D/d<0.4. The im­
p o r t a n c e of B/D i s even s m a l l e r f o r t h e Goodyear-Breakwater. 
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i . ï f 1 i 1— i r 

H/L «0.04 

t h e PT-Modules. 

F i g u r e 8 1 : Comparing t h e wave a t t e n u a t i o n performance of 
t h e PT-Modules w i t h t h e a t t e n u a t i o n performance of t h e Good­

ye a r . 

18.3 M0QR1NG CHARACTERISTICS 

The i n f l u e n c e o f the s t i f f n e s s o f t h e mooring system was 
i n v e s t i g a t e d u s i n g t h r e e t y p e s o f mooring c o n f i g u r a t i o n s 
l i s t e d i n t h e f o l l o w i n g t a b l e . 
For a g i v e n b r e akwater t h e peak mooring f o r c e F (on t h e sea­
ward s i d e , per u n i t l e n g t h o f t h e breakwater) was found t o 
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T a b l e 9. 

Mooring c o n f i g u r a t i o n s . 
Compliance o f mooring systems. 

Mooring system 

MS-1 MS-2 MS-3 

Type of m o o r i n g - l i n e i n s e r t * T i r e B e l t i n g B e l t i n g 
( s o f t ) ( h a r d ) ( h a r d ) 

Type of breakwater c o n n e c t i o n Pipe Pipe T i r e s on p i p e _ 
( h a r d ) ( h a r d ) ( s o f t ) 

Mooring l i n e s t i f f n e s s ( r a n k e d ) 3 1 2 

1 I n s e r t s are 6 meters l o n g ; b e l t i n g i s i n t h e form o f a l o o p 
(used double s t r e n g t h ) w i t h e l o n g a t i o n c h a r a c t e r i s t i c s under 
l o a d a p p r o x i m a t e l y e q u a l t o t h a t o f w i r e rope used. 

depend p r i m a r i l y on t h e wave h e i g h t , H, and t h e water d e p t h , 
d. The wave l e n g t h was o n l y of secondary i m p o r t a n c e . The 
f o l l o w i n g r e l a t i o n was e s t i m a t e d by Harms: 

n=1.5 f o r PT-1 
n=2 f o r Pt-2 and Goodyear-Breakwater 

18.3.1 F i e l d e x p e r i e n c e s 

F i e l d e x p e r i e n c e w i t h t h e Goodyear-Breakwater leadb t o t h e 
f o l l o w i n g recommendations. The mooring l i n e s h o u l d have a 
minimum l e n g t h of a p p r o x i m a t e l y e i g h t t i m e s t h e maximum wa­
t e r d e p t h . The anchor s h o u l d be p o s i t i o n e d seven t i m e s t h e 
maximum water d e p t h from t h e b r e a k w a t e r . Chain mooring 
s h o u l d be a t t a c h e d tö t h e b r e a k w a t e r i n a manner t h a t d i s ­
t r i b u t e s t h e load between two or more modules. 

18.U TRANSPORTABILITY 

Towing a s c r a p t i r e b r e a k w a t e r w i l l be a d i f f i c u l t o p e r a t i o n 
because o f t h e g r e a t t u r b u l e n c e c r e a t e d by t h e t i r e s . I f t h e 
o p e r a t o r p l a n s t o l i f t modules o f the s t r u c t u r e problems a t 
t h e c o n n e c t i o n s , depending on w e i g h t and s t i f f n e s s of t h e 
s t r u c t u r e , may a r i s e . One m i g h t conclude t h a t t r a n s p o r t a t i o n 
of a s c r a p t i r e i s p o s s i b l e b u t not easy. 
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18.5 £QST 

The t o t a l c o s t o f a s c r a p t i r e f l o a t i n g breakwater w i l l de­
pend t o a h i g h degree on t h e l a b o r c o s t o f a c c u m u l a t i n g and 
a s s e m b l i n g t h e t i r e s o n s i t e and t h e typ e s o f b i n d i n g and 
f l o t a t i o n m a t e r i a l s used. Harms performed c a l c u l a t i o n s 
based on " e q u a l wave p r o t e c t i o n " s i n c e t h e wave a t t e n u a t i o n 
p erformance o f t h e t h r e e t y p e s a re q u i t e d i f f e r e n t even f o r 
t h e same beam. The c o s t of t h e mooring systems were n o t i n ­
c l u d e d s i n c e they a r e i n h e r e n t l y s i t e dependent. Harms c a l ­
c u l a t e d t h a t PT-Breakwater c o s t i s s i g n i f i c a n t l y s m a l l e r 
t h a n t h o s e f o r t h e Goodyear and Wave-Maze f o r t h e same de­
gree o f wave p r o t e c t i o n . The Wave-Maze concept was found t o 
be t h e most e x p e n s i v e . On t h e o t h e r hand, i t has perhaps t h e 
l o n g e s t l i f e - t i m e and t h e g r e a t e s t extreme event s u r v i v a l 
c a p a c i t y . 

18.5.1 Wave-Maze Cost 

The e s t i m a t e d c o n s t r u c t i o n c o s t f o r t h e Wave-Maze i s about 
$U8/m 2. A r o y a l t y f o r t h e use o f t h i s p a t e n t adds about t e n 
p e r c e n t t o t h e c o n s t r u c t i o n c o s t . 

18.5.2 EIzBreakwatex c o s t 

Major c o n s t r u c t i o n components f o r t h e PT-Breakwater and 
t h e i r r e s p e c t i v e c o s t a r e l i s t e d i n t a b l e 10 . Note t h a t 
t h e s t e e l p i p e a c c o u n t s f o r n e a r l y 60S o f t h e c o s t . The t o ­
t a l components c o s t amounts up t o $19.60 per square meter 
b r e a k w a t e r . 

T able 10. 

Cost e s t i m a t e s o f PT-Breakwater components. 
Module d imens ions : 3.7 by 12.2 • (B - 12 .2 m) 

M a t e r i a l s : Truck t i r e s ( 9 . 0 0 - 1 8 and 10 .00-20) 
S t e e l pipe (41-cm-diaiaeter s t e e l - p i l e pipe) 
Conveyor-be l t m a t e r i a l ( t h r e e - p l y , 14 by 1.3 cm) 
Nylon b o l t s , washers , and nuts (13 trrn) 

Item Quant i ty Un i t c o s t T o t a l cost C o s t / m 2 

S t e e l pipe 12.2 m $43.00 5524.60 $11.60 

Folyurethane foam 
(pipe plus 20 percent of t i r e s ) 

2.4 m 3 75.00 180.00 4 .00 

Tying m a t e r i a l 
(conveyor b e l t ) 

94 n 1.15 108.10 2 .40 

T i r e s 
( t r a n s p o r t a t i o n c o s t ) 

176 0 .25 44 .00 1.00 

Uylon b o l t s , washers , and nuts 80 0 .35 28 .00 0 .60 

Cost of breakwater $19.60 
(exc luding mooring system and assembly) 
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18.5.3 Cost of t h e Goodyear-Breakwater' ' 

The c o s t o f a Goodyear-Breakwater can v a r y s u b s t a n t i a l l y 
from s i t e t o s i t e , depending on t h e c o u p l i n g m a t e r i a l used, 
t h e r e s e r v e f l o t a t i o n p r o v i d e d , t h e mooring system deployed 
and t h e l a b o r a v a i l a b l e . However, some i n d i c a t i o n s o f r e l a ­
t i v e c o s t p er square meter o f s u r f a c e area a r e p o s s i b l e by 
s e p e r a t e l y e x a m i n i n g s a l t water and f r e s h water s i t e s . For 
s a l t water s i t e s t o t a l c o s t v a r i e d from $9.59/m 2 t o 
$44.50/m 2 w i t h an average c o s t o f $26.87/ro 2. For f r e s h water 
l o c a t i o n s t o t a l p r o j e c t c o s t v a r i e d from $6.01/m 2 t o 
$15.03/m 2 w i t h an average c o s t o f $10.28/m 2. 

Tab l e 1 1 . 

Goodyear b r e a k w a t e r c o s t . 

COST | r * /_ 9 i i SALT | FRESH 

MIN | 9.59 | 6.01 

MAX | 144.50 | 15.03 

AVERAGE | 26.70 | 10.28 

A d d i t i o n a l c o n s i d e r a t i o n s i n t h e c o s t o f a f l o a t i n g b r e a k ­
water a r e t h e l e a d time r e q u i r e d t o o b t a i n a p e r m i t f o r i t s 
i n s t a l l a t i o n and t h e d e s i g n l i f e of t h e s t r u c t u r e . 

T a ble 12. 

Goodyear-Breakwater c o s t data ( a f t e r Harms). 

LEADTIMEI DESIGN-LIFE | DISPOSAL COST | MAINTENANCE COST 

[months ] | [ y e a r s ] | [ J/m2 -1980] | [ p e r c e n t o f t o t a l 
c o n s t r u c t i o n c o s t \ 

MIN | 1 | 2.16 | 2.2 

MAX | 13 1 6.31 | 18.2 

AVERAGE | 5 | 4.88 | 
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Chapter XIX 

TETHERED-FLOAT BREAKHATER 

19.1 INTRODUCTION 

The t e t h e r e d - f l o a t b r e a kwater i s c o n s t r u c t e d of a l a r g e 
number o f v e r y buoyant f l o a t s , each w i t h a c h a r a c t e r i s t i c 
d i m e n s i o n a b o u t e q u a l t o t h e wave h e i g h t . The f l o a t s are i n ­
d e p e n d e n t l y t e t h e r e d a t or below t h e water s u r f a c e . I n i ­
t i a l l y , t h e concept was developed f o r a w a t e r depth many 
t i m e s t h e f l o a t d i a m e t e r ; l a t e r a b o t t o m - r e s t i n g concept was 
d e v e l o p e d f o r s h a l l o w w a t e r . The f l o a t s move as a r e s u l t o f 
t h e wave p r e s s u r e g r a d i e n t ; t h e dominant a t t e n u a t i o n mechan­
ism i s d r a g r e s u l t i n g f r o m t h e buoy m o t i o n . 

PLAN VIEW 

F i g u r e 82: D e f i n i t i v e s k e t c h of a t e t h e r e d - f l o a t b r e ak-
- w a t e r . 

Many f l o a t i n g b r e a k w a t e r s r e l y on r e f l e c t i o n o r t u r b u ­
l e n c e g e n e r a t i o n t o d i s r u p t t h e wave o r b i t s and a t t e n u a t e 
wave e n e r g y . The energy d i s s i p a t e d by f r i c t i o n (drag) i s 
n o r m a l l y a s m a l l conponent o f t h e t o t a l wave e n e r g y , s i n c e 
t h e r e l a t i v e v e l o c i t i e s between t h e breakwater and t h e f l u i d 
p a r t i c l e s a r e low. „However, t h e d r a g power i s p r o p o r t i o n a l 
t o t h e cube o f t h e s e r e l a t i v e v e l o c i t i e s . Hence, i f a sub­
s t a n t i a l i n c r e a s e i n r e l a t i v e v e l o c i t y can be a c h i e v e d , t h e 
energy d i s s i p a t i o n due t o d r a g may become t h e most i m p o r t a n t 
mode. T h i s c o n s t i t u t e s t h e f u n d a m e n t a l mechanism s e r v i n g t h e 
TF-breakwater as a wave energy d i s s i p a t o r . 
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The m a t e r i a l s which were used f o r - t h e t e t h e r e d f l o a t 
b r e a k w ater a r e : 
For t h e f l o a t s : s y n t a t i c spheres o r scrap t i r e s f i l l e d w i t h 
p o l y u r e t a n e foam. 
For t h e t e t h e r s : " l o w - s t r e t c h s i n g l e b r a i d p o l y e s t e r r o p e " 
0 22mm ( h i g h modulus of e l a s t i c i t y : l e s s than 3J» e l o n g a t i o n 
a t d e s i g n load) o r s t e e l t o r q u e - b a l a n c e d Angel p o l y e s t e r 
j a c k e t w i r e rope (0 12.5mm). 
Fpr t h e jloating anchor: r e i n f o r c e d c o n c r e t e , o r s t e e l 
( s c r a p r a i l r o a d r a i l s and c y l i n d r i c a l t a n k s , t o r e g u l a t e t h e 
we i g h t ) . 

There a r e e s s e n t i a l l y two s c a l e s of t e t h e r e d - f l o a t b r e a k ­
w a t e r s : t h e marina s c a l e and t h e open sea s c a l e . The p r i ­
mary d i f f e r e n c e between t h e two s c a l e s i s t h e s i z e and buoy­
ancy of t h e f l o a t s t o be used. Marina t e t h e r e d f l o a t b r e a k ­
waters a r e designed t o use f l o a t s o f about 0.30m d i a m e t e r 
(130N buoyancy); t h e open sea s c a l e uses f l o a t s up t o T.50m 
dia m e t e r (up t o 17700N b u o y a n c y ) . 

The TF-system i s n o t p a t e n t e d and i s t h e r e f o r e a v a i l a b l e 
t o commercial d e v e l o p e r s . -

Some i m p o r t a n t d e s i g n f e a t u r e s a r e : 

1 . Optimum t e t h e r l e n g t h i n deep water i s a p p r o x i ­
m a t e l y 10* o f t h e peak energy wave l e n g t h o f t h e 
spect r u m . 

2. Best performance i n deep water i s a t t a i n e d w i t h 
f l o a t s t o t a l l y submerged a p p r o x i m a t e l y one q u a r t e r 
d i a m e t e r beneath t h e s u r f a c e . Some f l o a t s must 
p i e r c e t h e s u r f a c e i n o r d e r t o p r o v i d e r e s e r v e 
buoyancy. 

3. B a l l a s t frames must be f l e x i b l y i n t e r c o n n e c t e d and 
frames must be k e p t s m a l l w i t h r e s p e c t t o t h e peak 
energy wave l e n g t h . T h i s i s necessary i n o r d e r t h a t 
b o t h frame and f l o a t s f o l l o w t h e sea s u r f a c e and 
th u s p r e v e n t emergence of f l o a t s i n t h e wave 
t r o u g h ( a v o i d i n g a s s o c i a t e d shock l o a d i n g d u r i n g 
resubmergence). 

4. A f l e x i b l e t e r m i n a t o r o r boot roust be p r o v i d e d a t 
t h e base o f the t e t h e r , i n o r d e r t o reduce b e n d i n g 
s t r e s s e s and ensure r e a s o n a b l e l i f e e x p e c t a n c y o f 
t h e t e t h e r assembly. 

5. Reasonable diameters' o f t h e TF-breakwater w i l l be 
o f t h e same o r d e r as t h e s i g n i f i c a n t wave h e i g h t . 

19.2 WAVE ATTENUATION PERFORMANCE 

To i l l u s t r a t e t h e performance c h a r a c t e r i s t i c s , Seymour 
and I s a a c s (1971) g e n e r a l i z e d t h e i n s e c t i o n 2.12.1 des­
c r i b e d p r o c e s s by s p e c i f y i n g an a r b r i t a r y s p e c t r u m , t h e P i ­
er son-Moskowitz model. The wave l e n g t h a t which t h e peak en­
ergy i s found can be used t o d e v e l o p two d i m e n s i o n l e s s r a t ­
i o s which d e f i n e t h e b r e a k w a t e r c o n f i g u r a t i o n : 
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4/Lp and d/Lp 
where: 

4>: f l o a t d i a m e t e r . 
Ipi t h e wave l e n g t h i n deep water a c c o r d i n g t o t h e 

f r e q u e n c y a t w h i c h t h e peak e n e r g y i s found, 
d : w a t e r d e p t h . 

A d i g i t a l computer s e a r c h of ,<^/Lp and d / L F s p a c e w i l l 
d e t e r m i n e t h e r e q u i r e d number of rows o f f l o a t s t o a c h i e v e a 
d e s i r e d l e v e l o f wave h e i g h t r e d u c t i o n . F o r an assumed f l o a t 
d e n s i t y o f 4 p e r c e n t , w i t h t h e a n c h o r assumed on t h e b o t t o n 
and f o r a f l o a t j u s t below t h e s u r f a c e , Seymour and I s a a c s 
have p r e s e n t e d p e r f o r m a n c e e s t i m a t i o n s w h i c h d e t e r m i n e t h e 
number of rows of f l o a t s t o p r o v i d e 755. and 50* wave h e i g h t 
r e d u c t i o n . (See f i g u r e 63} . 

ArTay s i z e f o r 75Z wave height r e d u c t i o n . Array s i r e f o r 502 wave height reduc t ion . 

F i g u r e 83: R e l a t i o n number of f l o a t s and C^ . 

C o n s i d e r a t i o n o f t h e s e r e s u l t s p o i n t s t o s e v e r a l i n t e r ­
e s t i n g c h a r a c t e r i s t i c s o f t h e TF-breakwater: 

1 . A l t h o u g h i t i s a tuned o s c i l l a t o r , t h e performance 
o f t h e b r e a k w a t e r i s r e m a r k a b l y i n s e n s i t i v e t o 
t e t h e r l e n g t h . For example, a spectrum w i t h energy 
peaked a t a p e r i o d o f 8 sec. g i v e s L=100m and s e ­
l e c t i n g (})/L = 0.035 g i v e s a d i a m e t e r o f 3.5m. 

Tabl e 13. 

Required number of rows i n r e l a t i o n w i t h Ci . 

1 r e q u i r e d number of rows 

minimum dep t h | 
h e i g h t r e d u c t i o n j 

15 m I 27 m | 55 m 

752 | 37 1 32 | 37 

50% | 19 1 17 | 19 

25% | 8 
1 

7 1 8 
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T a b l e 13 i n d i c a t e s t h e r e q u i r e d number of rows a t 
v a r i o u s water depths t o a c h i e v e each of t h e t h r e e 
wave h e i g h t r e d u c t i o n l e v e l s . Since t h e 27m depth 
i s c l o s e t o the optimum f o r t h i s c o n f i g u r a t i o n , i t 
can be seen t h a t t h e number of rows ( v a r y i n g l i ­
near w i t h c o s t s ) v a r i e s o n l y 15% over t h e dept h 
which ranged from 15 t o 55m. 

Performance improves w i t h i n c r e a s i n g d i a m e t e r , b u t 
a t d e c r e a s i n g r a t e . T h i s i s a r e s u l t o f t h e decay 
o f t h e p r e s s u r e g r a d i e n t f o r c e as t h e c e n t e r o f 
t h e f l o a t i s depressed w i t h i n c r e a s i n g d i a m e t e r . 
S i n c e the number of rows d i r r i n i s h e s w i t h i n c r e a s ­
i n g d i a m e t e r o n l y very s l o w l y f o r l a r g e d i a m e t e r s , 
two d i s t i n c t o p t i m a a r e su g g e s t e d : 

a. The number o f f l o a t s per u n i t l e n g t h i s p r o ­
p o r t i o n a l t o l / d . The t o t a l volume of t h e 
f l o a t s i s t h e r e f o r e p r o p o r t i o n a l t o t h e num­
ber o f rows t i m e s d 2 . Ey e s t a b l i s h i n g an ap­
p r o x i m a t e c o s t f o r m u l a i n v o l v i n g t h e f l o a t 
volume, i t s h o u l d be p c s s i b l e t o e s t i m a t e a 
d i a m e t e r f o r which c o s t s a r e mi n i m i z e d . 

b. The e x t e n t o f t h e a r r a y normal t o t h e s h o r e ­
l i n e i s p r o p o r t i o n a l t c t h e number o f rows 
t h a t w i l l produce the n a r r o w e s t a r r a y . 

Concept of f l o a t i n g concrete a r : t cuUted- f renr ballast cethcrrd-
f l o a l breakwater ( a f t e r Haff.cc »ne Nlchol Engineer!, O^Jr» 
toeman, end in ternat ional Korl t loc Associates, 1977), 

•r*rtn ONE 
- t K D I C * T E S T f T h t P 

ATTACHMENT POiNTj 

F i g u r e 8U : Concept of f l o a t i n g c o n c r e t e a r t i c u l a t e d -
frame b a l a s t TF-breakwater. 

Optimum performance can be ac h i e v e d f o r deep w a t e r 
c o n d i t i o n s by u t i l i z i n g a " f l o a t i n g a n c hor" as 
shown i n f i g . 84. Now t h e e n t i r e system i s a b l e 
t o f o l l o w a s l o w l y c h a n g i n g sea l e v e l such as 
t i d e s , but i s h i g h l y i n e r t i a l damped so t h a t i t 
has n e g l i g i b l e v e r t i c a l response t o t h e q u i c k mo­
t i o n o f waves. T h i s a r r a n g e i r e n t makes i t f e a s i b l e 
t o moor t h e breakwater i n water o f any d e p t h . 
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F i e l d e x p e r i e n c e i n d i c a t e d t h a t t h e accuracy of t h e ana­
l y t i c a l model of Seymour and Hanes ( s e c t i o n 2.12) i s r a t h e r 
good . 

Models o f the TF-breakwater were t e s t e d i n t h e l a r g e wind 
wave t a n k (109m * *4.5m * 1.5m) of t h e H y d r a u l i c l a b o r a t o r y 
i n B u r l i n g t o n , O n t a r i o , Canada. 

0 1 2 3 .« 

F i g u r e 85: Have-height t r a n s m i s s i o n data f o r TF-breakwater 

I n f i g u r e 85 t h e wave h e i g h t r e d u c t i o n i s p l o t t e d as a 
f u n c t i o n of r e l a t i v e wave l e n g t h , L/B, f o r t h r e e models of 
t h e TF-breakwater. These models were c o n s t r u c t e d a c c o r d i n g 
t o t h e g u i d e l i n e s g i v e n by Seymour. An average wave h e i g h t 
t r a n s m i s s i o n curve r e p r e s e n t i n g Seymour's p r e d i c t i v e model 
f o r s e v e r a l wave s p e c t r a w i t h peak e n e r g i e s a t L/B=0.6, 1.0 
and 1.7 has been i n c l u d e d f o r comparison. Agreement i n base 
t r e n d s i s e v i d e n t . The measured Ĉ. v a l u e s a r e g e n e r a l l y 
l a r g e r t h a n t h e t h e o r e t i c a l v a l u e s . The TF-breakwater i s a 
tun e d f i l t e r t h a t i s most e f f e c t i v e around L/B=0.7, and be­
comes i n c r e a s i n g l y l e s s e f f e c t i v e a t wave l e n g t h s o t h e r than 
t h i s ( e i t h e r s h o r t e r o r l o n g e r ) . 

19.3 MOOR INO FORCE 

The m o o r i n g f o r c e s a r e not extreme h i g h o r low (compara­
b l e w i t h a p o l e - t i r e b r e a k w a t e r w i t h equal l e v e l of wave 
p r o t e c t i o n ) . The mooring f o r c e i n c r e a s e s w i t h i n c r e a s i n g 
L/B. The i n c r e a s e i s v e r y l a r g e when 0 < L/B < 1 , b u t s m a l l 
when L/B > 3. See f i g . 86. For example: 

B=21 m, H-1.5 m, L=25 m ( t h u s H/L=0.06, L/B=1.2) 
Fctak - 30 * 10"5 * 1020 * 9.8 * 21 * 21 = 1.32 kN/m. 
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200 , 

5 0 

2 0 

10' 

SEYMOUR• 
(197b) 

SYMBOL p i t /BK ± I B 
(cm] (cm) ( c m ) V Hfl rj f p 

D « 6 - 1 5 100-420 110-120 22-3J .25-72 5 1 - 5 8 2 2 - 1 3 
• 15 4 1 7 I7B 2.0 .43 6 0 29 

F i g u r e 86: Peak mooring f o r c e d a t a f o r t h e TF-breakwater 
and H/KO.OM (c u r v e f o r H/L=0.06). 

19.U TRANSPORTABILITY 

I f t h e anchors are desig n e d t o be h o l l o w and f l o o d a b l e , 
they can be used as barges t o t r a n s p o r t t h e b r e a k w a t e r i n 
s e c t i o n s from t h e f a b r i c a t i o n f a c i l i t y t o t h e s i t e . S e v e r a l 
such barge/anchors can be towed i n a s t r i n g and the n f l o a t e d 
t o l o c a t i o n . Elowing t h e water b a l l a s t a l l o w s t h e r e f l o a t i n g 
of a b r e a k w a t e r s e c t i o n so t h a t t h e e n t i r e system can be 
t r a n s p o r t e d t o a new l o c a t i o n o r i n d i v i d u a l s e c t i o n s can be 
i n s p e c t e d and m a i n t a i n e d . 

19.5 ECONOMIC FEASIBILITY 

Economic e v a l u a t i o n s o f p o t e n t i a l TF-breakwater i n s t a l l a ­
t i o n s have been p r e p a r e d f o r s i t e - s p e c i f i c l o c a t i o n s by both 
p r i v a t e c o n s u l t i n g f i r m s and by t h e U.S. Navy. They con-
c l u d ed: 

I n g e n e r a l , t h e f e a s i b i l i t y v a r i e d w i d e l y w i t h 
wave exposure and bottom c h a r a c t e r i s t i c s a t t h e 
v a r i o u s " s i t e s . The TF-breakwater shows p o t e n t i a l 
use where: ~" 

1. c o n v e n t i o n a l s t r u c t u r a l b r e a k w a t e r s cannot be 
b u i l d because o f extreme water d e p t h . 

2. p r o t e c t i o n i s needed o n l y f c r a s h o r t p e r i o d o f 
t ime. 

3. t h e p r o t e c t e d a r e a must s h i f t w i t h a t r a n s i e n t ma­
r i n e o p e r a t i o n . 

For s h a l l o w water s h o r t - f e t c h s i t e s , t h e f e a s i b i l i t y o f t h e 
TF-breakwater l o o k s v e r y p r o m i s i n g ( i n t h o s e e v a l u a t i o n s ) . 
And f o r s h a l l o w w a t e r , l o n g f e t c h - s i t e s , c u r r e n t r e s e a r c h on 
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b o t t o m - r e s t i n g b a l l a s t frames and h i g h e r s p e c i f i c g r a v i t y 
f l o a t s may produce systems which w i l l s e r ve s p e c i f i c needs 
b e t t e r t h a n p r e s e n t a l t e r n a t i v e s . Fcr deep w a t e r , l o n g - f e t c h 
s i t e s , t h e system appears f e a s i b l e o n l y f o r n a v e l o r m i l i ­
t a r y o p e r a t i o n s 

To g i v e an idea o f t h e c o s t s o f a TF-breakwater: t h e e s t i m a t e d 
c o s t s f o r t h e " c o n c r e t e a r t i c u l a t e d - f r a m e b a l l a s t T F - b r e a k w a t e r " , 
h a v i n g a s i z e of 95m * 157m, w i t h 555 rows a r e $7,600,000 ( t h i s 
i s $ 1 3 , 6 9 1 4 per row) . 
Another example: TF-breakwater w i t h B=21 m and s p h e r i c a l f l o a t s 
= 38 cm, c o s t s per meter $1377.90 (1980), e x c l u d i n g mooring s y s ­
tem. See a l s o c h a p t e r "comparison t e t h e r e d - f l o a t and p o l e - t i r e 
b r e a k w a t e r " . 
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Chapter XX 

COMPARISON TETHERED-FLOAT AND POLE-TIRE BREAKWATER 

20.1 W&V£ A.!!ENUATTpj^ £ERF_ORM.ANCE 

I n f i g u r e 87 t h e wave t r a n s m i s s i o n c u r v e f o r t h e PT-break-
water i s shown as a dashed l i n e . The PT wave a t t e n u a t i o n i n ­
creases m o n o t o n i c a l l y as a f u n c t i o n o f L/B. T h i s shown 
c u r v e c o r r e s p o n d s t o H/L=0.0U and i s based upon e x t e n s i v e 
d a t a , f r o m model and f u l l s c a l e t e s t s . T h i s c u r v e was o r i ­
g i n a l l y e s t a b l i s h e d u s i n g elements 8.1 cm i n d i a m e t e r , but 
has a l s o been c o n f i r m e d by f u l l s c a l e e x p e r i m e n t s w i t h t r u c k 
and a u t o m o b i l e t i r e s r e s p e c t i v e l y l.OOm and 0.6Um i n diame­
t e r . A f u n d a m e n t a l d i f f e r e n c e i n t h e f i l t e r i n g c h a r a c t e r i s ­
t i c of t h e s e s t r u c t u r e s i s e v i d e n t : The TF-breakwatwer i s a 
tun e d d i s c r e t e f i l t e r t h a t i s most e f f e c t i v e around L/B=0.7 
and becomes i n c r e a s i n g l y l e s s e f f e c t i v e a t a wave l e n g t h 
o t h e r t h a n t h i s ( e i t h e r l o n g e r o r s h o r t e r ) , whereas t h e PT-
br e a k w a t e r i s a monotonie f i l t e r t h a t becomes i n c r e a s i n g l y 
more e f f e c t i v e as t h e wave l e n g t h decreases. I t i s a p p a r e n t 
t h a t t h e PT-breakwater o f f e r s s u b s t a n t i a l l y more wave p r o ­
t e c t i o n ( l o w e r Ĉ  l e v e l s ) t h a n a TF-breakwater of e q u a l 
s i ze . 
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20.2 MOJDR1NG FORCES 

200, 

F i g u r e 88: Peak mooring f o r c e d a ta f o r TF and PT bre a k ­
w a t e r s • 

Mooring f o r c e d a ta of t h e TF-breakwater and t h e PT-break-
water a r e p l o t t e d i n f i g u r e 88. I t i s e v i d e n t t h a t t h e peak 
mooring f o r c e f o r t h e PT-breakwater i s l a r g e r t h a n t h a t 
of a TF-breakwater of e q u a l s i z e , but i t s h o u l d be r e c a l l e d 
t h a t such a PT-breakwater i s a l s o more e f f e c t i v e . When t h e 
peak mooring f o r c e s of a l a r g e r TF-breakwater w i t h " e q u a l 
wave p r o t e c t i o n " as a PT-breakwater i s compared w i t h t h e 
PT-breakwater, t h e y are a p p r o x i m a t e l y t h e same. 

20.3 COSTS 

The p r i n c i p l e o f " e q u a l wave p r o t e c t i o n " has been u t i ­
l i z e d i n o r d e r t o a r r i v e a t comparable c o s t s f i g u r e s of 
th o s e s t r u c t u r e s (see n e x t t a b l e ) . Costs a r e g i v e n f o r ma­
j o r c o s t - c o n t r i b u t i n g components o f t h e s t r u c t u r e , t h e moor­
i n g system n o t i n c l u d e d . I n a wave spectrum much broader 
than t h e c r o s s - h a t c h e d r e g i o n , i t seems r e a s o n a b l e t o com­
pare a PT-breakwater w i t h a TF-breakwater h a v i n g a S0% l a r ­
ger p l a n f o r m a r e a . 

20.4 CONCLUSIONS 

1 . The t e t h e r e d - f l o a t and t h e p o l e - t i r e b r e a k w a t e r s 
a r e t e c h n i c a l l y f e a s i b l e s o l u t i o n s t o wave p r o t e c ­
t i o n problems i n s h o r t - f e t c h (say l e s s t h a n 10 km) 
or semi l o c a t i o n s . 
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Table 

Cost e s t i m a t e s f o r TF 
COMPONENT COST ESTIMATES: TETHERED FLOAT (Tr) BREAKWATER 

Module Dimension* ( • ?1.0 3.80 B 

Materials : Spherical floats (D • 38 cr., i • 0.04 gm cr."'), 
Tethers and flexible tether terminals. 
Steel bellest franes with flexible couplings 
(3 framr-s 7.00 • * 3.00 • per •todule). 
Concrete ballast. 

Item tTxexntxty 
Vnit 
Coat 

fur t> 
XotoZ 
(US i ) 

Coat per 
aietcr 

WS C) 

Float unit 
( f loa t , tether, 
f lex , terminals) 

135 24.30* 3279.30 863.00 

la i las t frane 
( inc l . flexible 
couplings) 

3 465.50* 1397.60 367.60 

Concrete ballast 4 . 2 « " 113.10* 475.20 125.00 

Assembly 
(labor only) 

14 hrs 6.00 at. 00 2 2 . 1 0 

Cost per neter of breaUater » 11377.90 
(excluding r/ooring systen) 

m. 

and PT b r e a k w a t e r s . 
COMPONENT COST ESTIMATES: POLE-TIRE (PT) BREAKWATER 

Hodule tTirenilons : I • 14.0 * . X • 4.00 • 

Katerials : Autorobtle tires (typically 0 • 64 cm), 
Telephone poles («• • spicing). 
Conveyor belting (3 (ply, 14 OB wide, 5000 K cm"1 

breaking strengthjj 
Kylon bolts, nuts, washers (13 in or equivalent). 

ƒ te* Quantity 
Vnit 
cost 

(US S) 
Total 

IVS t ) 

Cost per 
meter 
tBS t ) 

Tires 403 none none none 

Tying material 
(conveyor 
belting) 

ieo . 0.90 162.40 40.60 

Kylon'bolts, 
nuts, washers 

105 0.55 S7.80 K . 4 0 

Telephone poles 1 50.00 
(salvage 9 

151 neW 
50.00 12.50 

Assembly 
(labor only) 

18 hrs ( . 0 0 108.00 27.00 

Cost per reter of breakwater - $94.50 
(excluding rrooring system) 

Rote: The use o' tteel pipe (41 c» d'i-. . É w?ll) jnd tru^k tires 
w i l l increase the cost by «pproiimately $130 per meter. 

2. The p o l e - t i r e b r e a k w a t e r i s a more e f f e c t i v e wave 
energy f i l t e r t h a n a t e t h e r e d - f l o a t b r e a k w a t e r o f 
e q u a l s i z e . 

3. I n a t y p i c a l s h o r t f e t c h d e s i g n case, a t e t h e r e d -
f l o a t and p o l e - t i r e b reakwater were found t o com­
pare as f o l l o w s ( f o r e q u a l l e v e l s of wave p r o t e c ­
t i o n ) : 

a. The p o l e - t i r e b r e a k w a t e r c o s t s l e s s t h a n 
o n e - t e n t h as much as t h e t e t h e r e d - f l o a t 
b r e a k w a t e r . 

b. Peak mooring f o r c e s a r e a p p r o x i m a t e l y t h e 
s ame. 

c. The p o l e - t i r e b reakwater r e q u i r e s l e s s space. 
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Chapter XXI 

CONCLUSIONS 

F i r s t , some g e n e r a l f e a t u r e s o f f l o a t i n g b r e a k w a t e r s w i l l 
be d i c u s s e d . Second, t h e f e a s i b i l i t y o f each br e a k w a t e r w i l l 
be d i s c u s s e d . 

1 . I n f l u e n c e o f L/d 
I f L/d < 0.5, n e a r l y a l l t h e k i n e t i c energy of t h e 
waves i s c o n c e n t r a t e d i n t h e upper t h i r d p a r t o f 
t h e w a t e r . I t i s o b v i o u s , t h a t t h e damping w i l l 
t a k e p l a c e i n t h i s l a y e r . 
Since L/d = (L/B) (B/D) ( D / d ) , t h e e f f e c t of L/d 
w i l l be t h e same as L/B i f B/D and D/d a r e con­
s t a n t . Or, i f b o t h L/B and E/D a r e c o n s t a n t , t h e 
e f f e c t of L/d w i l l be t h e same as D/d. 

2» I n f 1 uence o f the r e l a t i v e d r a f t D/d 
For a l l t y p e s d i s c u s s e d , an i n c r e a s e o f r e l a t i v e 
d r a f t r e s u l t e d i n a b e t t e r wave a t t e n u a t i o n p e r ­
formance. T h i s i s n o t s u r p r i s i n g , s i n c e an i n ­
cre a s e of t h e d r a f t causes more r e f l e c t i o n . For 
deep water waves, t he i n f l u e n c e of r e l a t i v e d r a f t 
becomes n e g l i g i b l e f o r D/L > 0.30. G e n e r a l l y , t h e 
mooring f o r c e s w i l l i n c r e a s e w i t h i n c r e a s i n g r e l a ­
t i v e d r a f t . 

3. I g f 1 uence o.l r e l a t i v e w a v e l e n g t h L/.B. 
A decrease o f r e l a t i v e wave l e n g t h r e s u l t e d i n a 
decrease o f the t r a n s m i s s i o n c o e f f i c i e n t . I n some 
cases however, resonance gave r i s e t o an i n c r e a s e 
o f C( w i t h d e c r e a s i n g L/B. 

U. I n f 1 u e n c e o f t h e wave steepness 
The t r a n s m i s s i o n c o e f f i c i e n t w i l l decrease w i t h 
i n c r e a s i n g wave s t e e p n e s s . I n case of t h e A-frame, 
an i n c r e a s e of Ĉ  i n s t e a d of a decrease may o c ­
c u r . 

5. I n f l u e n c e o f t h e s t i f f n e s s o f t h e s t r u c t u r e 
The s t i f f e r the s t r u c t u r e , t h e more i t w i l l p e r ­
form l i k e a r e f l e c t o r , and t h e h i g h e r t h e m o o r i n g 
f o r c e s w i l l be. On t h e o t h e r hand, a f l e x i b l e 
s t r u c t u r e i s a b l e t o absorb e n e r g y , w h i c h , g e n e r ­
a l l y , w i l l l e a d t o r e l a t i v e s m a l l mooring f o r c e s . 
However, t h e a b s o r p t i o n may in d u c e l a r g e i n t e r n a l 
s t r e s s e s . 

6. I n f 1 u e n e e o f breakwater m o t i e n s 
The l a r g e r the br e a k w a t e r m c t i o n s , t h e more wave 
energy w i l l be t r a n s m i t t e d . I h e surge motion ( i . e . 
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h o r i z o n t a l m o t i o n i n t h e d i r e c t i o n o f t h e wave 
p r o p a g a t i o n ) was found t o be t h e major energy 
t r a n s m i t t o r . 

7. I n f l u e n c e o f t h e mooring 
The mooring system p l a y s an i m p o r t a n t r o l e i n t h e 
wave a t t e n u a t i o n p e r f o r m a n c e , by t h e mooring 
s t i f f n e s s and t h e damping due t o t h e l i n e . I t i s 
i m p o s s i b l e t o g i v e a g e n e r a l tendency. 

8• Energy e x t r a c t i o n 
Energy c o n v e r s i o n f a c i l i t i e s c o m p l i c a t e t h e con­
s t r u c t i o n o f a f l o a t i n g b reakwater a l o t , t h e r e b y 
i n c r e a s i n g c o n s t r u c t i o n c o s t s enormously. 

P r o t e c t e d s i t e s 

The d i f f e r e n t t y p e s .discussed i n t h i s r e p o r t are a l l 
a p p l i c a b l e f o r p r o t e c t e d s i t e s ( e . g . h a r b o r s ) . Under these 
c o n d i t i o n s , t h e s c r a p - t i r e f l o a t i n g b r e a k w a t e r i s p r o b l a b l y 
t h e c h e a p e s t way t o o b t a i n a c e r t a i n l e v e l o f p r o t e c t i o n . 
The t e t h e r e d - f l o a t r e q u i r e s more space than t h e s c r a p - t i r e 
and i s much more e x p e n s i v e (up t o t e n times more). The o f f ­
s e t b r e a k w a t e r has a good wave a t t e n u a t i o n p e r f o r m a n c e , but 
w i l l p r o b a b l y be more e x p e n s i v e t h a n t h e s c r a p - t i r e b r e ak­
w a t e r . The pcntoon f l o a t i n g b r e a k w a t e r s have t h e advantage 
t h a t t h e y can be used as walkway, s t o r a g e , b o a t m o o r i n g , and 
f i s h i n g p i e r . The wave a t t e n u a t i o n o f t h e pontoon b r e a k w a t e r 
i s m a i n l y a c h i e v e d by t h e d r a f t o f t h e c o n s t r u c t i o n ( r e f l e c ­
t i o n ) and t h e beam of t h e c o n s t r u c t i o n i s n o t v e r y impor­
t a n t . The p a r a b o l i c beach and s l o p i n g f l o a t b r e a k w a t e r s can 
a c h i e v e a good wave a t t e n u a t i o n , b u t they a r e s t i l l n o t put 
i n p r a c t i c e . I t i s d i f f i c u l t t o judge' t h e i r f e a s i b i l i t y . A 
good c o u n t e r p a r t o f t h e scrap t i r e i s t h e A-frame break­
w a t e r . The c o s t s a r e h i g h e r , but t h e r e q u i r e d space i s l e s s , 
and i t can be t r a n s p o r t e d e a s i e r . 

Now we can d i s t i n g u i s h t h r e e cases ( f o r p r o t e c t e d s i t e s ) : 

1 . Only c o s t s are i m p o r t a n t : t h e b e s t c h o i c e i s a 
s c r a p - t i r e f l o a t i n g b r e a k w a t e r . 

2. C o s t s are i m p o r t a n t , b u t p o s s i b i l i t i e s f o r m u l t i ­
p l e use (walkways, p i e r s , e t c . ) are a l s o i mpor­
t a n t : "take a j ) o n t o o n f l o a t i n g b r e a k w a t e r . 

3. The area of t h e f l o a t i n g breakwater has t o be 
s m a l l , or ease o f t r a n s p o r t o ver l o n g d i s t a n c e i s 
i m p o r t a n t : t h e A-frame i s a good c h o i s e . 

Open sea c o n d i t i o n s 

To j u d g e t h e f e a s i b i l i t y of f l o a t i n g b r e a k w a t e r s under open 
sea c o n d i t i o n s , some wave data o f " H u t t o n F i e l d " ( a p p r o x i ­
m a t e l y midway between t h e S h e t l a n d I s l a n d s and Norway) a r e 
used. S i n c e l o n g waves cause a major nuisance and s i n c e they 
d e t e r m i n e t h e dimensions of t h e b r e a k w a t e r , one o f t h e l o n g ­
e s t wave p e r i o d s i s used t o g i v e an e s t i m a t e of t h e dimen­
s i o n s . 

- 115 -



With a r e c u r r e n c e i n t e r v a l of one y e a r , p r e d i c t i o n o f t h e 
l a r g e s t s i g n i f i c a n t wave h e i g h t i n a 3 hour storm was found 
t o be 12m and the maximum wave h e i g h t was found t o be 22.8m. 
The p r e d i c t i o n s f o r t h e maximum wave p e r i o d s reached from 
13.5 t o 17.1 seconds ( w i t h 95S r e l i a b i l i t y ) . The f o l l o w i n g 
v a l u e s a r e used: 

H = 20 ID 
T = 16 s 
L = »400 m 
d = 200 m (L/d = 2, H/L = 0.05) 

Use i s made o f t h e Ct c u r v e s i n t h i s r e p o r t , t o p r e d i c t t h e 
di m e n s i o n s o f the b r e a k w a t e r s . 

Assumed i s : 
- l i n e a r e x t r a p o l a t i o n may be c a r r i e d o u t 
- i n f l u e n c e of t h e bottom i s n e g l i g i b l e f o r d/L > 0.5, 
t h u s two breakwaters i n two d i f f e r e n t water depths 
( b o t h l a r g e r t h a n L/2) w i l l have t h e same wave 
a t t e n u a t i o n p e r f o r m a n c e . (See appendix B ) . 

| Cé = 0.50 Ct = 0.30 

Type o f b r e a k w a t e r : 1 D r a f t * Beam 
1 ! > ] 

D r a f t * Beam 
[ro] 

Pontoon 1 7 

• 
30 * 225 

Double Module | 18 * 175 26 * 160 

Twin C y l i n d e r | 55 * 150 ? 

P e r f o r a t e d H o r i z o n t a l 
P l a t e Breakwater J 75 S 360 ? 

A-Frame 46 * 2H2 46 * 266 

O f f s e t Breakwater | 105 * 185 120 * 200 

Wave B l a n k e t | ? * 400 ? - 800 

S a l t e r Duck 1 40 * 40 1) 

C o c k e r e l l Ra'ft | ? *(400?) 2) 

S c r a p - T i r e : 
Goodyear 
P i p e - t i r e 

| 0.7 * 3 84 3) 
| 0.66 * 217 3) 

0.7 * 667 3) 
0.66 * 377 3) 

T e t h e r e d f l o a t | 40 * 800 | 40 * (1000?) 

1) Rough e s t i m a t i o n , see p o i n t 7 f pp 117 
2) The wave a t t e n u a t i o n l e v e l i s not known, see p o i n t B , pp 118 
3) See t h e remark a t p o i n t 9, pp 118 

C o n s i d e r i n g the p r e d i c t e d d i m e n s i o n s , t h e f o l l o w i n g con­
c l u s i o n s may be drawn: 
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1 . R e s u l t i n g from t h e s c a l e module t e s t s , t h e pontoon 
and t h e double module a r e some o f t h e s m a l l e s t 
b r e a k w a t e r s , c o n c e r n i n g d r a f t and beam. One must 
n o t f o r g e t t h a t t h e t o t a l h e i g h t o f t h e s t r u c t u r e 
( b o t t o m t o t o p ) i s t w i c e , a t C é=0.3, t o t h r e e 
t i m e s the d r a f t . A l t h o u g h t h e d r a f t and t h e beam 
a r e r e l a t i v e l y s m a l l , t r a n s p o r t a t i o n w i l l be d i f ­
f i c u l t , due t o t h e l a r g e water d i s p l a c e m e n t . 

2. The t w i n c y l i n d e r e x i s t s o f two c y l i n d e r s : i n t h i s 
case t h e c y l i n d e r s must have a d i a m e t e r o f 55m. 
Thus t h e t w i n c y l i n d e r w i l l be v e r y e x p e n s i v e . Be­
s i d e s , t h i s t y p e a t t e n u a t e s o n l y s t e e p waves and 
waves w i t h a s h o r t wave l e n g t h . 

3. The p e r f o r a t e d h o r i z o n t a l p l a t e b r e a k w a t e r i s n o t 
s u i t e d f o r t h e d e s c r i b e d ' l o c a t i o n , because t h i s 
t y p e o f b r e a k w a t e r w i t h d i m e n s i o n s of 75 * 360 me­
t e r i s v e r y e x p e n s i v e and i s e x t r e m e l y d i f f i c u l t 
t o t r a n s p o r t . 

4. The A-frame b r e a k w a t e r w i t h a beam o f 242m may be 
v e r y d i f f i c u l t t o c o n s t r u c t , s i n c e t h e two c y l i n ­
d e r s w i t h a d i s t a n c e o f more t h a n 200m must have a 
s t r o n g and r i g i d c o n n e c t i o n . A n other d i f f i c u l t y i s 
t h e depth o f t h e v e r t i c a l r i g i d board (46m). A l t ­
hough t h e shape of t h e c r o s s - s e c t i o n o f t h e A-
frame g i v e s r i s e t o good t r a n s p o r t f e a t u r e s , t h e 
l a r g e d r a f t and l a r g e beam make easy t r a n s p o r t i m ­
p o s s i b l e . I t may be p o s s i b l e t o c o n s t r u c t a " f o l d 
i n " A-frame b r e a k w a t e r . 

5. The o f f s e t b r e a k w a t e r must have t h e l a r g e s t d r a f t 
o f a l l . I t may be p o s s i b l e t h a t a b e t t e r combina­
t i o n o f o f f s e t l e n g t h t o d r a f t r a t i o e x i s t s , b u t 
i n t h e t e s t s d i s c u s s e d i n t h i s r e p o r t , t h i s r a t i o 
was c o n s t a n t l y 1.36. To c a l c u l a t e t h e beam, i t i s 
assumed t o be 1.3 t i m e s t h e o f f s e t l e n g t h . The 
p r e d i c t e d dimensions o f t h e o f f s e t b r e a k w a t e r a r e 
v e r y d i s a p p o i n t i n g The ve r y low wave a t t e n u a t i o n 
l e v e l o f 0^=0.10, which was a c h i e v e d d u r i n g t h e 
t e s t s , would r e q u i r e d i m e n s i o n s o f D*B=150*260. 
I t i s ob v i o u s t h a t t h e t r a n s p o r t a b i l i t y i s n ot 
good a t a l l . 

6. The wave a t t e n u a t i o n o f t h e wave-blanket was found 
t o depend p r i m a r i l y on t h e r e l a t i v e b r e a k w a t e r 
w i d t h and t h e b l a n k e t t h i c k n e s s . Towing o f t h e 
s t r u c t u r e w i l l be ve r y i m p r a c t i c a l . 

7. The S a l t e r Duck i s a wave c o n v e r t e r w i t h an 
e f f i c i e n c y o f a p p r o x i m a t e l y 50» • I t i s s u i t e d f o r 
b o t h s m a l l and l a r g e s c a l e a p p l i c a t i o n s . The 
p r e d i c t e d dimensions a r e a rough e s t i m a t i o n , based 
upon d e s i g n s f o r wave p e r i o d s o f T=5, 7 and 9 sec­
onds, h a v i n g a d i a m e t e r o f 6,10 and 16m. A d i s a d -
v e n t a g e o f t h i s t y p e i s t h a t t h i s t y p e i s ve r y 
s e n s i t i v e t o t h e wave d i r e c t i o n . T h i s p r o p e r t y 
has a s i g n i f i c a n t b e a r i n g on t h e d e s i g n . Problems 
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a r i s e i n t h e r e a l i z a t i o n o f thé l a r g e backbone 
which has t o w i t h s t a n d l a r g e bending moments. The 
mo o r i n g o f t h e duck i s a l s o a problem t h a t needs 
f u r t h e r i n v e s t i g a t i o n . 

8. The Hagen-Cockerell r a f t i s a l s o a d i r e c t i o n a l 
d e v i c e but i n c o n t r a d i c t i o n w i t h t h e S a l t e r Duck, 
t h i s imposes no e n g i n e e r i n g problems i n t h e de­
s i g n , but i t does a f f e c t t h e e f f i c i e n c y ! . The e f ­
f i c i e n c y o f the r a f t i s comparable t o t h a t o f t h e 
duck, but t h e a s s o c i a t e d mooring f o r c e s a re s m a l ­
l e r . Problems may a r i s e w i t h r e g a r d t o t h e a v a i l a ­
b l e mooring space, s i n c e t h e r a f t s have t o be 
spaced a t i n t e r v a l s o f a h a l v e wave l e n g t h t o ob­
t a i n maximal e f f i c i e n c y . 
A f t e r Newman ( s e c t i o n 2.15.2), t h e C o c k e r e l l r a f t 
must have a l e n g t h o f UOOro'in t h e d i r e c t i o n o f t h e 
wave p r o p a g a t i o n and about 60m p a r a l l e l t o t h e 
wave c r e s t s . The C o c k e r e l l r a f t s must have a d i s -
t a n c e o f 200m t o each o t h e r . The wave a t t e n u a t i o n 
was n o t p r e d i c t e d . 
A f t e r Haren and Mei ( s e c t i o n 2.15.4), t h e r a f t , 
h a v i n g an e f f i c i e n c y o f 89% ( t h u s C ^ C O . l l ) , would 
have a l e n g t h o f 6400m. 
More i n f o r m a t i o n about t h e wave a t t e n u a t i o n p e r -
foroance i s r e q u i r e d . 

9. S c r a p - t i r e b r e a k w a t e r s have t h e s m a l l e s t d r a f t of 
a l l . I t must be remarked t h a t t h e e x t r a p o l a t i o n o f 
t h e d i m e n s i o n s i s n o t c o m p l e t e l y j u s t i f i e d . The 
c o n s t r u c t i o n w i l l be r e l a t i v e l y t h i n n e r t h a n t h e 
model, which w i l l r e s u l t i n a h i g h e r C t - v a l u e . On 
t h e o t h e r hand, t h e wave energy l o s s by t u r b u l e n c e 
per wave l e n g t h i s l a r g e r (more t i r e s per wave 
l e n g t h ) , t h i s w i l l r e s u l t i n a lower C t - v a l u e . We 
do n o t know which e f f e c t w i l l d ominate. The r e ­
q u i r e d f o r c e f o r f l o a t i n g t r a n s p o r t w i l l be e n o r ­
mous because o f the t u r b u l e n c e . For t r a n s p o r t on 
barges t h e l a r g e s i z e s a r e a problem. R o l l up 
seems t o r e q u i r e a t o o l a r g e d i a m e t e r . 

10. The t e t h e r e d - f l o a t b r e a k w a t e r was developed f o r 
deep w a t e r , but t h e r e q u i r e d space i s l a r g e r than 
f o r t h e s c r a p - t i r e , which w i l l g i v e problems w i t h 
t r a n s p o r t . A " f l o a t i n g - a n c h o r " can make t r a n s p o r t 
e a s i e r ( f l o a t i n g - a n c h o r = c o n s t r u c t i o n f o r a t -
tachement of t h e t e t h e r s ) . S t a r t i n g from 
^=0.025L, t h e f l o a t s must have a d i a m e t e r o f 10m. 
The c o s t s f o r t h e t e t h e r e d f l o a t b r e a k w a t e r a r e 
r e l a t i v e l y h i g h . 

Some p o i n t s w h i c h need f u r t h e r i n v e s t i g a t i o n * . 
1 . P o s s i b i l i t i e s t o t r a n s p o r t a s c r a p - t i r e b r e a k ­

w a t e r , i t s wave a t t e n u a t i o n performance under open 
sea c o n d i t i o n s , and t h e magnitude o f t h e f o r c e s 
needed f o r t r a n s p o r t . 
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P o s s i b i l i t i e s of A-frame breakwaters w i t h s p e c i a l 
m o d i f i c a t i o n s so t h a t t h e d r a f t can be r e s t r i c t e d 
t o , say 10 m. Magnitude o f mooring f o r c e s , and 
f o r c e s needed f o r t r a n s p o r t . 

The r e l a t i o n between wave a t t e n u a t i o n p e r f o r m a n c e , 
and p r o p e r t i e s o f a f l e x i b l e membrane (beam, mass, 
h e i g h t , bending modulus, t e n s i o n m o d u l u s ) , t h e 
mo o r i n g c h a r a c t e r i s t i c s , and t h e wave c o n d i t i o n s 
(wave l e n g t h , water d e p t h , wave p e r i o d , w a t e r 
d e p t h ) . 
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Appendix A 

SUMMARY OF WAVE POWERED GENERATORS BUILD AND TESTEDTRHOUGH 
OCTOBER 1974. 

WAVE POWERED GENERATORS - SUMMARY OF DEVICES EUIIT AND TESTED UP TO OCTOBER 197t / 

Year Sys tea Power Location Organisation ^ 
. j . . . , > concerned indiv idual J Remarks 

I 1910 

V e r t i c a l bore hole 
In c l i f f o s c i l l a t ­
ions In water l eve l 
driv ing an a i r 
turbine 

1 kW Royan, or Bordeaux, 
France 

M Bochaux-Pracalqua 
Supplied ent ire 
power and l ight for 
dwelling house 

2 1911 

Pier s true ture wlth 
f loats u i i n g both 
v e r t i c a l and h o r i ­
zontal motion 

110 kW 

Young'a 'Mi l l i on 
Dol lar ' P i e r , 
At lant i c C i t y , New 
Jersey , USA 

US Wave Power Company 

Power level claimed, 
but not sub-
s tan t la ted on 
inves t i gition 

3 1920 
Float system operat­
ing in a basin 
connected to tea 

n . a . A l g i e r s , N A f r i c a M Fusenot 

• j 

Feeble power level 

4 1926 Not i d e n t i f i e d Hlnou l ighthouse, 
Bres t , France M Coyne Discouraging resu l t s 

5 Pre 1931 Savon 1 us rotor It.ft. B a l t i c Sea J Savoniua Limited t r i a l s 

1 Pre 1931 Savoni us rotor 
operating pump 

up to 
? kW 

Husee Oceano-
graphique Monaco H Richards 

Rotor dr iv ing double 
ac ting pumps 1 i f t ing 
water to a height of 
200 f t 

7 1931 
Heavy f loa t r i s i n g 
and f a l l i n g to 
operate pump 

Muse'e Octano-
graphique Monaco F Catlancao 

Operated 10 years 
pumping water 
des Lroyed by heavy 
seas 

n . a . - not a v a i l a b l e . 

i 
J . M, Lelahman and 0. Scobie, Tïie development of wave power: a tcchnc-econocic otudy, United Kingdom 
Department of I n d u s t r y , Nhtlanaj. Engineering Laboratory. Eaet K i l b r i d t , Clacgov, Scotland. Rtport 
Wo. EAU M25. 1976, pp. 73-77. 

Ytar Syslen Power Location O r g a n i s a t i o n s > 
• j * * j . : conce med indiv idual •* Remarks 

e Pre 1944 

Converging channels 
supplying * fore bay 
for a low head 
stat ion 

n . a . 
I Pointe Pescade 

I I S ld i Ferruch 
Algeria 

I SocleLe 
Medi terrane'enne 
d'Energle Marine 

I I Societe Marocaine 
d'Etudes de la Houle 
et du Vent 

Qualatatlve study 
wi th encouraging 
resul La 

9 1<M Model of above n . a . 
Laboratolre Dauphinois 
Hyd rau11 que 

Technica l ly success­
fu l concept but not 
economically viable 

10 19*7 Three f loa t system 200 V Japan 
Y Masuda, Oceanographlc 
Uni t , Japanese Marl time 
Self-Defence Unit 

Tes ts abandone d 
a,fter device over­
turned by high wave. 

11 1957-59 Hydraulic syatefli 1 kW Japan Y Masuda Test f a i l e d 

12 1960-63 Air turb ine - f ixed 
system 500 W 

i Kannonzaki, nr 
YtAosuka harbour, 
Japan 

Ll I n s t i t u t e test 
tank 

Masuda supported by 
R L D HQ of Japan 
Defence Agency 

11 1962 
Submerged buoy with 
diaphragm act ivated 
gene ra tor 

0.25 U 
Buzzard's Bay, 
Hassachu se 11 s 

AVCO Corporation (RAD) 
DÏ v1s1 on 

m 

Tests carr ied in 
she)tered location 
wi th no e f fec t ive 
swe l l . Diaphragm 
ruptured In 
hur r1 cane 

n . a . • not a v a i l a b l e . 
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t i i r S y s t e m P o w e r L o c a t l o n O r g a n i s a t i o n \ 
, .. , . , / c o n c e r n e d i n d i v i d u a l J 

R e m a r k s 

u 196} A i r t u r b i n e s y s t e m 
i n f i x e d p i p e n . a . N a k a m i n a t o R o c k , 

P a c i f i c O c e a n , J a p a n 

Y K a s u d a s u p p o r t e d b y 
R & D HQ o f J a p a n 
D e f e n c e A g e n c y 

T e s t s a f e t y o f f i x e d 
a i T - t u r b i n e s y s t e m 
i n h i g h w a v e s 

l i 1963-65 P e n d u l u m - t y p e b u o y 2 - 3 W J a p a n 

N l c h i r o K o g y o K a l s h a L t d 
K y o k u s t l s h a C o r p o r a t i o n 
f u n d e d b y F o u n d a t i o n N e w 
T e c h n i q u e D e v e 1 o p m e n t 
C o r p o r a t i o n 

B a s e d on a s u g g e s t ­
i o n a n d r e s e a r c h o f 
Y K a s u d a , w a s 
d e v e l o p e d a s a 
n a v i g a t i o n b u o y . 
R e j e c t e d b e c a u s e o f 
s w a y e f f e c t o n l i g h t 

16 1964 

' O c e a n m o t i o n 
h a r n e s s ' o p e r a t i n g 
o n p r i n c i p l e o f s e l f 
w i n d i n g w a t c h 

n . a . U S A 
H a m i l t o n W a t c h C o m p a n y 
I n d u s t r i a l a n d M i l i t a r y 
P r o d u c t s D i v i s i o n 

P r o t o t y p e w e i g h t 
1 l b 3 i n d i a x 3 I n 
h i g h 

17 
1965-
p r c i c n t A i r - t u r b i n e b u o y s 1 0 0 U J a p a n , I S A . UK 

I n v e n t e d b y Y K a s u d a 
P a t e n t e d a n d ' 
m a n u f a c t u r e d b y 
R y o k u s e l s h a C o r p o r a t i o n 
UK a g e n t s ; 
S u m i t o m i S h a j i K a i i h a 
L t d 

O v e r 3 0 0 b u o y s n o w 
i n o p e r a t i o n o f f 
J a p a n , U S A , C a n a d a , 
P e r s i a n C u l f , a n d 
B r i t i s h I s l e s , T e s t ­
e d b y I r i s h L i g h t s 
1 9 7 0 

i a 1966 
A i r t u r b i n e f i x e d 
s y s t e m a d a p t e d t o 
p o w e r 1 1 g h t h o u s e 

A s h l k a - J i m a L i g h t ­
h o u s e . T o k y o S a y , 
J a p a n 

C u s t o m e r s : J a p a n 
M a r i t i m e S a f e t y B o a r d 
S u p p l i e r s ; R y o k u s e l s h a 

1 1 196 7 W a v e - p o w e r e d d e v i c e 
t o m o v e s a n d n . a , U S A C o a s t a l E n g i n e e r i n g 

R e s e a r c h C e n t r e 
D e v i c e f o u n d t o b e 
u n s a t i 5 f a c t o r y 

20 1970 A i r t u r b i n r 
g e n e r a t o r bOO W E x p o 1 9 7 0 , O s a k a , 

J a p a n 
Ï K a s u d a 

n . a . • n o t a v a i l a b l e . 

Y e a r S y s t e n P o w e r L o c a t i o n 
O r g a n i s a t i o n \ . * . , . ) c o n c e r n e d i n d i v i d u a l R e m a r k s 

21 1970 
H y d r a u l i c p u m p i n g 
o v e r p l i a b l e s t r i p s 
i n c o n c r e t e t r o u g h 

n . a . U S A 
P o w e r S y s t e m s C o m p a n y , 
B o s t o n , M a s s , U S A 

S m a l l s c a l e t e s t s 
s u c c e s s f u l l y m a d e 

22 1970 

b o b b i n g b u o y w i t h 
d i r e c t g e n e r a t i o n o f 
e l e c t r i c i t y f r o m 
l i n e a r g e n e r a t o r 

L e s s 
t h a n 
1 U 

U K e x h i b i t e d a t 1 9 7 0 
L i g h i hou s e 
C o n f e r e n c e 

I n v e n t e d a n d p a t e n t e d 
b y U n i v e r s i t y C o l l e g e o f 
N W a l e s . 

M a n u f a c t u r e r s 
d r o p p e d d e v e l o p m e n t 
a f t e r t e s t s g a v e 
v e r y l o w o u t p u t 

23 1971-2 

I n v e s t i g a t i o n o f n e w 
c o n s t r u c t i o n m e t h o d 
f o r a i r - t u r b i n e 
f i x e d m e t h o d 

n . a . J a p a n 
Y K a s u d a . J a p a n 
E l e c t r i c M a c h i n e 
A s s o c i a t i o n 

It, 

• 

1970 -
p r e s e n t 

W a v e p u m p d e v i c e 
f i t t e d t o s h i p 
R V E l l e n B S c r i p p s 

b O U 
( n o 
t u r b i n e ) 

T e s t e d o f f P o i n t 
C o n c e p t i o n , 
C a l i f o r n i a , U S A 

I D a v i d C a s t e l l / S c r i p p s 
I n s t i t u t e o f O c e a n o ­
g r a p h y , L a J o l l a , 
C a l i f o r n i a , U S A 

I I C l o s t e n A s s o c i a t e s 

F i r s t e x p e r i m e n t 
J u l y " 1 9 7 2 t e r m i n a t e d 
b e c a u s e o f p i p e 
f a i l u r e . L a t e s t 
e x p e r i m e n t r e p o r t e d 
J u l y 1 9 7 3 p l a g u e d b y 
c a l m s e a s 

li 
1972 -
p r e s e n t 

F l o a t w i t h 
p r o p e l l e r s o n s h a f t n . a . S w e d e n 

F a g e r s l a A B , S w e d e n 
H C u s t a f f s o n , 
K J L o q v l s t 

E x p e r i m e n t s c a r r i e d 
o u t o n *j- B ) d i a 
f l o a t 

26 1973 -
p r e s e n t 

O s c i l l a t i n g v a n e 
d e v i c e M o d e l UK 

S S a l t e r , D e p s r t m e n t 
o f M e c h a n i c a 1 
E n g i n e e r i n g , E d i n b u r g h 
L ' n i v e r 5 i t y 

M o d e l t e s t s h a v e 
s h o w n t h a t 9 0 p e r 
c e n t c o n v e r s i o n e f ­
f i c i e n c y i s pos s i b 1 e 

! 

27 1 9 7 J -
1 9 7 k 

M o d e l w a v e 
e n e r g y c o n v e r t e r 

U S A 
A D L i t t l e I n c . T e s t 
u n d e r c o n t r a c t f o r US 
f i rm 

D e v i c e f o u n d t o o r 
o f l o w e f f i c i e n c y 

n . t. " n o t a v a i l a b l e . 

Y e a r S y s t e m P o w e r L o c a t i o n O r g a n i s a t i o n ] n c e r n e d 

I n d i v i d u a l ] 
R e m a r k s !F 

——————p 
i 

< f ; 

26 1974 F l o a t w i t h i m p e l l e r 
o n s h a f t 

n . a . UX 
N a t i o n a l P h y s i c a l 
L a b o r a t o r y 

S u b j e c t o f p a t e n t 
a p p l i c a t i o n t h r o u g h [-
NRDC 1 

r 

2 9 1976 V A T i o u t f l o a t 
d e v i c e s 

n . a . UK 
W a v e P o w e r L t d 

30 1 9 7 2 -
p r e s e n t 

A u t o b a i l e r w a v e -
p o w e r e d b i l g e 
p u m p 

0 . 0 2 5 
g a l /min 

S w e d e n 
I m p o r t e d b y Y a c h t e x , 
W e s t c l i f f e - o n - S e a 

C o m m e r c i a l l y 
a v a i l a b l e 

1 0 0 

n . a . • n o t a v a i l a b l e . 



Appendix B 

INFLUENCE OF WATER DEPTH IN DEEP WATER 

With t h e f o r m u l a of Ippen ( f o r m u l a 2.22), which d e s c r i b e s 
th e k i n e t i c energy d i s t r i b u t i o n as a f u n c t i o n o f water 
d e p t h , t h e i n f l u e n c e o f t h e wa t e r depth on t h e k i n e t i c en­
ergy d i s t r i b u t i o n i n t h e upper HOm ( i n f l u e n c e area of f l o a t ­
i n g b r e a k w a t e r s ) i s i n v e s t i g a t e d : 

d I S k i n . energy i n upper UOm 

tJ5 m | 100 % 
75 | 91.8 

100 | 72.1 
200 | 71.5 |L=U00 m| 
300 I 71.5 
500 | 71.5 

1000 I 71.5 

As can be seen i n t h e t a b l e , t h e a b s o l u t e water d e p t h i s 
u n i m p o r t a n t f o r t h e k i n e t i c energy d i s t r i b u t i o n i f d/L>0.5 
(deep w a t e r ) . So t h e i n f o i m a t i o n "deep w a t e r " i s s u f f i c i e n t 
t o e s t i m a t e t h e k i n e t i c energy d i s t r i b u t i o n i n t h e area i n ­
f l u e n c e d by t h e b r e a k w a t e r . Then, t h e water depth w i l l n o t 
e f f e c t t h e wave a t t e n u a t i o n p e r f o r m a n c e . 
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