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ABSTRACT 

In the near future it is planned to construct a short crested wave-maker for 
use in physical models of harbours. This report is concerned with three 
aspects of that development. 

Firstly, it highlights the differences in harbour and vessel response that 
are expected as a result of generating short crested waves instead of the 
long crested random waves used at present. This comparison makes use of 
analytical and computational results. For example, at ordinary wave 
periods, wave heights within a harbour are expected to be more evenly 
distributed and more vertical vessel movement in waves is expected in 
entrance channels. The response of the harbour at wave group perioda is 
expected to be significantly smaller which, in turn, will tend to reduce the 
horizontal movements of model ships moored within the harbour. Overall, a 
significant effect on the outcome of model investigations is expected. 

The second aspect concerns basic design requirements. A number of 
consequences follow from the need to keep the cost of the short crested 
wave-maker within acceptable limits while satisfying the requirements for a 
large range of mean wave directions and a sufficiently long wave front. It 
will be necessary to make the wave-maker mobile and to use separate 
individual paddles not more than 0.5m wide. Wave guides will be needed 
which, in turn, forces the use of symmetric functions to describe the 
directional spread of energy in the generated waves. An illustration of the 
use of wave guides indicates that the refraction and shoaling of waves as 
they propagate up to the harbour should be well represented. 

Finally, it is shown that set-down compensation at the short crested 
wave-maker is necessary to limit the generation of spurious long waves. A 
technique for doing this is illustrated with a computer simulation. The 
results show that the technique is effective in minimising the amplitude of 
spurious long waves that can cause an unrealistic increase in harbour and 
moored ship response at wave group periods. 
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1 INTRODUCTION 
Long c r e s t e d  random waves have been used  i n  p h y s i c a l  
models a t  H y d r a u l i c s  Research (HR) t o  s t u d y  c o a s t a l  
h a r b o u r s  s i n c e  t h e  e a r l y  s e v e n t i e s .  Such waves a r e  
more r e a l i s t i c  t h a n  t h e  s i n g l e  p e r i o d  waves used 
p r e v i o u s l y .  Th i s  i s  because t h e  s e a  i s  known t o  
c o n s i s t  of a  s u p e r p o s i t i o n  of wave components w i t h  a  
r ange  of p e r i o d s .  The d i s t r i b u t i o n  of  ene rgy  over  t h e  
v a r i o u s  components i s  d i s p l a y e d  i n  t h e  form of a  wave 
spec t rum.  S i n c e  s u r f a c e  waves a r e  d i s p e r s i v e ,  
d i f f e r e n t  components propagate  a t  d i f f e r e n t  speeds  
which t e n d s  t o  randomise t h e  phas ing  between 
components.  The r e s u l t  is  t h a t  t h e  s e a  s u r f a c e  h a s  an  
i r r e g u l a r  appearance ;  l a r g e  waves form when components 
come i n t o  phase  w i t h  one a n o t h e r ,  s m a l l  waves o c c u r  
when t h e  components a r e  l a r g e l y  o u t  of phase  w i t h  one 
a n o t h e r .  T h i s  c o n t r a s t s  w i t h  s i n g l e  p e r i o d  waves 
where h e i g h t s  a r e  uniform ( F i g s  l ( a )  and l ( b ) ) .  

One of t h e  major improvements r e s u l t i n g  from t h e  u s e  
of random waves i n  harbour  mode l l ing  was t h e  more 
r e a l i s t i c  wave p a t t e r n  i n  a  g i v e n  h a r b o u r  l a y o u t .  

With s i n g l e  waves a  s m a l l  change i n  p e r i o d  produced a  
new p a t t e r n  of wave h e i g h t  w i t h i n  t h e  model ha rbour :  
h i g h  and low p o i n t s ,  where r e f l e c t e d  waves were i n  
phase  and o u t  of phase wi th  i n c i d e n t  waves,  a l t e r e d  
p o s i t i o n .  A s  a  r e s u l t  wave b r i d g e s  were  used t o  
e n a b l e  t h e  l a r g e s t  wave h e i g h t  a l o n g  a  quay f a c e  t o  be 
i d e n t i f i e d .  The p o s i t i o n  of t h i s  l a r g e s t  h e i g h t  
v a r i e d  w i t h  p e r i o d :  i t  a l s o  v a r i e d  when t h e  pe r iod  was 
k e p t  c o n s t a n t  and t h e  harbour  l a y o u t  a l t e r e d .  Thus,  
d i f f e r e n t  schemes were judged by comparing maximum 
wave h e i g h t s  a l o n g  a  quay f a c e  over  a  r a n g e  of s i n g l e  
p e r i o d  t e s t s .  The va ry ing  p o s i t i o n  of t h i s  maximum 
h e i g h t  from p e r i o d  t o  p e r i o d ,  and scheme t o  scheme, 
had t o  be i g n o r e d .  

With random waves t h e  v a r i o u s  wave components 
r e p r e s e n t i n g  l o c a l  c o n d i t i o n s  a r e  p r e s e n t  i n  t h e  one 
t e s t .  Apar t  from reduc ing  t h e  number of t e s t s  
n e c e s s a r y  t o  e v a l u a t e  a  scheme, i t  p roduces  a  more 
even d i s t r i b u t i o n  of wave h e i g h t  a l o n g  a  quay f a c e  
even i n  t h e  p resence  of r e f l e c t i o n s .  A s  a  r e s u l t ,  
wave b r i d g e s  a r e  no longer  n e c e s s a r y  and s i n g l e  p o i n t  
measurements become meaningful .  T h i s  e n a b l e s  a n a l y s e s  
t o  be performed of t h e  t ime h i s t o r y  of  t h e  wave 
p a t t e r n  a t  v a r i o u s  p o i n t s  of i n t e r e s t  w i t h i n  t h e  
h a r b o u r .  Such a n a l y s e s  l e a d  t o  t h e  d e f i n i t i o n  of t h e  
s i g n i f i c a n t  wave h e i g h t  ( t h e  average  of t h e  h i g h e s t  
one t h i r d  of t h e  waves) t h e  ze ro  c r o s s i n g  wave p e r i o d  
( a n  a v e r a g e  p e r i o d  of t h e  wave r e c o r d )  t h e  maximum 
wave h e i g h t  o c c u r r i n g  over  t h e  d u r a t i o n  of  t h e  t e s t  
and ,  w i t h  s p e c t r a l  a n a l y s i s ,  t h e  d i s t r i b u t i o n  of 



energy over  t h e  v a r i o u s  wave components. A l l  t h i s  
i n f o r m a t i o n ,  from p o i n t s  of i n t e r e s t  i n  t h e  model 
h a r b o u r ,  e n a b l e s  a  more meaningful  compar ison t o  be 
made between d i f f e r e n t  l a y o u t s .  

G r e a t e r  r e a l i s m  i n  s h i p  responses  was a n o t h e r  major 
b e n e f i t  r e s u l t i n g  from t h e  use of random waves. 
E s t i m a t e s  of b e r t h  t e n a b i l i t y  can be o b t a i n e d  through 
t h e  use  of models of moored s h i p s .  Not i n f r e q u e n t l y ,  
model v e s s e l s  p laced  i n  s i n g l e  pe r iod  h a r b o u r  models 
d i s p l a y e d  l i t t l e  of t h e  behaviour  known t o  o c c u r  
w i t h i n  r e a l  h a r b o u r s .  While t h e  models would p i t c h ,  
r o l l  and heave i n  t h e  r e s i d u a l  wave a c t i v i t y  a t  a  
b e r t h ,  they  moved on ly  s l i g h t l y  on t h e i r  moorings when 
rang ing  ( s l o w  h o r i z o n t a l  movements a l o n g  and 
t r a n s v e r s e  t o  t h e  quay f a c e )  was known t o  be a  problem 
i n  t h e  r e a l  p o r t .  A l l  t h i s  a l t e r e d  when random waves 
were used .  Models of v e s s e l s  w i t h  5 ,000  t o n n e s  
d i sp lacement  and above were found t o  r a n g e  a t  t h e i r  
n a t u r a l  p e r i o d s  of h o r i z o n t a l  motion on t h e i r  
moorings,  i e  w i t h  p e r i o d s  from 20 seconds  up t o  
s e v e r a l  minu tes .  Cons ide rab le  r e s e a r c h  world-wide h a s  
been c a r r i e d  o u t  i n  t h e  p a s t  decade t o  e x p l a i n  t h i s  
behav iour  which i s  more i n  accord w i t h  o b s e r v a t i o n .  
It has  been shown t h a t  t h e r e  a r e  a  number of 
mechanisms producing f o r c e s  a t  wave group p e r i o d s  a s  
w e l l  a s  f o r c e s  a t  wave pe r iods .  Such f o r c e s  were 
a b s e n t  i n  s i n g l e  p e r i o d  models because  wave h e i g h t s  
were uniform.  I n  random waves, groups deve lop  
n a t u r a l l y  and t h i s  l e a d s  t o  models of moored v e s s e l s  
r ang ing  on t h e i r  moorings. 

One of t h e  most impor tan t  s o u r c e s  of ene rgy  c a u s i n g  
wave group f o r c i n g  on v e s s e l s  moored i n  h a r b o u r s  has  
been i d e n t i f i e d  a s  set-down beneath  g roups .  Due t o  
n o n - l i n e a r i t i e s  i n  wave motion a  long p e r i o d  
d i s t u r b a n c e ,  t r a v e l l i n g  w i t h  groups of waves,  deve lops  
n a t u r a l l y  i n  t h e  w a t e r .  Th i s  causes  a  d e p r e s s i o n  i n  
t h e  mean w a t e r  l e v e l  beneath  groups of l a r g e  waves 
w i t h  a  r i s e  between groups t o  compensate. While t h e  
phenomenon was d e s c r i b e d  by Longuet-Higgins and 
S tewar t  i n  t h e  s i x t i e s  (Ref 1) i t s  s i g n i f i c a n c e  f o r  
c o a s t a l  ha rbour  d e s i g n  was only f u l l y  a p p r e c i a t e d  when 
random o r  i r r e g u l a r  waves were used i n  h a r b o u r  
model l ing.  Set-down i n c i d e n t  on a  h a r b o u r  was shown 
by Bowers (Ref 2 )  t o  cause  long waves i n s i d e  t h e  
ha rbour .  The long waves, wi th  p e r i o d s  of 20 seconds  
t o  s e v e r a l  m i n u t e s ,  a r e  a b l e  t o  e x c i t e  n a t u r a l  pe r iod  
o s c i l l a t i o n s  of v e s s e l s  on t h e i r  moorings.  Due t o  
t h e i r  long, wavelength  c h a r a c t e r  t h e s e  d i s t u r b a n c e s  
p e n e t r a t e  more d e e p l y  i n t o  t h e  ha rbour  t h a n  o r d i n a r y  
waves wi th  t h e  r e s u l t  t h a t  ranging s t i l l  o c c u r s  even 
i n  w e l l  s h e l t e r e d  b e r t h s .  



Research carried out at HR (Ref 3) showed the 
importance of compensating for set-down at the 
wave-maker. Once a random wave system is formed, 
non-linearities within the wave motion ensure that 
set-down develops too. At the wave-maker, however, it 
is necessary to compensate for the water particle 
movements associated with set-down while generating 
the ordinary waves. If this is not done spurious long 
waves are produced. The earlier work on set-down 
compensation has led to a significant improvement in 
the accuracy of harbour modelling (Ref 4). Set-down 
compensation is now used on a regular basis in 
physical models of harbours employing long crested 
random waves, and it has led to a more realistic 
representation of vessel ranging at wave group 
periods. 

The next step in making harbour models more realistic 
is to use short crested waves (see Fig l(c)). Here, 
wave energy is distributed over a range of directions 
as well as a range of periods. Storm waves in deep 
water are known through measurement (Ref 5) to have a 
broad spread of energy in direction whereas swell from 
distant storms has a narrow spread, making it appear 
more long crested. 

As waves propagate into coastal waters, wave 
refraction tends to line-up wave crests with the 
seabed contours, effectively reducing the directional 
spread of wave energy (Fig 11). This has been used in 
the past as an argument to justify the use of long 
crested waves in harbour models; it being thought that 
the spread in direction remaining at the harbour 
entrance after refraction was small enough not to 
cause a significant effect on results obtained with 
long crested waves. However, in Section 2 of the 
report it is shown that directional spread can have 
significant effects on harbour and ship motion 
responses. In particular using long crested wave 
results as a basis for comparison, set-down is some 
50% smaller even for wave conditions with relatively 
narrow directional spreads. This implies that under 
storm conditions, even where spread may be relatively 
narrow after refraction, the long wave components 
directly excited within the harbour by set-down will 
be very much reduced. This in turn will reduce 
ranging of moored vessels at wave group periods. In 
the limit of minimal directional spread, which is 
probably the case with swell from very distant storms, 
the set-down associated with long crested waves will 
have more realistic magnitudes. Models using long 
crested waves are then realistic provided set-down 
compensation is used at the wave-maker. 



In Section 3 of this report the proposed method of 
short crested wave generation is described. Set-down 
compensation for that method of wave generation is 
presented in Section 4 with results from a computer 
simulation to show its expected effect. Conclusions 
appear in Section 5. 

2 DIFFERENCES 
BETWEEN SHORT 
CRESTED AND LONG 
CRESTED WAVES 

2.1 Wave pattern 
inside harbours 

Short crested waves produce a more even spread of wave 
height within.a harbour. This quite logical result 
can be illustrated by representing short crested waves 
as a superposition of wave components from a range of 
directions for a single wave period. The spread of 
wave energy over those components is taken to be that 
measured in the Southern North Sea (Ref 5). When this 
wave system is assumed to approach a single breakwater 
arm, with its mean direction at right angles to the 
breakwater, the pattern of wave height contours 
produced behind the breakwater is shown by the dashed 
lines in Fig 2. This compares with the solid line 
produced by a long crested wave of the same period (8 
seconds) approaching at right angles to the 
breakwater. It can be seen that a more gradual 
transition, to reduced wave height within the shelter 
of the breakwater, occurs with short crested waves 
than with long crested waves. This means short 
crestedness increases the residual wave activity well 
within the shelter of a breakwater. 

The increase in wave height encountered above is 
balanced by a somewhat reduced wave height on the edge 
of the shadow cast by the breakwater (see area just to 
the left of the breakwater tip in Fig 2). This, in 
effect, means the breakwater casts a larger shadow 
when subjected to short crested waves. For the 
situation of a harbour entrance consisting of a gap 
between two breakwater arms, the larger shadows cast 
by the two breakwaters will result in smaller waves 
inside the harbour at positions opposite the entrance. 
There will, of course, be corresponding increases in 
wave height well within the shelter of each 
breakwater. 

Another point to bear in mind is that the directional 
spread assumed in obtaining the result shown in Figure 
2 is that expected in deep water. Generally, only the 
shorter period waves incident in harbours will possess 
such broad spreads. Longer waves are affected by wave 



r e f r a c t i o n  which t e n d s  t o  r e d u c e  t h e  d i r e c t i o n a l  
s p r e a d  ( F i g  1 1 ) .  A s  a  r e s u l t ,  t h e  d i f f e r e n c e s  i n  
p r i m a r y  wave r e s p o n s e  t o  s h o r t  c r e s t e d  and long  
c r e s t e d  waves c a n  be l e s s  marked and w i l l  v a ry  from 
s i t e  t o  s i t e .  

2 . 2  S h i p  movement 
a t  o r d i n a r y  wave 
p e r i o d s  

The e f f e c t  d e s c r i b e d  i n  2 .1  w i l l ,  i n  t u r n ,  a f f e c t  t h e  
magn i tude  o f  v e s s e l  r e s p o n s e  a t  a  b e r t h :  t h e  b r o a d e r  
t h e  s p r e a d  a t  t h e  h a r b o u r  e n t r a n c e ,  t h e  more t h e  s h i p  
r e s p o n s e  w i l l  be  a f f e c t e d .  We c a n  a l s o  c o n s i d e r  
w h e t h e r  d i r e c t i o n a l  s p r e a d  c a n  a f f e c t  v e s s e l  
r e s p o n s e  more d i r e c t l y .  

Waves from a  v a r i e t y  of  d i r e c t i o n s  can  a f f e c t  
p o s i t i o n s  w i t h i n  a  h a r b o u r  s i m u l t a n e o u s l y  when 
r e f l e c t i o n s  from i n t e r n a l  h a r b o u r  b o u n d a r i e s  add t o  
t h e  main wave component e n t e r i n g  d i r e c t l y  t h rough  t h e  
e n t r a n c e .  Thus ,  i n t e r n a l  wave r e f l e c t i o n s  w i l l  t e n d  
t o  c a u s e  some d i r e c t i o n a l  s p r e a d  i n  wave e n e r g y .  
E f f e c t s  of such  a  s p r e a d  on v e s s e l s  moored i n s i d e  t h e  
h a r b o u r  w i l l  be r e p r e s e n t e d  w i t h  b o t h  s h o r t  c r e s t e d  
and l o n g  c r e s t e d  i n c i d e n t  waves .  I n  s h o r t  c r e s t e d  
waves t h e  d e g r e e  of d i r e c t i o n a l  s p r e a d  i n t r o d u c e d  
d i r e c t l y  by t h e  i n c i d e n t  waves e n t e r i n g  t h r o u g h  t h e  
h a r b o u r  e n t r a n c e  may be l e s s  s i g n i f i c a n t  t h a n  t h e  
s p r e a d  c a u s e d  by i n t e r n a l  r e f l e c t i o n s ,  p a r t i c u l a r l y  
where  t h e  h a r b o u r  e n t r a n c e  c o n s i s t s  of a  gap between 
two b r e a k w a t e r  a rms .  I n  t h i s  c a s e ,  waves can  o n l y  
t r a v e l  from a  w e l l  d e f i n e d  h a r b o u r  e n t r a n c e  t o  r e a c h  
i n t e r n a l  p o s i t i o n s  d i r e c t l y .  T h i s  component w i l l  
t e n d ,  t h e r e f o r e ,  t o  be a l m o s t  u n i - d i r e c t i o n a l .  

However, v e s s e l s  i n  n a v i g a t i o n  c h a n n e l s  o u t s i d e  
h a r b o u r s  w i l l  e x p e r i e n c e  t h e  f u l l  d i r e c t i o n a l  s p r e a d  
p r e s e n t  i n  t h e  i n c i d e n t  waves  and  we c a n  c o n s i d e r  i t s  
e f f e c t  on v e r t i c a l  v e s s e l  m o t i o n s  i n  waves a s  t h i s ,  i n  
t u r n ,  c a n  a f f e c t  t h e  d r e d g e d  d e p t h  r e q u i r e d  i n  t h e  
n a v i g a t i o n  c h a n n e l .  

The m u l t i - d i r e c t i o n a l  wave s p e c t r u m  c a n  be e x p r e s s e d  
i n  t h e  form: 

whe re  S ( f )  i s  t h e  one d i m e n s i o n a l  wave s p e c t r u m  f o r  
components  o f  f r e q u e n c y  f  ( i n v e r s e  of  wave p e r i o d )  and 
G i s  a  n o r m a l i s e d  s p r e a d i n g  f u n c t i o n  f o r  components  
w i t h  a n g l e s  0 t o  t h e  mean d i r e c t i o n .  We can  form t h e  
o n e  d i m e n s i o n a l  s h i p ' s  s p e c t r u m  u s i n g  t h e  r e s p o n s e  
r ( f  , a )  of  t h e  v e s s e l  t o  waves ( r  i s  t h e  r a t i o  of  



v e s s e l  movement t o  wave ampl i tude a t  f r e q u e n c y  f  and 
d i r e c t i o n  @ ) . 

= S ( £ )  ( f ) ,  s a y .  

Here ,  R ( £ )  i s  t h e  e q u i v a l e n t  r e s p o n s e  f u n c t i o n  w i t h  
d i r e c t i o n a l  sp read  taken i n t o  a c c o u n t .  T h i s  r e s p o n s e  
f u n c t i o n  can be compared wi th  t h e  r e s p o n s e  r ( f ,O=O)  t o  
a  u n d i r e c t i o n a l  wave from t h e  mean wave d i r e c t i o n  
o = o .  

The two r e s p o n s e s  a r e  shown i n  F i g u r e  3 f o r  t h e  c a s e  
of a  l a r g e  bu lk  c a r r i e r  underway i n  head s e a s  a t  8 
k n o t s  w i t h  a n  underkee l  c l e a r a n c e  of 15% of i t s  20m 
d r a u g h t .  The r e s u l t s  a r e  from a  m a t h e m a t i c a l  model of 
v e r t i c a l  s h i p  motion c a l l e d  UNDERKEEL which h a s  
r e c e n t l y  been developed a t  HR and t h e  response  
f u n c t i o n  i s  f o r  t h e  s t e r n ,  which is  t h e  p o i n t  on t h e  
s h i p  w i t h  t h e  l a r g e s t  v e r t i c a l  movement. Although the  
two c u r v e s  appear  s i m i l a r ,  i t  can be s e e n  t h a t  a t  
f r e q u e n c i e s  between 0.05 and 0.08,  i e  i n  t h e  wave 
p e r i o d  range  12 seconds  t o  20 s e c o n d s ,  t h e  r e s p o n s e  of 
t h e  v e s s e l  t o  a  s h o r t  c r e s t e d  s e a  i s  n o t i c e a b l y  l a r g e r  
t h a n  t h e  response  t o  a  long c r e s t e d  s e a .  Th i s  o c c u r s  
because  p i t c h  i n c r e a s e s  a s  the  waves a r e  a n g l e d  t o  t h e  
bow. The s p r e a d i n g  f u n c t i o n  assumed i n  t h i s  c a s e  
c o r r e s p o n d s  t o  s h o r t  c r e s t e d  waves d u r i n g  a  s to rm.  
For example,  wi th  t h e  one d imens iona l  wave spec t rum 
S ( f )  r e p r e s e n t i n g  a  s i g n i f i c a n t  wave h e i g h t  of 4m w i t h  
a  s p e c t r a l  peak a t  15 .8s ,  we f i n d  v e r t i c a l  movements 
a t  t h e  s t e r n  a r e  l a r g e r  by 44% i n  s h o r t  c r e s t e d  s e a s .  

The e f f e c t  of s h o r t  c r e s t e d  s e a s  on v e r t i c a l  mot ions  
of v e r y  l a r g e  c rude  c a r r i e r s  (VLCCs) w a s  one of t h e  
f a c t o r s  c o n s i d e r e d  i n  a  r e c e n t  i n v e s t i g a t i o n  t h a t  made 
use  of t h e  mathemat ica l  model UNDERKEEL (Ref 6 ) .  The 
s t u d y  was c a r r i e d  o u t  t o  e s t a b l i s h  a s a f e  u n d e r k e e l  
a l lowance  f o r  VLCCs pass ing  though t h e  Dover S t r a i t .  
On one s e c t i o n  of t h e  r o u t e ,  i n  t h e  w e s t e r n  p a r t  of  
t h e  S t r a i t ,  t h e  n o r t h  e a s t  bound t a n k e r s  c a r r y i n g  
o i l  from t h e  Middle Eas t  t o  Europoor t  a t  Rot terdam 
c o u l d  e x p e r i e n c e  l a r g e  s torm waves from a  s o u t h  
w e s t e r l y  s e c t o r  (mean wave d i r e c t i o n  242"N). The 
s i g n i f i c a n t  wave h e i g h t  i s  p r e d i c t e d  t o  be 7m f o r  a  
100 y e a r  r e t u r n  pe r iod  and t h e  d e g r e e  of  d i r e c t i o n a l  
s p r e a d  expec ted  i n  t h a t  storm is  shown i n  F i g u r e  4. 
The v e s s e l  head ing  on t h a t  p a r t  of t h e  r o u t e  (18"N) 
means t h a t  such waves would approach t h e  s t e r n  a t  an  
a v e r a g e  a n g l e  of 44". The f u l l  r e s p o n s e  f u n c t i o n  o f  
t h e  t a n k e r  o b t a i n e d  from UNDERKEEL i s  shown i n  F i g u r e  



5 ,  t h e  bow v e r t i c a l  movement b e i n g  t h e  l a r g e s t  i n  such 
c o n d i t i o n s .  The r e s p o n s e  i s  s e e n  t o  be even  l a r g e r  a t  
a n g l e s  of  a p p r o a c h  t o  t h e  s t e r n  of 50" t o  60' than  i t  
i s  a t  44" .  I n s p e c t i o n  of t h e  f u l l  wave spec t rum ( F i g  
4 )  shows t h a t  more ene rgy  is p r e s e n t  i n  t h e s e  waves 
(248"N t o  258"N) t h a n  i n  waves from t h e  mean d i r e c t i o n  
(242"N).  T h i s  is  due t o  asymmetry i n  t h e  s p r e a d i n g  
f u n c t i o n .  A s  a  r e s u l t ,  bow movement o b t a i n e d  w i t h  t h e  
e x p e c t e d  amount of d i r e c t i o n a l  s p r e a d  is  c o n s i d e r a b l y  
l a r g e r  ( s e e  F i g  6 f o r  t h e  r e s u l t i n g  m u l t i - d i r e c t i o n a l  
s p e c t r u m  of v e s s e l  movement) t h a n  would be  t h e  c a s e  
were u n i - d i r e c t i o n a l  waves assumed t o  approach  from 
t h e  mean d i r e c t i o n .  The r e s u l t i n g  e f f e c t  on t h e  
u n d e r k e e l  a l l o w a n c e  f o r  v e s s e l  m o t i o n s  i n  waves i s  
e q u a l l y  l a r g e .  A f i g u r e  of 5.6m is o b t a i n e d  f o r  t h e  
m u l t i - d i r e c t i o n a l  o r  s h o r t  c r e s t e d  waves whereas  a n  
a l l o w a n c e  of  o n l y  3.9m would r e s u l t  were  
u n i - d i r e c t i o n a l  o r  l ong  c r e s t e d  waves ,  assumed.  

A s  w i t h  h a r b o u r  r e s p o n s e  t o  o r d i n a r y  wave mot ion  ( s e e  
2 .1)  t h e  d i f f e r e n c e s  i n  v e s s e l  r e s p o n s e  t o  s h o r t  
c r e s t e d  waves and long  c r e s t e d  waves g r a d u a l l y  
d i m i n i s h  a s  t h e  d i r e c t i o n a l  s p r e a d  d e c r e a s e s -  T h i s  
means t h e  impor t ance  of s h o r t  c r e s t e d n e s s  i n  t h e s e  
o r d i n a r y  wave r e s p o n s e s  w i l l  v a r y  from s i t e  t o  s i te .  
I n  t h e  c a s e  o f  moored s h i p  r e s p o n s e s ,  however,  t h e  
s i t u a t i o n  is d i f f e r e n t  because  even  a f t e r  r e f r a c t i o n ,  
s t o r m  waves w i l l  have  s u f f i c i e n t  s p r e a d  t o  produce a  
s i g n i f i c a n t  e f f e c t  on d i s t u r b a n c e s  a t  wave g roup  
p e r i o d s .  T h i s  a s p e c t  i s  c o n s i d e r e d  i n  t h e  n e x t  
s u b - s e c t i o n .  

2 . 3  Wave g roup  
r e s p o n s e s  

A s  e x p l a i n e d  i n  t h e  i n t r o d u c t i o n ,  one  of  t h e  most 
i m p o r t a n t  s o u r c e s  of e n e r g y  c a u s i n g  v e s s e l s  moored 
i n s i d e  h a r b o u r s  t o  respond a t  wave g r o u p  p e r i o d s  i s  
set-down. Here  w e  c o n s i d e r  t h e  e f f e c t  of s h o r t  
c r e s t e d n e s s  on  set-down. 

To d e m o n s t r a t e  t h i s ,  i t  i s  c o n v e n i e n t  t o  p l o t  t h e  
e x p e c t e d  s p e c t r u m  of set-down a s s o c i a t e d  w i t h  v a r i o u s  
p r i m a r y  wave c o n d i t i o n s .  Examples a r e  g i v e n  i n  F i g u r e  
7 f o r  p r i m a r y  waves i n  a  w a t e r  d e p t h  of  20m w i t h  a  
s i g n i f i c a n t  h e i g h t  of  5m and a s p e c t r a l  peak a t  20s .  
The s p r e a d i n g  f u n c t i o n  t a k e s  t h e  form: 

T h i s  a l l o w s  t h e  amount of  s p r e a d  t o  be  v a r i e d  s imp ly  
by v a r y i n g  0. The s i g n i f i c a n t  h e i g h t  of  set-down i s  



d e f i n e d  i n  t h e  same way a s  t h e  pr imary  wave h e i g h t ,  i e  
4  t i m e s  t h e  s q u a r e  r o o t  of t h e  a r e a  unde r  t h e  s p e c t r u m  
of set-down which  is  e q u i v a l e n t  t o  4  t i m e s  t h e  
s t a n d a r d  d e v i a t i o n  o f  set-down. 

The r e s u l t  f o r  l o n g  c r e s t e d  waves (0=0)  shows a  v e r y  
l a r g e  set-down w i t h  a n  e x p o n e n t i a l l y  shaped  s p e c t r u m  
f a l l i n g  o f f  r a p i d l y  a s  f r e q u e n c y  i n c r e a s e s .  

The spec t rum o f  set-down a l t e r s  c o m p l e t e l y  w i t h  even  a 
l i m i t e d  amount o f  s p r e a d  (6=15" - s e e  c a s e  ( 1 )  i n  F i g  
1 5 ) .  The re  i s  f a r  l e s s  ene rgy  ( i t s  h e i g h t  i s  
a p p r o x i m a t e l y  h a l v e d  from 1.64m t o  0.86m) and a  peak 
d e v e l o p s  a t  a  f r e q u e n c y  of  0.015 i e  a t  a  p e r i o d  of  
a b o u t  7 0 s ,  w i t h  e n e r g y  f a l l i n g  o f f  r a p i d l y  a t  l o n g e r  
p e r i o d s  ( l o w e r  f r e q u e n c i e s ) .  

The s i t u a t i o n  w i t h  a  b r o a d e r  sp read  (6=30°  - s e e  c a s e  
( 2 )  i n  F i g  1 5 )  i s  t h a t  set-down r e t a i n s  i t s  peak  a t  
abou t  70s  b u t  i t s  h e i g h t  d r o p s  f u r t h e r  t o  0 . 6 3 ~ 1 .  

These r e s u l t s  c l e a r l y  show t h a t  i n  c o a s t a l  w a t e r s  
set-down i s  c o n s i d e r a b l y  s m a l l e r  i n  s h o r t  c r e s t e d  
waves t h a n  i t  i s  i n  l o n g  c r e s t e d  waves. I n  
p a r t i c u l a r ,  even  w i t h  t h e  r e l a t i v e l y  na r row s p r e a d s  
e x p e c t e d  a t  s i t e s  where wave r e f r a c t i o n  e f f e c t s  a r e  
s t r o n g ,  t h e  r e s u l t i n g  h e i g h t  of  set-down i s  l i k e l y  t o  
be  r o u g h l y  h a l f  t h e  h e i g h t  o b t a i n e d  w i t h  long  c r e s t e d  
waves. T h i s  i m p l i e s  t h a t  i n  models where l o n g  c r e s t e d  
waves a r e  u sed  t o  r e p r e s e n t  s h o r t  c r e s t e d  s t o r m  waves ,  
ha rbour  and moored s h i p  r e s p o n s e s  a t  wave g r o u p  
p e r i o d s  c o u l d  be  up t o  d o u b l e  t h e i r  t r u e  v a l u e .  The 
c a s e  of  a  s i t e  s u b j e c t  t o  s w e l l ,  however,  s h o u l d  be  
b e t t e r  r e p r e s e n t e d  i n  a  random s e a  model u s i n g  l o n g  
c r e s t e d  waves.  

I n  a d d i t i o n ,  w h e t h e r  t h e  a p p r o p r i a t e  waves f o r  a  g i v e n  
s i t e  a r e  l o n g  c r e s t e d  o r  s h o r t  c r e s t e d ,  c a r e  n e e d s  t o  
be  t a k e n  t o  u s e  set-down compensa t ion  a t  t h e  
wave-maker t o  a v o i d  t h e  g e n e r a t i o n  of s p u r i o u s  waves 
a t  group p e r i o d s .  T h i s  h a s  a l r e a d y  been d e m o n s t r a t e d  
f o r  l ong  c r e s t e d  waves (Ref 4 )  and i t  is shown i n  
S e c t i o n  4  t o  be  e q u a l l y  n e c e s s a r y  f o r  s h o r t  c r e s t e d  
waves. 

A l so ,  f o r  wave g r o u p  r e s p o n s e s ,  c a r e  is needed i n  
r e p r e s e n t i n g  t h e  e f f e c t s  o f  s u r f  b e a t s  i n  h a r b o u r  
models .  T h i s  r e q u i r e s  c a r e f u l  a t t e n t i o n  t o  be  p a i d  t o  
t h e  e f f e c t  o f  t h e  c o a s t l i n e  i f  t h e  r e f l e c t i o n  o f  t h e  
incoming set-down is  t o  be  w e l l  r e p r e s e n t e d ;  i t  b e i n g  
though t  t h a t  s u r f  b e a t s  a r e  a s s o c i a t e d  w i t h  
r e f l e c t i o n s  of  set-down from t h e  c o a s t l i n e .  



3  SHORT CRESTED 
WAVES FOR 
HARBOUR MODELS 

Apar t  from t h e  need t o  g e n e r a t e  s h o r t  c r e s t e d  s e a s ,  
t h e r e  a r e  two impor tan t  r equ i rements  f o r  g e n e r a t i n g  
waves i n  ha rbour  models. 

The f i r s t  requirement  is  f o r  a  l a r g e  range of mean 
wave d i r e c t i o n s .  F igure  8 shows wave-maker p o s i t i o n s  
used i n  s t u d y i n g  Dover Harbour. The waves were ,  of 
c o u r s e ,  long c r e s t e d  but  t h e  mean d i r e c t i o n s  a r e  
d i f f e r e n t  by more than  90" f o r  s o u t h  w e s t e r l y  s torms 
( p o s i t i o n  1 )  and e a s t e r l y  s to rms  ( p o s i t i o n  3 ) .  The 
n e a r s h o r e  wave d i r e c t i o n s  took a c c o u n t  of any changes 
i n  d i r e c t i o n  due t o  dep th  r e f r a c t i o n  a s  t h e  waves 
t r a v e l  from deep wa te r  t o  t h e  d e p t h s  r e p r e s e n t e d  a t  
t h e  wave-maker. 

The l a r g e  range  i n  mean direction i s  t y p i c a l  of 
h a r b o u r  s t u d i e s  f o r  t h e  f o l l o w i n g  r e a s o n .  I t  i s  
u s u a l l y  n e c e s s a r y  t o  p rov ide  s h e l t e r  from a  dominant 
wave d i r e c t i o n  (SW waves i n  t h e  c a s e  of Dover) and so  
b r e a k w a t e r s  a r e  des igned t o  maximize s h e l t e r  f o r  t h a t  
d i r e c t i o n .  However, t h i s  w i l l  l e a v e  t h e  ha rbour  more 
open t o  secondary  wave d i r e c t i o n s  a t  l a r g e  a n g l e s  t o  
t h e  dominant d i r e c t i o n .  For example,  t h e  Western 
Docks a t  Dover a r e  l e s s  open t o  t h e  dominant SW 
d i r e c t i o n  t h a n  t h e y  a r e  t o  s m a l l e r  e a s t e r l y  wave 
r u n n i n g  i n  through t h e  Western E n t r a n c e .  The end 
r e s u l t  i s  t h a t  schemes have t o  be t e s t e d  w i t h  waves 
from b o t h  dominant and secondary  d i r e c t i o n s  t o  e n s u r e  
t h a t  they  perform adequa te ly .  

T h i s  r equ i rement  has  been s a t i s f i e d  up t o  now by 
making t h e  long  c r e s t e d  wave-makers mobi le .  With t h e  
a b i l i t y  t o  g e n e r a t e  s h o r t  c r e s t e d  s e a s ,  i e  
m u l t i - d i r e c t i o n a l  waves, i t  might be though t  t h a t  one 
c o u l d  u s e  a  f i x e d  wave-maker c a p a b l e  of g e n e r a t i n g  
d i f f e r e n t  mean d i r e c t i o n s  a s  w e l l  a s  a  s p r e a d  i n  
d i r e c t i o n  abou t  t h e  mean. But F i g u r e  8 shows t h a t  
s u c h  a  wave-maker would need t o  e x t e n d  around a lmos t  3  
s i d e s  of t h e  wave b a s i n  t o  be c a p a b l e  of  p r o v i d i n g  t h e  
r e q u i r e d  mean d i r e c t i o n s .  Th i s  o p t i o n  would be ve ry  
c o s t l y .  T h e r e f o r e ,  we l i m i t  c o n s i d e r a t i o n  t o  a  mobi le  
wave-maker i n  o r d e r  t o  s a t i s f y  t h e  r e q u i r e m e n t  f o r  a  
l a r g e  range  of mean d i r e c t i o n s  w i t h o u t  hav ing  a n  
e x t r e m e l y  long wave f r o n t .  

The second requ i rement  i s  t h a t  s u f f i c i e n t  wave f r o n t  
be g e n e r a t e d  t o  o b t a i n  a  r e a l i s t i c  h a r b o u r  r e s p o n s e .  
For  example,  over topp ing  of b r e a k w a t e r s  can sometimes 
add t o  t h e  d i s t u r b a n c e  w i t h i n  a  h a r b o u r  and s o  t h e  
wave f r o n t  must cover  t h e  r e l e v a n t  l e n g t h  of 
b reakwate r  a s  w e l l  a s  t h e  h a r b o u r  e n t r a n c e .  Sometimes 



the harbour has two entrances. This may mean 
sufficient wave front is needed to cover both 
entrances. For example, in Dover (Fig 8), it was 
found that under SW wave attack the Eastern Docks were 
affected by the disturbance coming through the Eastern 
Entrance as well as a larger wave component coming 
through the Western Entrance. Thus, the wave front 
had to be sufficiently long to cover both entrances. 
It was also necessary for the wave front to cover the 
Admiralty Pier breakwater (the western arm of the 
Western Entrance). This was because the vertical 
walled breakwater produced a strong reflection under 
SW wave attack, and this reflection contributed to the 
disturbance diffracted into the harbour through the 
Western Entrance. 

This sort of requirement on the length of wave front 
is quite typical in harbour studies. It has been 
satisfied up to now, without having to generate a very 
long wave front, by using wave guides (see dashed 
lines at the ends of the various wave generator 
positions in Fig 8). These guides are simply walls 
that are positioned to guide the wave front up to the 
model harbour taking account of any depth refraction. 
They prevent a loss of wave height that would 
otherwise occur due to diffraction of energy off to 
the sides of the wave front. It is clear that a short 
crested wave-maker, supplying a similar length of wave 
front as the present long crested generators, will 
also need to employ wave guides. The alternative of 
having a long enough generator to avoid the need for 
guides is too costly. With guides present, component 
directions in the short crested sea will reflect off 
the guides as wave fronts propagate towards the 
harbour. Thus, reflection from the guides will become 
an essential part of the multi-directional sea and the 
control signal driving the multi-element paddles must 
take this into account. Fortunately, such a control 
signal has already been developed at HR for driving a 
multi-element wave-maker in a deep wave basin used for 
testing offshore structures. 

In summary, two requirements of harbour modelling lead 
to a mobile short crested wave-maker that makes use of 
wave guides to produce a multi-directional sea over a 
sufficient length of wave front. Such a generator 
keeps the cost of producing adequate short crested 
waves for harbour modelling, within reasonable 
limits. 

3.1 Separate versus 
hinged paddles 

A schematic picture of a short crested wave-maker in a 
water depth d is given in Figure 9. A wave 



p r o p a g a t i n g  a t  an a n g l e  O t o  t t ie  p a d d l e  normal can  be 
g e n e r a t e d  by programming i n d i v i d u a l  p a d d l e s  of w i d t h  
R .  Al though each  padd le  must  have  i t s  own d r i v e ,  
n e i g h b o u r i n g  padd le  a r e  c o r r e l a t e d  i n  such  a  way a s  t o  
g i v e  t h e  c o r r e c t  r e s o l v e d  w a v e l e n g t h  a l o n g  t h e  f a c e  of  
t h e  wave-maker. When o p e r a t i n g ,  t h e  f a c e  of t h e  
wave-maker a p p e a r s  t o  w r i g g l e  l i k e  a  s n a k e  and such  
g e n e r a t o r s  were c a l l e d  s e r p e n t  wave-makers i n  t h e  p a s t  
when s i n g l e  pe r iod  waves were  used .  

I f  t h e  i n d i v i d u a l  p a d d l e s  a r e  s e p a r a t e ,  s o  t h a t  t h e y  
c a n  s l i d e  r e l a t i v e  t o  one a n o t h e r ,  t h e y  w i l l  p roduce  a 
" s t e p p e d "  approx ima t ion  t o  t h e  r e q u i r e d  v a r i a t i o n  
a l o n g  t h e  f a c e  of t h e  g e n e r a t o r .  T h e . t h e o r y  f o r  t h i s  
c a s e  h a s  been d e s c r i b e d  by G i l l ~ e r t  (Ref 7 ) .  I t  might  
be t h o u g h t  t h a t  by l i n k i n g  i n d i v i d u a l  p a d d l e s  w i t h  
v e r t i c a l  h i n g e s ,  i t  would be p o s s i b l e  t o  o b t a i n  a 
smoo the r  approx ima t ion  t o  t h e  r e q u i r e d  v a r i a t i o n  a l o n g  
t h e  g e n e r a t o r .  A p r o t o t y p e  g e n e r a t o r  employing  t h i s  
i d e a  was t e s t e d  a t  t h e  Danish  H y d r a u l i c  I n s t i t u t e .  I f  
e f f e c t i v e ,  i t  would mean f e w e r  h i n g e d  p a d d l e s  c o u l d  be  
used  t o  g i v e  a s  good a  match  a s  a l a r g e r  number of 
s e p a r a t e  p a d d l e s .  However, i n  p r a c t i c e ,  t h e  b e n e f i t s  
o f  u s i n g  v e r t i c a l l y  h inged p a d d l e s  a p p e a r  s m a l l .  

An example is  shown i n  F i g u r e  1 0 .  The w a t e r  d e p t h  a t  
t h e  wave-maker i s  t a k e n  t o  be 0.3m, a t y p i c a l  d e p t h  
f o r  ha rbour  mode l l i ng .  The l i m i t i n g  a n g l e  f o r  o b l i q u e  
wave g e n e r a t i o n  (0 i n  F i g  9 )  i s  p l o t t e d  a s  a  f u n c t i o n  
of  t h e  r a t i o  of  wave leng th  (X) t o  i n d i v i d u a l  p a d d l e  
w i d t h  (R i n  F ig  9 ) .  The two lower  s c a l e s  show t h e  
wave p e r i o d s  c o r r e s p o n d i n g  t o  p a r t i c u l a r  r a t i o  v a l u e s  
when R=0.3m and when R=0.5m. These  p e r i o d s  a r e  g i v e n  
a t  f u l l  s c a l e  assuming a  h a r b o u r  model s c a l e  of  1 t o  
1 0 0 ;  a  t y p i c a l  c h o i c e .  F i g u r e  1 0  shows t h a t ,  p rov ided  
t h e r e  a r e  a t  l e a s t  2 i n d i v i d u a l  p a d d l e s  p e r  
w a v e l e n g t h ,  a  f u l l  r ange  o f  d i r e c t i o n s  can  be 
g e n e r a t e d  up t o  90" t o  t h e  wave-maker no rma l .  I f  
i n d i v i d u a l  p a d d l e s  a r e  0.3m wide ,  t h i s  means waves 
w i t h  p e r i o d s  l o n g e r  t h a n  6 s  c a n  be  g e n e r a t e d  a t  any 
a n g l e .  The l i m i t i n g  p e r i o d  becomes 8 s  f o r  a  p a d d l e  
w i d t h  o f  0 . 5 1 ~ .  The s i t u a t i o n  w i t h  f ewer  t h a n  2 
p a d d l e s  p e r  wavelength  i s  t h a t  a k i n d  o f  a l i a s i n g  can  
t a k e  p l a c e  i f  waves a t  t o o  g r e a t  an  a n g l e  a r e  
g e n e r a t e d .  I f  t h e  main wave a n g l e  i s  g r e a t e r  t h a n  a  
l i m i t i n g  v a l u e  (Oc) d e f i n e d  by ,  

X 
s i n  Oc = R- -1, 

a d d i t i o n a l  waves would a l s o  be g e n e r a t e d  w i t h  v e r y  
v a r i a b l e  a m p l i t u d e  and d i r e c t i o n s .  They c a n n o t ,  
t h e r e f o r e ,  be used  a s  p a r t  of a  r e q u i r e d  d i r e c t i o n a l  
wave spec t rum.  For  t h i s  r e a s o n  t h e y  must be e i t h e r  



e x c l u d e d  o r  k e p t  a t  low a m p l i t u d e  r e l a t i v e  t o  t h e  main 
wave. 

F i g u r e  10  shows t h a t  a  s m a l l  b e n e f i t  i s  o b t a i n e d  w i t h  
h i n g e d  p a d d l e s  f o r  wave leng th  t o  padd le  width  r a t i o s  
of  l e s s  t h a n  1 ;  waves up t o  10°  t o  t h e  normal cou ld  be  
g e n e r a t e d  i f  s p u r i o u s  wave a m p l i t u d e s  up t o  1110th  of 
t h e  main wave were a c c e p t e d .  The re  i s  no b e n e f i t  from 
u s i n g  h inged  padd le s  f o r  r a t i o  v a l u e s  between 1 and 2 ;  
s p u r i o u s  waves of  l a r g e  a m p l i t u d e  would be g e n e r a t e d  
f o r  main wave a n g l e s  o n l y  s l i g h t l y  l a r g e r  t han  t h e  
l i m i t i n g  a n g l e .  The f u l l  r a n g e  o f  d i r e c t i o n s  can  be  
g e n e r a t e d  f o r  r a t i o  v a l u e s  above 2 whe the r  hinged o r  
s e p a r a t e  p a d d l e s  a r e  u sed .  

O v e r a l l ,  h inged p a d d l e s  a p p e a r  t o  be  of l i t t l e  
b e n e f i t .  

Consequences o f  
u s i n g  wave g u i d e s  

It was e x p l a i n e d  a t  t h e  b e g i n n i n g  of  t h i s  s e c t i o n  t h a t  
wave g u i d e s  a r e  n e c e s s a r y  i f  t h e  o v e r a l l  l e n g t h  of t h e  
wave g e n e r a t o r  i s  t o  be k e p t  w i t h i n  r e a s o n a b l e  l i m i t s  
and y e t  s u f f i c i e n t  wave f r o n t  i s  t o  be ma in ta ined  
be tween t h e  g e n e r a t o r  and t h e  model h a r b o u r .  Guides  
p r e v e n t  wave d i f f r a c t i o n  o f f  t o  t h e  s i d e s  and an  
u n r e a l i s t i c  l o s s  o f  wave h e i g h t .  I n  t h i s  s i t u a t i o n ,  
wave components  i n  a  m u l t i - d i r e c t i o n a l  s e a  w i l l  b o t h  
r e f l e c t  o f f  t h e  g u i d e s  and r e f r a c t  o v e r  t h e  dep th  
c o n t o u r s  b e f o r e  t h e y  r e a c h  t h e  h a r b o u r  e n t r a n c e .  
These  r e f l e c t i o n s  w i l l  c l e a r l y  c o n t r i b u t e  t o  t h e  
d i r e c t i o n a l  s p r e a d  of  wave e n e r g y .  With long c r e s t e d  
o r  u n i - d i r e c t i o n a l  waves, r e f l e c t i o n s  do n o t  occu r  
b e c a u s e  t h e  g u i d e s  f o l l o w  l i n e s  of r e f r a c t i o n .  

To judge  t h e  e f f e c t  of r e f l e c t i o n s  o f f  t h e  g u i d e s  we 
can  f i r s t  c o n s i d e r  j u s t  t h e  r e f r a c t i o n  of  10s  waves, 
w i t h  a  cos20 d i r e c t i o n a l  s p r e a d  i n  deep  w a t e r ,  
a p p r o a c h i n g  s t r a i g h t  p a r a l l e l  c o n t o u r s  w i t h  a  mean 
d i r e c t i o n  a t  an a n g l e  of 60" t o  t h e  c o n t o u r s  (mean 
c r e s t  a t  30° t o  t h e  c o n t o u r s ) .  T h i s  s p r e a d  i s  shown 
i n  F i g u r e  11 a s  t h e  deep  w a t e r  v a l u e .  When t h e  waves 
p r o p a g a t e  i n t o  s h a l l o w e r  w a t e r ,  t h e  s p r e a d  t e n d s  t o  
become asymmetr ic  a b o u t  t h e  d i r e c t i o n  w i t h  maximum 
e n e r g y ,  which i t s e l f  changes  due  t o  r e f r a c t i o n .  The 
e s t i m a t e d  s p r e a d s  on  t h e  30m, 20m and 10m c o n t o u r s  a r e  
shown i n  F i g u r e  11. The l a t t e r  s p r e a d s  a r e  n o t  
n o r m a l i s e d  i n  o r d e r  t o  show how t h e  o v e r a l l  wave 
e n e r g y  i s  reduced by r e f r a c t i o n .  Thus ,  w i t h  75% of 
t h e  deep  w a t e r  e n e r g y  p r e s e n t  on t h e  10m c o n t o u r ,  t h e  
wave h e i g h t  w i l l  be 0.87 of  t h e  deep  w a t e r  va lue .  I f  
t h e  waves were long  c r e s t e d  i n s t e a d  q f  s h o r t  c r e s t e d ,  
t h e  c o r r e s p o n d i n g  wave h e i g h t  r e d u c t i o n  would be  l e s s  
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s p r e a d  shown i n  F i g u r e  13. I n  g e n e r a l ,  t h e  agreement  
be tween  t h e  e s t i m a t e d  s p r e a d  and t h e  d i r e c t i o n a l  
s p r e a d  p r e d i c t e d  f o r  t h e  10m c o n t o u r  i s  v e r y  
e n c o u r a g i n g .  I n  a d d i t i o n ,  t h e  r e d u c t i o n  i n  wave 
h e i g h t  due t o  r e f r a c t i o n  i s  a l s o  w e l l  r e p r e s e n t e d ;  a  
v a l u e  of  0 .88  of  t h e  deep  w a t e r  h e i g h t  is  o b t a i n e d  on 
t h e  1 O m  c o n t o u r .  T h i s  compares w i t h  a  r e d u c t i o n  t o  
0.87 of  t h e  deep  w a t e r  h e i g h t  when j u s t  r e f r a c t i o n  i s  
c o n s i d e r e d  ( F i g  11 ) .  

I n  summary, wave g u i d e s  f o r c e  t h e  u s e  of  symmet r i c  
d i r e c t i o n a l  s p r e a d i n g  f u n c t i o n s  when g e n e r a t i n g  s h o r t  
c r e s t e d  s e a s ,  whereas  asymmetry c a n  o c c u r  i n  t h e  r e a l  
s e a  due  t o  d e p t h  r e f r a c t i o n .  However, t h i s  i s  n o t  
e x p e c t e d  t o  l e a d  t o  s i g n i f i c a n t  e r r o r s  i n  h a r b o u r  
r e s p o n s e ;  t h e  combinat ion  of  r e f r a c t i o n  and r e f l e c t i o n  
f rom t h e  g u i d e s  t h a t  o c c u r s  a s  t h e  waves t r a v e l  from 
t h e  g e n e r a t o r  t o  t h e  model h a r b o u r  a p p e a r s  t o  r e s u l t  
i n  a n  a d e q u a t e  r e p r e s e n t a t i o n  of  t h e  e f f e c t  o f  
r e f r a c t i o n  on t h e  d i r e c t i o n a l  s p r e a d  i n  t h e  r e a l  s e a .  

Fo r  waves a p p r o a c h i n g  a  h a r b o u r  w i t h  a  mean 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  c o n t o u r s ,  a  c a s e  which  n o t  
i n f r e q u e n t l y  l e a d s  t o  t h e  l a r g e s t  waves b e c a u s e  d e p t h  
r e f r a c t i o n  h a s  t h e  l e a s t  e f f e c t  i n  r e d u c i n g  wave 
h e i g h t ,  t h e  s p r e a d i n g  f u n c t i o n  w i l l  t e n d  t o  r ema in  
symmet r i c .  I n  t h i s  c a s e  t h e  d e p t h  r e f r a c t i o n  e f f e c t s  
w i l l  be  r e p r e s e n t e d  e x a c t l y  t h r o u g h  t h e  u s e  of  wave 
g u i d e s .  

3 . 3  Proposed method 
I n  v iew of  t h e  above r e s u l t s ,  t h e  method of s h o r t  
c r e s t e d  wave g e n e r a t i o n  proposed  f o r  h a r b o u r  models  
makes u s e  of  s e p a r a t e  i n d i v i d u a l  p a d d l e s ,  a  mob i l e  
g e n e r a t o r ,  wave g u i d e s  and symmet r i c  f u n c t i o n s  a b o u t  
t h e  mean wave d i r e c t i o n  t o  d e s c r i b e  t h e  d i r e c t i o n a l  
s p r e a d  e x p e c t e d  i n  t h e  r e a l  s e a  i n  t h e  w a t e r  d e p t h  
r e p r e s e n t e d  a t  t h e  wave-maker. 

4 COMPENSATION FOR 
SET-DOWN BENEATH 
WAVE GROUPS 

It was e x p l a i n e d  i n  t h e  i n t r o d u c t i o n  how set-down 
o c c u r s  i n  t h e  r e a l  s e a  and t h a t  it  w i l l  o c c u r  
n a t u r a l l y  i n  model random s e a s  b u t  t h a t  c a r e  i s  needed 
i n  wave g e n e r a t i o n  t o  a v o i d  s p u r i o u s  l o n g  waves.  It 
was men t ioned  t h a t  a  t e c h n i q u e  h a s  a l r e a d y  been  
d e v e l o p e d ,  and implemented a t  HR, f o r  m i n i m i s i n g  t h e  
s p u r i o u s  l o n g  waves a s s o c i a t e d  w i t h  l o n g  c r e s t e d  
random wave-makers (Ref 4 ) .  T h i s  i n v o l v e s  
compensa t ing  f o r  set-down a t  t h e  wave g e n e r a t o r .  I n  
a p p l i c a t i o n ,  set-down compensa t ion  h a s  been  found t o  
have  a  s i g n i f i c a n t  e f f e c t  on t h e  r e s p o n s e  of  h a r b o u r s  
and moored s h i p s  a t  wave g roup  p e r i o d s .  H e r e ,  a  



t e c h n i q u e  i s  d e s c r i b e d  f o r  set-down compensation when 
s h o r t  c r e s t e d  waves a r e  g e n e r a t e d .  Such compensat ion 
i s  e q u a l l y  n e c e s s a r y  f o r  s h o r t  c r e s t e d  s e a s  s i n c e  t h e  
s p u r i o u s  long wave a m p l i t u d e s  a r e  a g a i n  comparable 
w i t h  set-down a m p l i t u d e s .  

4.1 T h e o r e t i c a l  
model 

The b a s i c  t h e o r e t i c a l  model assumes i r r o t a t i o n a l  
motion which a l l o w s  t h e  w a t e r  p a r t i c l e  v e l o c i t y  v e c t o r  
q  t o  be d e s c r i b e d  i n  terms of a p o t e n t i a l  4 .  To - 
r e p r e s e n t  s h o r t  c r e s t e d  waves,  t h e  v e l o c i t y  q i s  t a k e n  
t o  have two h o r i z o n t a l  components U and v  and a  
v e r t i c a l  component W i n  a  r i g h t  handed o r thogona l  
co -ord ina te  system ( X  , y ,  z ) .  The X and y  axes  l i e  
i n  t h e  h o r i z o n t a l  p l a n e  and t h e  v e r t i c a l  a x i s  p o i n t s  
upwards wi th  t h e  o r i g i n  a t  t h e  mean wa te r  l e v e l  ( F i g  
9)  

g = -V+ - = (U , v ,  W ) .  
I n c o m p r e s s i b i l i t y  r e s u l t s  i n  t h e  b a s i c  e q u a t i o n  f o r  
t h e  v e l o c i t y  p o t e n t i a l ,  

The boundary c o n d i t i o n s  t o  be s a t i s f i e d  by s u r f a c e  
waves wi th  ampl i tude  Q a r e  a s  f o l l o w s .  

On t h e  bottom ( z  = -d)  

On t h e  f r e e  s u r f a c e  ( z  = Q ) 

Equa t ion  ( 2 )  e x p r e s s e s  t h e  c o n d i t i o n  t h a t  t h e  v e r t i c a l  
v e l o c i t y  v a n i s h e s  on t h e  bot tom,  ( 3 )  i s  t h e  e q u a t i o n  
of motion of t h e  f r e e  s u r f a c e  and ( 4 )  a r i s e s  from 
B e r n o u l l i ' s  e q u a t i o n  a f t e r  a l l o w i n g  f o r  c o n s t a n t  a i r  
p r e s s u r e  a t  t h e  f r e e  s u r f a c e .  

The above s e t  of e q u a t i o n s  i s  non- l inea r  b u t  an  
e f f e c t i v e  method of s o l u t i o n  is t o  expand t h e  b a s i c  
wave q u a n t i t i e s  g ,  and Q i n  powers of t h e  wave 
ampl i tude .  Th i s  assumes t h e  plroduct terms i n  ( 3 )  and 
( 4 )  a r e  smal l  i n  compar ison w i t h  t h e  o t h e r  terms i n  
t h e  e q u a t i o n s .  T h i s  p r o c e d u r e ,  known a s  a  S t o k e s '  
expans ion ,  has  been found t o  l e a d  t o  a  good 
d e s c r i p t i o n  of second o r d e r  e f f e c t s  l i k e  set-down i n  
l o n g  c r e s t e d  random waves: measurements i n  a  wave 



flume are explained by predictions from the 
theoretical model. 

Denoting first order quantities with a superfix one 
and second order (in the wave amplitude) quantities 
with a superfix two we find (1) to (4) become in 
lowest order : 

The surface elevation Q ('1 is assumed to be a 
superposition of wave components with a range of 
frequencies U and directions 0:. 

j 

The j, n component has frequency U ., direction 0: (see 
Fig 9) relative to the mean wave djrection or 
wave-maker normal, amplitude a:, wave number k and 

j random phase E:. Each frequency will have a range of 
wave directions, including positive and negative 
values of 02. The amplitudes are defined by the wave 
spectrum: 

Here G describes the angular spread in wave energy and 
it is normalised, ie, 

S(f.) is the usual one dimensional wave frequency 
J spectrum where, 

Solving equations (5) to enables the first order 
water particle velocity to be defined and the 
usual dispersion relation for surface waves to be 
derived: 

a2. = k .g tanh k .d. 
J J J 



So f a r ,  t h e  r e s u l t s  app ly  e q u a l l y  t o  p h y s i c a l  model 
and r e a l  s e a  c o n d i t i o n s .  But an  a d d i t i o n a l  boundary 
c o n d i t i o n  h a s  t o  be s a t i s f i e d  i n  t h e  p h y s i c a l  model 
because  t h e  waves a r e  g e n e r a t e d  by a  padd le .  Taking a  
p i s t o n  paddle  w i t h  a  h o r i z o n t a l  d i sp lacement  5 which 
i s  independen t  of t h e  d e p t h :  

To lowest  o r d e r  t h i s  i s  simply:  

and t h e  movements of t h e  i n d i v i d u a l  padd le  e l e m e n t s  
( s e e  F i g  9 )  r e q u i r e d  t o  g e n e r a t e  any p a r t i c u l a r  
component of  t h e  e l e v a t i o n  ( 9 )  can be d e r i v e d  u s i n g  
t h e  method g i v e n  by G i l b e r t  (Ref 7) .  L e t  t h e  
s u p e r p o s i t i o n  of component paddle movement be 5 ( 1 )  

I n  second o r d e r  ( 1 )  g i v e s :  

v 2 + ( 2 )  = 0 

Expanding ( 4 )  a b o u t  z  = 0 g i v e s :  

Expanding ( 3 )  a b o u t  z  = 0 g i v e s :  

S u b s t i t u t i n g  f o r  Q (') from (12)  i n t o  t h e  above 
e q u a t i o n  g i v e s  t h e  boundary c o n d i t i o n  t o  be s a t i f i e d  
by t h e  second o r d e r  p o t e n t i a l  on t h e  s u r f a c e  z = 0 :  

I n  o b t a i n i n g  ( 1 3 )  u s e  h a s  been made of ( 7 )  and (8)  t o  
r e a r r a n g e  t e rms  on t h e  r i g h t  hand s i d e .  These  p r o d u c t  
terms g i v e  r i s e  t o  summations i n v o l v i n g  d i f f e r e n c e s  
and sums of wave component f r e q u e n c i e s .  It i s  t h e  
terms a t  d i f f e r e n c e  f r e q u e n c i e s  t h a t  l e a d  t o  
set-down. 

Equat ion ( 1 3 )  shows t h e  o r i g i n  of set-down b e n e a t h  
wave groups .  S u r f a c e  e f f e c t s  i k e  t h e  r e d u c t i o n  i n  
wa te r  p r e s s u r e  due t o  t h e  term i n  B e r n o u l l i ' s  
e q u a t i o n  ( 1 2 ) ,  d r i v e  a  wave-l.ike W b e n e a t h  t h e  f$P s u r f a c e  w i t h  v e l o c i t y  p o t e n t i a l  @ . These s u r f a c e  



e f f e c t s  appear on t h e  r i g h t  hand s i d e  of (13)  and t h e y  
can be eva lua ted  f  e r  s u b s t i t u t i n g  f  r  t h e  f i r s t  
o r d e r  e l e v a t i o n  41 5 a n d ( g 1 o c i t y  g (17 . When t h i s  i s  
done,  t h e  s o l u t i o n  f o r  $ can be found by s o l v i n g  
L a p l a c e ' s  e q u a t i o n  ( 1 1 )  s u b j e c t  t o  boundary c o n d i t i o n  
( 1 3 )  on t h e  s u r f a c e  and t h e  requirement  t h a t  t h e  
v e r t i c a l  v e l o c i t y  v a n i s h  on t h e  bottom z = -d, i e  

The f i n a l  e x p r e s s i o n  f o r  set-down then o b t a i n e d  
from (12) a f t e r  s u b s t i t u t i n g  f o r  + f ' )  and r e t a i n i n g  
t h e  d i f f e r e n c e  f r e q u e n c y  t e rms .  I t  is c l e a r  from ( 1 2 )  
t h a t ,  due t o  i t s  s i g n ,  t h e  t h i r d  term on t h e  r i g h t  
hand s i d e  w i l l  t end  t o  cause  a  d e p r e s s i o n  benea th  

ps of l a r g e  waves where t h e  o r b  1 wave v e l o c i t y  
:TPY i s  l a r g e .  A f t e r  s o l v i n g  f o r  + tSB  i t  i s  found 
t h a t  t h e  phasing of t h e  f i r s t  term on t h e  r i g h t  hand 
s i d e  of (12) i s  t h e  same a s  t h e  t h i r d  t e r  T h i s  
means t h e  wave-l ike f low r e p r e s e n t e d  by + li) t e n d s  t o  
r e i n f o r c e  t h e  d e p r e s s i o n  benea th  groups of l a r g e  waves 
making set-down l a r  . I n  c o a s t a l  w a t e r s  t h e  
c o n t r i b u t i o n  from + ktf dominates  over  t h e  o t h e r  t e rms  
on t h e  r i g h t  s i d e  of ( 1 2 ) .  I t  i s  t h i s  term t h a t  
i n c r e a s e s  r a p i d l y  a s  t h e  waves p ropaga te  i n t o  s h a l l o w  
w a t e r .  

So f a r ,  t h e  d i s c u s s i o n  of  second o r d e r  q u a n t i t i e s  
a p p l i e s  e q u a l l y  w e l l  t o  model and r e a l  sea  c o n d i t i o n s .  
Set-down w i l l  a r i s e  n a t u r a l l y  through n o n - l i n e a r i t i e s  
i n  t h e  model waves once t h e  f i r s t  o r d e r  wave sys tem 
d e s c r i b e d  by ( 9 )  has  been g e n e r a t e d .  The o n l y  
d i f f i c u l t y  i n  t h e  model o c c u r s  a t  t h e  wave-maker. 

The boundary c o n d i t i o n  t o  be s a t i s f i e d  a t  t h e  
g e n e r a t o r  i s  o b t a i n e d  from (10)  t o  second o r d e r  by 
expanding about  t h e  mean padd le  p o s i t i o n  X-0, i e  

Equat ion (15)  e x p r e s s e s  t h e  f a c t  t h a t  second o r d e r  
( i n  wave ampl i tude)  padd le  movement C.(') i s  r e q u i r e d  
t o  balance  wate a r t i c l e  v e l o c i t i e s  a s s o c i a t e d  w i t h  
set-down ( t h e  4 f29  t e rm)  and a  term in t roduced  by t h e  
f i r s t  o r d e r  movement of t h e  padd le .  A s  t h e  set-down 
c o n t r i b u t i o n  dominates  i n  s t a l  models, t h e  
a d d i t i o n a l  paddle  s i g n a l  i can be c a l l e d  t h e  
set-down compensation s i g n a l .  

I f  t h e  wave-maker i s  o n l y  programmed t o  g e n e r a t e  t h e  
f i r s t  o r d e r ,  o r  p r imary  wave sys tem,  then t h e  l e f t  



hand s i d e  of ( 1 5 )  i s  z e r o  and t h e  o n l y  way t h e  
e q u a t i o n  can  be s a t i s f i e d  i s  t h r o u g h  i n t r o d u c i n g  a 
f  l ong  wave. Deno t ing  i t s  v e l o c i t y  p o t e n t i a l  by 
4 iSBequat ion (15)  g i v e s  : 

The form of t h i s  f r e e  wave is o b t a i n e d  by s o l v i n g  
L a p l a c e ' s  e q u a t i o n  ( 1 1 )  s u b j e c t  t o  boundary c o n d i t i o n  
( 1 3 )  w i t h  t h e  r i g h t  hand s i d e  s e t  t o  z e r o  and bounda ry  
c o n d i t i o n  (14 )  on z=-d. The a m p l i t u d e  of t h e  f r e e  
wave i s  then  d e f i n e d  by ( 1 6 ) .  It d i f f e r s  from 
set-down i n  t h a t  i t  p r o p a g a t e s  a t  t h e  u s u a l  phase  
v e l o c i t y  f o r  s u r f a c e  waves.  T h i s  i s  f a s t e r  t h a n  t h e  
g r o u p  v e l o c i t y  which i s  t h e  speed  of  p r o p a g a t i o n  o f  
set-down. The r e s u l t  i s  t h a t  t h e  f r e e  wave, which  i s  
180"  o u t  of phase  w i t h  set-down a t  t h e  g e n e r a t o r  
( e q u a t i o n  ( 1 6 ) ) ,  c a n  e n h a n c e  t h e  o v e r a l l  l ong  p e r i o d  
e n e r g y  a t  some d i s t a n c e  from t'he g e n e r a t o r  a s  i t s  
p h a s i n g  a l t e r s  r e l a t i v e  t o  set-down. I n  t h e  c a s e  o f  
l ong  c r e s t e d  random waves t h i s  u n r e a l i s t i c  enhancement  
can  r e s u l t  i n  i n c r e a s e s  i n  moored s h i p  r e s p o n s e  o f  
some 20 t o  30% i n  a  t y p i c a l  h a r b o u r  model (Ref 4 ) .  

The approach t a k e n  a t  HR t o  c o u n t e r a c t  t h i s  problem i s  
t o  approx ima te  t o  t h e  r e q u i r e d  second o r d e r  p a d d l e  
movement ( d e f i n e d  by ( 1 5 ) )  i n  " r e a l  t ime" .  Working i n  
r e a l  t ime means t h a t  an  a p p r o x i m a t e  long  p e r i o d  
movement of  t h e  wave-maker i s  c a l c u l a t e d  
i n s t a n t a n e o u s l y  a c c o r d i n g  t o  t h e  p a r t i c u l a r  wave 
g r o u p i n g  p a t t e r n  b e i n g  g e n e r a t e d  a t  t h e  t i m e .  T h i s  
imposes no l i m i t s  on t h e  l e n g t h  of t e s t  t h a t  can  be  
employed which i s  a g r e a t  a d v a n t a g e  where r e s p o n s e s  
a r e  n o n - l i n e a r  and l o n g  tests  a r e  n e c e s s a r y  t o  
e s t a b l i s h  t h e  s t a t i s t i c s  o f  ex t r eme  movements and 
l o a d s .  A s  t h e  e x p r e s s i o n s  on t h e  r i g h t  hand s i d e  of  
( 1 5 )  a r e  complex,  t h e y  i n v o l v e  f o u r  summations ( two  
o v e r  f r e q u e n c y  components  and two o v e r  component 
d i r e c t i o n s )  i t  would be v e r y  d i f f i c u l t  t o  c a l c u l a t e  
e x a c t l y  t h e  i n s t a n t a n e o u s  second o r d e r  padd le  movement 
n e c e s s a r y  t o  s a t i s f y  ( 1 5 ) .  I n s t e a d ,  a  s i m p l e r  fo rm 
f o r  t h e  second o r d e r  p a d d l e  movement i s  adop ted  i n  
s u c h  a  way a s  t o  l i m i t  t h e  a m p l i t u d e  of t h e  s p u r i o u s  
l o n g  waves. I n  t h i s  c a s e  (15 )  becomes: 

where  t h e  r e a  t i m e  s econd  ord:er  padd le  movement 5 ( 2 )  
m i n i m i s e s  4 $,'!. The r e s u l t s  o f  t h i s  app roach  a r e  
d e s c r i b e d  ii t h e  f o l l o w i n g  s u b - s e c t i o n .  



4.2 R e s u l t s  of  
computer  
s i m u l a t i o n  

To i l l u s t r a t e  t h e  t e c h n i q u e  d e s c r i b e d  above f o r  r e a l  
t i m e  set-down c o m p e n s a t i o n ,  a m u l t i - d i r e c t i o n a l  
wave-maker i s  assumed t h a t  makes u s e  of  wave g u i d e s  i n  
t h e  manner d e s c r i b e d  i n  3 .2 .  The o v e r a l l  l e n g t h  o f  
t h e  wave-maker, o r  d i s t a n c e  be tween t h e  g u i d e s  i s  
t a k e n  t o  be 15m. S e p a r a t e  p a d d l e s ,  each  0.5m w i d e ,  
a r e  assumed t o  be g e n e r a t i n g  s h o r t  c r e s t e d  s e a s .  

Two m u l t i - d i r e c t i o n a l  wave s p e c t r a  a r e  c o n s i d e r e d .  
Each i s  t a k e n  t o  be  of  t h e  form: 

where S ( f )  i s  t h e  u s u a l  one d i m e n s i o n a l  wave f r e q u e n c y  
spec t rum and t h e  o t h e r  ( n o r m a l i s e d )  te rm d e s c r i b e s  a n  
e x p o t e n t i a l  s p r e a d  of  wave e n e r g y  i n  d i r e c t i o n .  

The f i r s t  example r e p r e s e n t s  a l o n g  p e r i o d  ( s p e c t r a l  
peak a t  20s)  s e a  w i t h  a s i g n i f i c a n t  wave h e i g h t  o f  5m 
i n  a  d e p t h  e q u i v a l e n t  t o  20m ( c a s e  ( 1 )  i n  F i g  1 4 ) .  
These  p a r a m e t e r s  a r e  g i v e n  a t  f u l l  s c a l e  assuming a 
model s c a l e  of  1 t o  100 which  i s  t y p i c a l  f o r  a  h a r b o u r  
s t u d y .  A f t e r  r e f r a c t i n g  i n t o  a  20m d e p t h  t h e  
d i r e c t i o n a l  s p r e a d  w i l l  be much reduced due t o  t h e  
long  wave p e r i o d  and s o  a mean s p r e a d  of  o n l y  15"  i s  
assumed ( c a s e  ( 1 )  i n  F i g  1 5 ) .  

The second example r e p r e s e n t s  a more t y p i c a l  s t o r m  
c o n d i t i o n  w i t h  a  s i g n i f i c a n t  h e i g h t  of  4.8m and a  
s p e c t r a l  peak a t  1 4 . 7 s  ( c a s e  ( 2 )  i n  F i g  1 4 ) .  The 
w a t e r  dep th  i s  e q u i v a l e n t  t o  30m and s o  l e s s  
r e f r a c t i o n  w i l l  h ave  t a k e n  p l a c e :  t h e  a v e r a g e  s p r e a d  
i s  t a k e n  t o  be 30" ( c a s e  ( 2 )  i n  F i g  1 5 ) .  

The p e r i o d  s c a l e  shown on F i g u r e  1 0  f o r  0.5m 
i n d i v i d u a l  padd le  w i d t h s  i n  a model d e p t h  of  0.3m (30m 
f u l l  s c a l e )  i n d i c a t e s  a l i m i t i n g  s p r e a d  o f  30" a t  a 
p e r i o d  of  a b o u t  7 s  i e  a t  a wave f r e q u e n c y  of  0 . 1 4 c / s  
a t  f u l l  s c a l e .  T h i s  a l l o w s  t h e  f u l l  d i r e c t i o n a l  
s p r e a d s  i n  c a s e s  ( 1 )  and  ( 2 )  t o  be w e l l  r e p r e s e n t e d  
( F i g  1 5 )  a s  t h e r e  i s  l i t t l e  e n e r g y  i n  e i t h e r  s p e c t r u m  
a t  h i g h e r  f r e q u e n c i e s  ( F i g  1 4 )  where t h e  s p r e a d  t h a t  
c a n  be g e n e r a t e d  i s  more l i m i t e d .  

The one d i m e n s i o n a l  l o n g  wave f r e q u e n c y  s p e c t r a  
a s s o c i a t e d  w i t h  s e a  c o n d i t i o n s  ( 1 )  and ( 2 )  a r e  
p r e s e n t e d  i n  F i g u r e  16 .  A l l  o f  t h e s e  s p e c t r a  r a n g e  
o v e r  p e r i o d s  of 30 s e c o n d s  ( 0 . 0 3 c / s )  t o  3 m i n u t e s  
(0 .006c / s )  a t  f u l l  s c a l e .  The re  a r e  two main 



components i e  set-down i t s e l f  and t h e  s p u r i o u s  long 
waves. The l a t t e r  a r e  p r e s e n t e d  w i t h  and w i t h o u t  r e a l  
t ime  compensat ion a t  t h e  wave-maker. It can be seen  
t h a t  t h e  compensation t e c h n i q u e  i s  more e f f e c t i v e  f o r  
t h e  b r o a d e r  s p r e a d ,  deeper  w a t e r  wave c o n d i t i o n  ( 2 ) .  
Without  compensation t h e  s p u r i o u s  long  waves have 
a m p l i t u d e s  comparable w i t h  set--down. Taken t o g e t h e r  
t h e  r e s u l t s  w i t h  r e a l  t ime set--down compensat ion a r e  
v e r y  encourag ing  w i t h  t h e  remaining s p u r i o u s  long wave 
energy  expec ted  t o  enhance t h e  o v e r a l l  long p e r i o d  
r e s p o n s e  of ha rbours  and moored s h i p s  by 4  t o  8%. 

To g a i n  an  i d e a  of how t h e  s p u r i o u s  long wave energy  
i s  d i s t r i b u t e d  i n  d i r e c t i o n  we can c o n s i d e r  t h e  sp read  
i n  a  wave f requency  component  close t o  t h e  peak i n  
long wave energy  i e  0.015 ( 6 7 s )  i n  c a s e  ( 1 )  and 
0.021 ( 4 8 s )  i n  c a s e  ( 2 ) .  The s p r e a d  i n  energy  of t h e  
s p u r i o u s  waves wi thou t  set-down compensat ion i s  n o t  
d i s s i m i l a r  from t h e  d i r e c t i o n a l  s p r e a d  i n  t h e  pr imary 
waves i n  t h e  two c a s e s :  comparje F i g u r e  17 w i t h  F i g u r e  
15.  F i g u r e  17 a l s o  shows t h a t  r e a l  t ime  set-down 
compensat ion i s  p a r t i c u l a r l y  e f f e c t i v e  f o r  t h e  mean 
wave d i r e c t i o n  component ( 0 ' ) .  

The l a t t e r  p o i n t  mentioned i n  t h e  above pa ragraph  i s  
w e l l  i l l u s t r a t e d  i n  F i g u r e s  18 and 19 .  S p e c t r a  a r e  
shown f o r  c a s e s  ( 1 )  and ( 2 ) ,  r e s p e c t i v e l y ,  w i t h  energy  
i n  t h e  mean wave d i r e c t i o n  shown a l o n g s i d e  t h e  r e s t  of 
t h e  energy  c o n t a i n e d  i n  a l l  t h e  components p r o p a g a t i n g  
a t  an a n g l e  t o  t h e  mean. 

CONCLUSIONS 
1. The e f f e c t  of  s h o r t  c r e s t e d  s e a s  on ha rbour  and 

v e s s e l  r e sponse  has  been c o n s i d e r e d  u s i n g  
c o m p u t a t i o n a l  and a n a l y t i c a l  work. Taking long 
c r e s t e d  waves a s  a  b a s i s  f o r  compar ison t h e  
f o l l o w i n g  d i f f e r e n c e s  a r e  e x p e c t e d .  

( a )  The d i s t r i b u t i o n  of wave energy  w i t h i n  a  
ha rbour  i s  l i k e l y  t o  a l t e r  w i t h  l a r g e r  wave 
h e i g h t s  i n s i d e  t h e  s h e l t e r  of  b reakwate r s  
and s m a l l e r  wave h e i g h t s  a t  p o s i t i o n s  
o p p o s i t e  t h e  e n t r a n c e .  

( b )  For  v e s s e l s  e n t e r i n g  and l e a v i n g  h a r b o u r s ,  
t h e  v e r t i c a l  rn0tion.s ( g e n e r a l l y  dominated 
by p i t c h  and heave)  a r e  e x p e c t e d  t o  be 
h i g h e r  i n  s h o r t  c r e s t e d  waves. The 
e x c e p t i o n  is f o r  a  v e s s e l  e x p e r i e n c i n g  beam 
s e a s  where r o l l  becomes t h e  dominant 
movement. I n  t h i s  c a s e  s h o r t  c r e s t e d  waves 
shou ld  cause  l e s s  v e r t i c a l  movement. 



( c )  Wave r e f r a c t i o n ,  which t e n d s  t o  l i n e  up 
wave c r e s t s  w i t h  seabed c o n t o u r s ,  w i l l  tend 
t o  reduce t h e  d i r e c t i o n a l  s p r e a d  i n  wave 
energy i s  c o a s t a l  w a t e r s  which i n  t u r n  w i l l  
reduce t h e  d i f f e r e n c e s  i n  pr imary wave 
response  mentioned above.  

( d )  Even a f t e r  a l l o w i n g  f o r  s t r o n g  r e f r a c t i o n  
a t  a  c o a s t a l  s i t e ,  t h e  remain ing  
d i r e c t i o n a l  s p r e a d  i s  e x p e c t e d  t o  
s i g n i f i c a n t l y  reduce  t h e  long  p e r i o d  energy  
a s s o c i a t e d  w i t h  wave g r o u p i n g .  The l a r g e s t  
source  of ene rgy  i n  s t o r m  c o n d i t i o n s ,  
set-down benea th  wave g r o u p s ,  i s  expec ted  
t o  be some 50% s m a l l e r  i n  s h o r t  c r e s t e d  
s e a s  implying t h a t  set-downs r e p r e s e n t e d  i n  
t h e  p r e s e n t  long  c r e s t e d  random wave 
p h y s i c a l  models a r e  too  l a r g e  by a  f a c t o r  
of two. On t h i s  b a s i s  a l o n e ,  t h e  use  of 
s h o r t  c r e s t e d  s e a s  i n  p h y s i c a l  models can 
be expected t o  have a  s i g n i f i c a n t  e f f e c t  on 
t h e  outcome of h a r b o u r  i n v e s t i g a t i o n s  
because wave g roup ing  r e s p o n s e s  have been 
found t o  be s o  i m p o r t a n t  i n  p a s t  s t u d i e s .  

C e r t a i n  a s p e c t s  i n  h a r b o u r  m o d e l l i n g ,  i e  t h e  
l a r g e  range of mean wave d i r e c t i o n s  needed i n  
t e s t i n g  and t h e  requ i rement  f o r  s u f f i c i e n t  wave 
f r o n t  t o  cover  ha rbour  b reakwate r  arms a s  w e l l  a s  
t h e  e n t r a n c e ,  can on ly  be accommodated a t  
r easonab le  c o s t  by having a  mobi le  wave-maker 
t h a t  makes use of wave g u i d e s  t o  m a i n t a i n  t h e  
wave f r o n t  up t o  t h e  ha rbour  a r e a .  

3 .  The u s e  of wave g u i d e s  f o r  a  m u l t i - d i r e c t i o n a l  
s e a  means r e f l e c t i o n s  o f f  t h e  g u i d e s  become on 
i n t e g r a l  p a r t  of t h e  f i n a l  wave spect rum and t h a t  
symmetric s p r e a d i n g  f u n c t i o n s  must be genera ted  
a t  t h e  wave-maker. Although wave r e f r a c t i o n  can 
cause  asymmetries i n  t h e  d i r e c t i o n a l  s p r e a d ,  
approximat ing w i t h  a  symmetric sp read  i n  d e p t h s  
t y p i c a l l y  r e p r e s e n t e d  a t  t h e  wave-maker i s  n o t  
expected t o  cause  s i g n i f i c a n t  e r r o r s  i n  harbour  
r esponse .  

4 .  There appears  t o  be no r e a l  advan tage  i n  u s i n g  
v e r t i c a l l y  hinged padd les  i n s t e a d  of s e p a r a t e  
padd les  t o  approximate  t o  t h e  wave v a r i a t i o n s  
a c r o s s  t h e  f a c e  of t h e  g e n e r a t o r .  

5. Spur ious  long waves w i l l  a g a i n  be a  f e a t u r e  i n  
s h o r t  c r e s t e d  wave g e n e r a t i o n  as t h e y  a r e  f o r  
long c r e s t e d  wave g e n e r a t i o n .  A t e c h n i q u e  f o r  
r e a l  t ime set-down compensat ion a t  t h e  wave-maker 



has been simulated computationally and found to 
be effectiv& in minimising the spurious long 
waves. The long wave ener,gy remaining after 
compensation should increase the overall response 
of harbours and moored ships at wave group 
periods only slightly, ie by less than 10%. 

6. The proposed short crested wave-maker is expected 
to improve the accuracy of physical models of 
harbours to a significant degree and have a 
profound effect on the final outcome of 
investigation. 
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Fig 2 E f f e c t  o f  s h o ~ r t  crestedness on wave d i f f rac t i on  
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Fig 4 Directional wave energy spectrum for 100 year return period 
wave for sector 240" in area E 





Fig 6 Direct ional,  energy spec t rum f o r  bow movement in 
100 year  wave in sec to r  240"  in a rea  E 
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Fig 7 Set-down spectra for  scaled Moskowitz wave 
spectrum (H, = Sm,Tp = 20s)in 20m water depth 
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Short crested result (8 = 30') 
H, set-down = 0.63m 



Fig 8 Dover  mode l  





Fig 10 Limiting angles f o r  oblique wave generat ion 
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Fig 14 Pr imary  wave s p e c t r a  





Fig 16 Long per iod w.ave frequency spec t ra  
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Fig 18 Long per iod spec t ra  f o r  case (1) in dep th  equivalent  t o  20m 






