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SUMMARY

M a r in e  d i s p o s a l  of f l y - a s h  f r o m  pow er  s ta t io n s  n e a r  the c o a s t  h a s  
b e e n  p r o p o s e d  as  c ap ab le  of o f fe r ing  econom ic  and a e s th e t ic  adv an tag es  
o v e r  land  d i sp o s a l ;  I n v es t ig a t io n s  into the p ro b a b le  b e h a v io u r  of the  
a sh  a f t e r  it h a s  b e e n  d i s c h a r g e d  into the s e a  a r e  r e p o r t e d .  Analyt ic  
s tu d ie s  have  b e e n  co m b in e d  with the  r e s u l t s  of l a b o r a t o r y  and f ie ld  e x 
p e r i m e n t s  to p r e d i c t  the m o v e m e n t  of a sh  a f t e r  d i s p o s a l  and to def ine 
the  ex ten t  of the  n u i s a n c e  tha t  could  be c au sed .

Though  s o m e  a s p e c t s  of the  s tudy  have not p r o c e e d e d  beyond the 
p r e l i m i n a r y  s ta g e ,  o t h e r s  a r e  co m p le te ;  and the d a ta  is  h e r e  a s s e m b l e d  
f o r  in i t i a l  f e a s ib i l i t y  a s s e s s m e n t  and def in i t ion  of d i r e c t io n  of fu tu re  
work.

It  h a s  b e e n  found tha t  m a t e r i a l  as fine as fly ash  wil l  not r e m a i n  
on b e a c h e s  and wil l  be  t r a n s p o r t e d  at some r a t e  to v e r y  g r e a t  dep ths  in 
the ocean .  T h e  r a t e  is  not  yet  known. T r a n s p o r t  m a y  take  p lace  u n d e r  
the ac t ion  of a t u rb id i ty  c u r r e n t  o r  by  the  ac t ion  of n a t u r a l  f o r c e s  such  as 
w aves  and c u r r e n t s  on m a t e r i a l  in su sp e n s io n .  Both p h e n o m e n a  wil l  
p ro b a b ly  be  in ev idence ,  the do m in an ce  of e i t h e r  one o v e r  the  o th e r  v a r y 
ing in t i m e  and sp a ce .

D e p o s i t io n  of a s h  n e a r  the ou tfa l l  is c e r t a in ,  the ex tent  of the d ep o s i t  
be ing  def ined  by  the  r e l a t i v e  r a t e  of supp ly  of m a t e r i a l  to the a r e a  and 
of r e m o v a l  of m a t e r i a l  by the  t r a n s p o r t i n g  f o r c e s  d e s c r i b e d  above. Bed 
d e p o s i t s  w i l l  be  s u b je c t  to i n t e r m i t t e n t  e r o s i o n  when the wave f o r c e s  a r e  
s t r o n g  enough to e n t r a i n  the  s e t t l e d  ash.

B e c a u s e  of the  h igh  d e g r e e  of t u rb u le n c e  in the ocean,  d i f fus ion  of 
a sh  th ro u g h o u t  s u b s t a n t i a l  v o lu m e s  of w a t e r  m a y  o ccu r .  T he  d e g r e e  of 
d i s c o lo u r a t io n  w i l l  be  i n v e r s e l y  p r o p o r t i o n a l  to the  quant i ty  of w a t e r  
th ro u g h  which  the  a s h  d i s p e r s e s .  It is d e e m e d  im p ro b a b le  tha t  the  d i s 
c o lo u r a t io n  w i l l  p r e s e n t  any a p p r e c i a b l e  a e s th e t ic  d e g rad a t io n ,  but  m o r e  
w o rk  would  be  n e ed e d  to f o r e c a s t  ex ac t  co lo u r  changes  and l a t e r a l  ex ten t  
of d i s c o lo u r a t io n .



NOTATION

c r o s s  s e c t io n a l  a r e a  of a wave

double  am p l i tu d e  of o s c i l l a t io n  of w ater particle  
in h o r i z o n t a l  d i r e c t i o n

doub le  a m p l i tu d e  of o s c i l l a t i o n  of w ater particle
in  v e r t i c a l  d i r e c t io n ,
s u b s c r i p t  r e f e r r i n g  to  b r e a k i n g  w aves

w a v e  c e l e r i t y ,

dep th  of f r i c t i o n a l  r e s i s t a n c e  

p a r t i c l e  d i a m e t e r

e n e r g y  p e r  un i t  wid th  of c r e s t  per wave length, i 
e n t r a i n m e n t  co e f f ic ien t

b a s e  of n a t u r a l  l o g a r i t h m

fe tch  leng th

d e n s i m e t r i c  F r o u d e  N u m b e r

f r i c t i o n  f a c t o r ,  
func t ion

g r a v i t a t i o n a l  a c c e l e r a t i o n

w av e  h e igh t  f r o m  t r o u g h  to  c re st  

a m e a s u r e  of the  t h i c k n e s s  of a density flow 

s lo p e

p r e s s u r e  a t t e n u a t io n  f a c to r

d i s t a n c e  f r o m  s h o r e  to  br-eaker lin e, 
h a l f  wid th  of c o lu m n  of h ea v y  fluid

p r o p o r t i o n  of t o t a l  e n e r g y  advancing with wave form  

s u b s c r i p t  r e f e r r i n g  to  d e e p  water or ambient fluid



R
8 A ^cos  oC k

Y Y t

R i  R i c h a r d s o n  n u m b e r  = —P * — -  — C°---cC—
u 2

T w ave  p e r io d

t wind  d u r a t io n

U v e lo c i ty

-U m a s s  t r a n s p o r t  v e lo c i ty

UT lo n g s h o r e  c u r r e n t  v e lo c i ty
J—i

U v e lo c i ty  of t r a v e l  of d i s t u r b a n c e s  in c o l l a p s in g  c o lu m ns
U s e a  s u r f a c e  wind  d r i f t  v e lo c i tyw
u h o r i z o n ta l  co m p o n e n t  of v e lo c i ty

v v e r t i c a l  c o m p o n en t  of v e lo c i ty

W wind v e lo c i ty

w p a r t i c l e  fa l l  v e lo c i ty

Y w a t e r  depth ,
s u b s c r i p t  r e f e r r i n g  to  v a lu e s  at the  bed

y v e r t i c a l  d i s t a n c e  be low s t i l l  w a t e r  l e v e l  (nega t ive
d o w n w a r d s ) , 
dep th  of  flow

«£ s lo p e ,
angle  b e tw e e n  s h o r e  and w ave  c r e s t ,  
angle  b e tw e e n  w ave  c r e s t  and b o t to m  c o n to u r ,  
r a t i o  b e tw e e n  s h e a r  s t r e s s  at i n t e r f a c e  and 
s h e a r  s t r e s s  at b o u n d a ry

y  w e igh t  of f lu id p e r  un i t  v o lu m e

A  w ave  leng th

P  f lu id  d e n s i ty

p  l a t i tu d e

s h e a r  s t r e s s

v k in e m a t i c  v i s c o s i t y



1. INTRODUCTION

1. 1 T h e  G e n e r a l  P r o b l e m

In New South W a le s ,  as  in m a n y  o th e r  c o u n t r i e s ,  e l e c t r i c i t y  is  
g e n e r a t e d  m a in ly  at t h e r m a l  p o w er  s ta t io n s .  Coa l  is the  ch ie f  fuel  
u sed .  The  r e s i d u e  f r o m  the  b u rn in g  of coa l  is  known as " a s h " .
L a r g e  m o d e r n  s t a t i o n s  a lm o s t  i n v a r i a b ly  u s e  p u l v e r i s e d  fuel  in 
t h e i r  b o i l e r s  and the  r e s i d u a l  a sh  is th en  of two d i s t in c t  types:  
b o t to m  a sh  and f ly - a s h .  B o t to m  o r  f u rn a c e  a sh  is c o l l e c te d  in 
h o p p e r s  at the  b o t to m  of the fu rn a c e  and is a r a t h e r  c o a r s e  m a t 
e r i a l  w i th  p a r t i c l e s  of the  s i z e  of s m a l l  g r a v e l .  F l y - a s h  o r  " d u s t n 
is c o l l e c t e d  by  e l e c t r o s t a t i c  p r e c i p i t a t o r s  f r o m  the flue g a s e s  of the 
f u rn a c e  and is  a fine p o w d e ry  s u b s t a n c e  with s i l t - s i z e d  p a r t i c l e s .

As d e m a n d  fo r  e l e c t r i c i t y  i n c r e a s e s ,  e v e r  l a r g e r  quan t i t ie s  of 
ash  a r e  p ro d u c ed .  Some i n d u s t r i a l  u s e s  have b e e n  found fo r  both 
types  of ash ,  s u c h  as  the  ap p l ica t io n  of f l y - a s h  as a pozzo lan  fo r  c o n 
c r e t e .  The  c o m m e r c i a l  d e m a n d  fo r  ash ,  h o w ev er ,  t a k e s  only a s m a l l  
f r a c t i o n  of tha t  p ro d u ced ;  and, u n l e s s  s o m e  new u s e  r e q u i r in g  l a r g e  
q u an t i t ie s  of a sh  is  d i s c o v e r e d ,  the  bulk  of th is  m a t e r i a l  m u s t  be r e 
g a r d e d  as  w a s te .  I ts  d i s p o s a l  then  p r e s e n t s  a p ro b le m .

At p r e s e n t ,  a sh  f r o m  s e v e r a l  p o w er  s ta t io n s  in New Soiifh W ales  
is pum ped ,  as a s l u r r y  in w a t e r ,  into Mash  p o n d s '1, u s u a l ly  f o r m e d  by 
the c o n s t r u c t i o n  of d a m s .  As s ta t io n s  i n c r e a s e  in s iz e  and n u m b e r  
and the  m o s t  s u i t a b le  d i s p o s a l  s i t e s  a r e  u s e d  up, h ig h e r  d a m s  and lo n g e r  
p ip e l in e s  a r e  r e q u i r e d :  and ge t t ing  r i d  of w as te  a sh  b e c o m e s  m o r e  _and 
m o r e  ex p en s iv e .  U nde r  t h e s e  c i r c u m s t a n c e s ,  the ocean  o f fe r s  i t s e l f  
as a p o s s ib l e  e c o n o m ic  a l t e r n a t iv e  fo r  ab so rb in g  w a s te  f r o m  p o w er  
s ta t io n s  bui l t  n e a r  the  co a s t .

B a r g e s  t r a n s p o r t  p o w er  s ta t io n  ash  and o th e r  w a s te  m a t e r i a l s  to 
s e a  in m a n y  p a r t s  of the  w or ld .  In G r e a t  B r i t a in ,  fo r  ex am p le ,  l a r g e  
qu an t i t i e s  of a sh  a r e  co n t in u a l ly  be ing  dum ped  by  b a r g e s  " in  app roved  
a r e a s  b eyond  the  20-fa thom  c o n to u r"  (Harwood and W ilson ,  1957). The  
p r e s e n t  i n v e s t ig a t io n  d e a l s  with a so m ew h a t  d i f f e re n t  p r o p o s a l ,  n a m e ly  
con t inuous  pum ping  to  the  o c e an  by p ip e - l in e  of a s l u r r y  of f l y - a s h  and 
w a te r .

1. 2 T he  P a r t i c u l a r  P r o b l e m

O c e a n  d i s p o s a l  of a sh  is  e n v isa g e d  f i r s t  for  M u n m o ra h  P o w e r  
S ta t ion  w hich  is  l o c a t e d  w e s t  of L a k e  M u n m o ra h  (F ig u r e  1) s o m e  50 
m i l e s  n o r th  of Sydney. T h e  s t a t io n  is e x p ec ted  to s t a r t  o p e ra t in g
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about  1968 w i th  two 350 M. W 0 un i t s .  At a l a t e r  da te  two f u r t h e r  un i t s  
of s i m i l a r  s i z e  a r e  to  be  in s ta l l e d .  Some 600 tons  of w a s t e  a s h  p e r  
u n i t  p e r  day  w i l l  be  p r o d u c e d .  Thus* f r o m  1968 o n w a rd s ,  o v e r  1000 
to n s  of a s h  f r o m  M u n m o r a h  F%wer S ta t ion  w i l l  have  to  be  d i s p o s e d  of 
d a i ly ,  and in  the  fu tu re  th i s  f ig u re  m a y  be  i n c r e a s e d  to  2, 500 tons .  
S e v e r a l  o th e r  p o w e r  s ta t io n s  a r e  p lan n e d . fo r  the  fu tu re  in  th i s  a r e a ,  to 
t a k e  ad v an tag e  of the  v a s t  c o a l  r e s e r v e s  in  the  v ic in i ty .  T h e s e  s ta t io n s  
m a y  a l so  f ind the  o ce an  a s u i t a b le  r e c i p i e n t  f o r  s o m e  o r  a l l  of t h e i r  
w a s t e  ash .

F o r  m a n y  r e a s o n s ,  inc lud ing  the  f a sh io n  in  w hich  the  o c e a n  h a n d le s  
v a r i o u s  m a t e r i a l s  s u b m i t t e d  to  i ts  f o r c e s ,  i t h a s  s e e m e d  u n w ise  to  c o n 
s i d e r  o c e a n  d i s p o s a l  f o r  b o t to m  ash ,  u n l e s s  i t  be  g ro u n d  to  a s u f f ic ie n t ly  
s m a l l  s i z e  b e f o r e  pumping .  F o r  M u n m o ra h  P o w e r  S ta t ion ,  land  d i s 
p o s a l  of th i s  m a t e r i a l  is c u r r e n t l y  en v isa g ed .  B o t to m  a sh ,  w i th  i ts  
l a r g e r  s i z e ,  h a s  an i m m e d i a t e  ap p l ica t io n  fo r  land  r e c l a m a t i o n  o r  
" f i l l i n g '1. H o w e v e r ,  th i s  a s h  c o n s t i tu te s  only about 20 p e r c e n t  of the  
r e s i d u e  f r o m  a p o w e r  s ta t io n ,  the  o th e r  80 p e r c e n t  be ing  f ly - a s h .  T h is  
is  the  m a t e r i a l  w hich  p r e s e n t s  m o s t  p r o b le m s  in d i s p o s a l ,  and w hich  
it i s  p r o p o s e d  to  p u m p  to  the  ocean .  The  f l y - a s h  s e e m s  a s u i t a b le  
m a t e r i a l  f o r  o c e a n  d i s p o s a l ,  excep t  p e r h a p s  fo r  a s m a l l  quan t i ty ,  of the  
o r d e r  of 0. 1 p e r c e n t  of the  to ta l ,  w h ich  f lo a ts ,  and w hich  m a y  have  to 
be  d i s p o s e d  of s e p a r a t e l y .

T h e  s tu d i e s  d e s c r i b e d  in th is  r e p o r t  have  b e e n  d i r e c t e d  to the  i n 
v e s t i g a t i o n  of w hat  h ap p en s  to the  m a t e r i a l  a f t e r  i t  r e a c h e s  the  s e a .  
A d d i t io n a l  w o r k  h a s  s t i l l  to be c a r r i e d  out on s p ec i f i c  a s p e c t s  to  c o m 
p le te  th e  i n v e s t ig a t io n ,  but  su f f ic ien t  in fo r m a t io n  h a s  b e e n  ob ta ined  to  
a s s i s t  in  the  i n i t i a l  a s s e s s m e n t  of the  f e a s ib i l i t y  of the  p r o p o s a l .

Som e in q u i r i e s  have  b e e n  d i r e c t e d  s p e c i f i c a l l y  to  the  Wybung H ead  
a r e a ,  as  i t  s e e m s  to  p r e s e n t  a s u i t ab le  p lac e  f o r  d i s c h a r g i n g  a sh  f r o m  
M u n m o r a h  in to  the  ocean .  H e r e  the  c l i ff  face d r o p s  away s t e e p ly ,  
r e a c h i n g  a dep th  of 40 fee t  of w a t e r  at  a d i s t a n c e  of 150 fee t  f r o m  the  
h e a d la n d  ( F ig u r e  2). At a d i s t a n c e  of 600 fee t ,  6 0 fee t  of w a t e r  is 
found,  r e p r e s e n t i n g  an a v e r a g e  s lo p e  o v e r  th is  d i s t a n c e  of 1 in 10. 
N o r m a l  c o n t in e n ta l  s h e l f  s lo p e s  a v e ra g in g  1 in 300 a r e  th e n  e n c o u n te r e d  
u n t i l  a dep th  of 600 fee t  is  a t t a in ed  20 to 30 m i l e s  o f f sh o re .  T h e  edge  
of the  s h e l f  th e n  d r o p s  away s h a r p l y ,  w ith  s lo p e s  of the  o r d e r  of 1 in  10, 
to  d ep th s  of t h o u sa n d s  of f a th o m s .  It is  hoped th a t ,  by  d i s c h a r g i n g  the  
a s h  in  an  a r e a  w h e r e  a c o n s id e r a b l e  dep th  of w a t e r  is  a v a i lab le  c lo s e  to 
s h o r e ,  i t  w i l l  m o r e  r a p i d ly  b e ta k e  i t s e l f  to  r e g io n s  w h e r e  i t s  p o s s ib l e  
n u i s a n c e  va lue  is  r e d u c e d  to  a m in im u m .
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In th e  r e m o v a l  oi a s h  f ro m  i ts  point  of d ep o s i t io n ,  m a n y  f a c t o r s  
a r e  invo lved .  T h e  f o r c e s  of the  s e a ,  w a v e s ,  t i d e s  and c u r r e n t s ,  
n eed  to  b e  i n v e s t i g a t e d ,  as  w e l l  as  the  p o s s i b i l i t y  of f o r m a t i o n  of a 
t&rbiditjr c u r r e n t ,  c a r r y i n g  the  m a t e r i a l  s e a w a r d  as  an " u n d e r f lo w " .  
Thh§ r e p o r t  g iy e s  s o m e  i i i fo rm a t io n  on t h e s e  a s p e c t s  of the  i n v e s t 
ig a t io n  and d i s c u s s e s  s o m e  of th e  im p l i c a t i o n s .
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2. ASH P R O P E R T IE S

2. 1 G e n e r a l  D e s c r i p t i o n

F l y - a s h  is  a f ine ,  p o w d e ry  s u b s t a n c e  of ten  r e f e r r e d  to as  " d u s t " .  
It c o n s i s t s  m a in ly  of a n g u la r  to  s u b - a n g u l a r  s i l t - s i z e d  p a r t i c l e s  of 
s p e c i f i c  g r a v i ty  about 2, the  p a r t i c l e  sh a p e  and s i z e  and s p e c i f i c  
g r a v i ty  v a r y in g  s o m e w h a t  f r o m  one a sh  to  a n o th e r ,  depend ing  on the 
type  of c o a l  b u r n t .  T h e  c o lo u r  r a n g e s  f r o m  s i l v e r y - g r e y  to  b la c k ,  
and f l y - a s h  p ro d u c e d  in  New South W a le s  h a s  a h ig h e r  e l e c t r i c a l  r e 
s i s t i v i t y  th a n  m a n y  o v e r s e a s  a s h e s .

2. 2 C h e m i c a l  C o m p o s i t i o n

A n a ly s i s  of a s a m p l e  of dus t  ob ta ined  f r o m  the  b u r n in g  of W a l l a r a h  
c o a l  in  a p u l v e r i s e d  fue l  f u rn a c e  at P y r m o n t  P o w e r  S ta t ion ,  Sydney,  
y ie ld e d  the  r e s u l t s  g iven  in T a b le  1. M u n m o r a h  P o w e r  S ta t ion  is to 
be  fed p a r t l y  f r o m  the  W a l l a r a h  s e a m ,  and the  f u r n a c e s  and d u s t  p r e 
c i p i t a t o r s  p lanned  fo r  M u n m o r a h  a r e  of a type  th a t  sh o u ld  p ro d u c e  
a s h  s i m i l a r  to th a t  p r o d u c e d  at P y r m o n t ,  so  th a t  the  P y r m o n t  s a m p l e  
c a n  be  r e g a r d e d  as in d ic a t iv e  of a sh  to be  e x p e c te d  f r o m  M u n m o r a h ,  
ex c e p t  th a t  m o r e  e f f ic ien t  c o m b u s t io n  m a y  r e d u c e  the  c a r b o n  conten t .

T A B L E  1.

C h e m i c a l  A n a ly s i s  of W a l l a r a h  F l y - a s h

L o s s  on ign i t ion 8 . 3  p e r c e n t
S i l i c a  SiO
T o t a l  Su lphur  c a l c u l a t e d  as

50. 3
S 0. 12 M

T o t a l  Su lphur  c a l c u l a t e d  as S° 4 0. 37 11

T o t a l  Su lphur  c a l c u l a t e d  as 0. 31 11

T o t a l  S u lphur  a f t e r  ign i t ion  SO 0. 30 11

T o t a l  Sulphate  SO 0. 32 11

A lu m in a  Al^O^ 28. 2 11

I r o n  Oxide F e  O 5. 0 11

T i t a n i u m  O xiae  T iO ^ 1. 3 11

C a l c i u m  Oxide CaO 4. 12 11

M a g n e s iu m  Oxide MgO 1. 10 tl

A lk a l i s  - N a  OLi 0. 29 11

k 2o 0. 30 11

P h o s p h o r u s  c a l c u l a t e d  as  P  
C h l o r i d e s  Cl 2 °  5 0. 37 

Nil

11

W a t e r  Soluble  Sal ts 0. 78 11



C h e m i c a l  t e s t s  a l s o  show th a t  f l y - a s h  is  u s u a l ly  v e r y  s l ig h t ly  a c id ic ,  
and is  c o m p l e t e l y  s t e r i l e  and n o n - to x ic .  Although m i n o r  v a r i a t i o n s  
in c o m p o s i t i o n  o c c u r ,  s i l i c a  and a lu m in a  a r e  a lways  the  m a i n  c o n 
s t i t u e n t s .

2. 3 S pec i f ic  G r a v i t y

A v e r a g e  s p e c i f i c  g r a v i t i e s  as  low as 1. 5 and as  h igh  as  2. 35 have  
b ee n  found fo r  New South W a le s  f l y - a s h e s .  A sh  r e s u l t i n g  f r o m  the  
b u rn in g  of W a l l a r a h  c o a l  in  p u l v e r i s e d  fue l  f u r n a c e s  h a s  an a v e r a g e  
s p ec i f i c  g r a v i t y  v e r y  c l o s e  to  2. 0. T h e  low sp e c i f i c  g r a v i t y  of the  
m a t e r i a l ,  as  c o m p a r e d  w i th  th a t  of m a n y  n a t u r a l l y  o c c u r r i n g  a lu m in o -  
s i l i c a t e s ,  s u c h  as  s a n d ,  s i l t  and c lay ,  h a s  b e en  a t t r i b u t e d  to the  fac t  
tha t  s o m e  p a r t i c l e s  have  fu se d  and b u b b le s  of a i r  o r  gas  have  b e e n  
t r a p p e d  d u r in g  r a p i d  coo l ing  to  the  so l id  s t a t e .  In the  e x t r E m e  c a s e ,  
enough g a s  is  t r a p p e d  to r e d u c e  the  s p e c i f i c  g r a v i ty  to  l e s s  th a n  1, 
and a s m a l l  p r o p o r t i o n  of th e  a s h  w i l l  f loa t  in  w a t e r .  T he  t e m p e r 
a tu re  of th e  f u r n a c e s  and th e  d u r a t io n  of th e  p r o c e s s  a r e  not  s u f f i c i en t  
to  fu se  a l l  th e  p a r t i c l e s ,  s o m e  of w hich  a r e  s u b je c te d  only to  the  i n t e r 
m e d ia t e  s t a g e  known as  " s i n t e r i n g ” , o r  in c ip ien t  fu s io n  of s h a r p  p r o 
t u b e r a n c e s ,  w h i le  o t h e r s  do not  s e e m  to  l e a v e  the  so l id  s t a t e  at any 
t im e .

The  a m o u n t  of f lo a t in g  a s h  h a s  b e e n  e s t i m a t e d  to  be  of the  o r d e r  
of 0. 1 p e r c e n t  of th e  to t a l .  T h i s  m e a n s  th a t  s o m e th in g  of th e  o r d e r  of 
one ton' '  p e r  day  of t h i s  m a t e r i a l  w i l l  r e q u i r e  d i s p o s a l .  I ts  s p e c i f i c  
g r a v i ty  a v e r a g e s  about  0. 7, but  r a n g e s  f r o m  v e r y  c lo s e  to  1 down to 
s o m e  u n d e t e r m i n e d  f ig u r e .  An in v e s t ig a t io n  of m e th o d s  f o r  r e m o v in g  
the  f loa t ing  f r a c t i o n  b e f o r e  th e  a s h  is p u m p e d  to s e a  i s  b e in g  m a d e ,  as  
w e l l  as  a s tu d y  of the  p r o b a b l e  b e h a v i o u r  of s u c h  f loa t ing  m a t e r i a l  if 
d i s p o s e d  of in th e  o c ea n .

2. 4 P a r t i c l e  S ize

2. 41 M eth o d  of A n a ly s i s

M o s t  f l y - a s h  c o n ta in s  p a r t i c l e s  so  fine th a t  s t a n d a r d  s ie v e  
a n a ly s i s  c a n n o t  be  u s e d  to  de f ine  th e  g ra d in g .  At th e  W a t e r  R e s e a r c h  
L a b o r a t o r y ,  a n a l y s e s  hav e  g e n e r a l l y  b e e n  m a d e  by  b o t to m  w i t h d r a w a l  
tube (A S tudy of m e th o d s  u s e d  in  m e a s u r e m e n t  and a n a ly s i s  of s e d i m e n t  
loads  in  s t r e a m s :  r e p o r t  no. 7, 1043). S t a n d a r d  h y d r o m e t e r  a n a l y s e s  h a v e
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b e e n  p e r f o r m e d  on a few s a m p l e s .  Both  of t h e s e  m e th o d s  depend  on 
the f ac t  t h a t  p a r t i c l e s  s e t t l e  in a s t i l l  f lu id  at r a t e s  d i f f e r in g  with the 
s iz e  and s p e c i f i c  g r a v i t y  of the  p a r t i c l e s ,  and the d e n s i ty  and v i s c o s i t y  
of the  f lu id  m e d iu m ;  but  th e  t e c h n iq u e s  d i f fe r  som ew h a t .  In the b o t 
to m  w i th d ra w a l  tube  a n a l y s i s ,  s a m p l e s  a r e  w i th d ra w n  at v a r io u s  t im e  
i n t e r v a l s  f r o m  the  b o t to m  of a long tube ,  and the  am oun ts  of m a t e r i a l  
s e t t l i n g  out at the  v a r i o u s  t i m e s  a r e  m e a s u r e d .  By the ap p l ica t io n  of 
S to k e s ' s  Law  fo r  s e t t l i n g  v e lo c i t i e s  ( c o r r e c t e d  fo r  the l a r g e r  g r a i n  
s iz e s )  and O d e n ' s  D i s p e r s i o n  Law,  the  p e r c e n t a g e  of m a t e r i a l  in any 
g r a in  s i z e  r a n g e  is th e n  c a lc u la t e d .  H y d r o m e t e r  a n a ly s i s  d i f f e r s  
f r o m  b o t to m  w i th d ra w a l  a n a ly s i s  in th a t  it m e a s u r e s  the  am ount  of m a t 
e r i a l  le f t  in s u s p e n s i o n  at any t i m e  i n s t e a d  of the am ount  se t t l ing .  In 
id ea l  c i r c u m s t a n c e s  the  r e s u l t s  of t h e s e  t e s t s  should  a g re e .  The  t h e 
o r y  on w h ich  the  t e s t s  a r e  b a s e d  is ,  h o w e v e r ,  deve loped  fo r  s p h e r e s :  
and any d e p a r t u r e  f r o m  s p h e r i c i t y  can  c a u s e  d i s c r e p a n c i e s  b e c a u s e  of 
the d i f f e r e n t  p a r a m e t e r s  m e a s u r e d .

It  is  i m p o r t a n t  to note  th a t  s i z e  g r a d in g s  of dus t  as quoted in m a n y  
r e p o r t s  a r e  b a s e d  on a n a ly s i s  by a Bahco  d u s t - s i z e r .  G e n e r a l ly  
speak ing ,  s i z e  g r a d in g s  ob ta ined  by  th is  m e th o d  d i f fe r  f r o m  th o se  o b 
ta ined  by  b o t to m  w i th d ra w a l  tube a n a ly s i s  and c a r e  m u s t  be u s e d  when 
c o m p a r in g  g r a d in g s  of d i f f e r e n t  s a m p l e s  ob ta ined  by the two t e c h n iq u e s .  
C o m p a r i s o n  b e tw e e n  s i z e  g r a d in g s  fo r  the  s a m e  s a m p l e s  of dus t  c o l l e c t 
ed f r o m  the  p r e c i p i t a t o r s  of the Wangi  P o w e r  S ta t ion  as ob ta ined  by the 
two m e th o d s  is  g iven  in F i g u r e  3. It can  be  s e e n  tha t  the Bahco  d u s t -  
s i z e r  i n d i c a t e s  s m a l l e r  p a r t i c l e s .

2 .4 2  Size  G r a d in g s  by  B o t to m  W i th d ra w a l  Tube  A na lys is

F i g u r e  4 i n d i c a t e s  the  r a n g e  of g r a d in g s  ob ta ined  fo r  f l y - a s h  f r o m  
New South W a le s  S ta t ions  by  b o t to m  w i th d ra w a l  tube a n a ly s is .  S a m p le s  
of a sh  f r o m  any one s t a t i o n  ob ta ined  at d i f f e r e n t  t i m e s  have  shown g r a d 
ings ex tend ing  o v e r  n e a r l y  the full  r a n g e .  S ta t ions  r e p r e s e n t e d  w e r e  
B u n n e ro n g ,  P y r m o n t ,  T a l l a w a r r a  and Wangi;  and the co a l  b u rn t  c a m e  
f r o m  v a r i o u s  s e a m s  inc lud ing  Big Ben,  F a s s i f e r n ,  G r e a t  N o r th e rn ,  
N a t t a i  R i v e r  and W a l l a r a h .

T h e  r a n g e  of b o t to m  ash  as  found fo r  s o m e  s a m p l e s  f r o m  Wangi  
P o w e r  S ta t ion  is  a l so  show n on F i g u r e  4 fo r  c o m p a r i s o n .  It can  be 
s e e n  th a t  f l y - a s h  f a l l s  m o s t l y  in  the  s i l t  s i z e  c a t e g o r y ,  while  b o t to m  ash  
is of the  s i z e  of s a n d  o r  s m a l l  g r a v e l .
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2. 5 F l o c c i n g  P r o p e r t i e s

2. 51 G e n e r a l

To f o r e c a s t  the  b e h a v io u r  of an ash  s l u r r y  d i s c h a r g e d  into the ocean ,  
it is  n e c e s s a r y  to know not only the abso lu te  p a r t i c l e  s i z e  of the ash ,  but 
a l so  the  ex ten t  to w hich  it is s u s c e p t ib l e  to f locc ing  M any s i l t s  e x 
h ib i t  th i s  p h en o m en o n ,  e s p e c i a l l y  in s e a  w a te r .  H u n te r  R i v e r  s i l t ,  fo r  
e x am p le ,  show s  neg l ig ib le  f locc ing  m  d i s t i l l e d  o r  tap  w a t e r ,  w h e r e a s  in 
s e a  w a t e r  a ll  p a r t i c l e s  below about 0 .0 3  m m  floe to an a lm o s t  co n s ta n t  
p a r t i c l e  s i z e  b e tw e e n  0. 02 and 0. 03 m m .  F i g u r e  5 shows p a r t i c l e  s i z e  
g r a d in g s  fo r  f lo c c e d  s i l t  ( t e s t e d  in s e a  w a te r )  and the u n f locced  m a t e r i a l  
( t e s ted  wi th  def loccu len tV h

Should f l y - a s h  show m a r k e d  f locc ing  e i t h e r  in f r e s h  w a te r  o r  in s e a  
w a t e r ,  th i s  would have  to be t a k en  into account  in c o n s id e r in g  the  m e c h 
an ics  of flow f r o m  an o ce an  outfa ll .  The  r a t e  of d ep o s i t io n  f r o m  any 
tu rb id i ty  c u r r e n t  tha t  m a y  be f o rm e d ,  fo r  ex a m p le ,  w^ould depend  on the 
s iz e  and d e n s i ty  of the  p a r t i c l e s .  W e r e  t u rb u le n c e  in su f f ic ie n t  to p r e 
vent f locc ing ,  e a c h  floe would ac t  as  a p a r t i c l e  of g r e a t e r  s i z e  and lo w er  
d e n s i ty  th a n  an in d iv idua l  p a r t i c l e  of ash ,  and the dep o s i t io n  c h a r a c t e r 
i s t i c s  of the  t u r b i d i t y  c u r r e n t s  would d i f fer  vas t ly .  M o r e o v e r ,  if f ly -  
ash  w e r e  to exh ib i t  d i f f e r e n t  f locc ing  c h a r a c t e r i s t i c s  in s e a  w a t e r  f r o m  
th o se  it ex h ib i ted  in f r e s h  w a t e r ,  l a b o r a t o r y  t e s t in g  would e i t h e r  have  to 
be p e r f o r m e d  in s e a  w a t e r ,  o r  c o r r e c t i o n s  would have  to be m a d e  in e x 
t r a p o la t i n g  the  r e s u l t s  of f r e s h  w a t e r  t e s t i n g  to p ro to type .

F o r tu n a t e l y ,  though  f ly - a s h  f loes  to a d e g r e e  m  both, f r e s h  and s e a  
w a te r ,  the  ex ten t  of f locc ing  is  not g r e a t ,  the d i f f e r e n c e  be tvreen  f locced  
and u n f lo c ce d  m a t e r i a l  be ing  l e s s  th an  d i f f e r e n c e s  b e tw een  s a m p l e s  
c o l l e c te d  f r o m  the  s a m e  p o w e r  s t a t io n  at d i f fe ren t  t i m e s ;  and f u r t h e r m o r e ,  
neg l ig ib le  d i f f e r e n c e  e x i s t s  b e tw e e n  f r e s h  w a t e r  and s e a  w a t e r  cond i t ions .  
The floe f o r m e d  is  of the  type known as npin  po in t '1, the u l t i m a t e  p a r t i c l e s  
be ing  s t i l l  v e r y  s m a l l  c o m p a r e d  with  the lo o se  g e la t inous  type f loes  f o r m e d  
by m a n y  c h e m i c a l  p r o c e s s e s .  F o r  f ly - a s h ,  ihe  p r o c e s s  of f locc ing  s e e m s  
to be in c o m p le t e  w hen  c o m p a r e d  with s i l t  f locc ing ,  so  tha t  s i z e s  c o v e r in g  
a wide r a n g e  con t inue  to c o - e x i s t .  Tha t  f l y - a s h  f locc ing  is  p ro b a b ly  a 
p e r m a n e n t l y  i n c o m p l e t e  p r o c e s s  was ev idenced  by o b s e r v a t i o n s  of s u s 
p e n s io n s  of a sh  in  s e a  w a t e r  a f t e r  s e v e r a l  days .  F i g u r e  6 shows p a r t i c l e  
s iz e  g r a d in g s  c a r r i e d  out in v a r io u s  m e d i a  by both b o t to m  w i th d ra w a l  tube 
and h y d r o m e t e r  a n a ly s i s .  To u n d e r s t a n d  th is  f ig u re ,  it i s  n e c e s s a r y  to 
know s o m e th in g  of the  t e s t in g  on which  the c u r v e s  a r e  b a sed .

* D a ta  b a s e d  on b o t to m  w i th d ra w a l  tube t e s t s  c a r r i e d  out by N, S. W. 
P u b l i c  W o r k s  D e p a r t m e n t ,  H y d ra u l i c  L a b o r a t o r y ,  M anly  Vale.
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2. 52 F lo c c in g  T e s t s

F l y - a s h  f r o m  B u n n e ro n g  p o w er  s ta t io n  was  u s e d  fo r  the t e s t s  w hose  
r e s u l t s  a r e  r e c o r d e d .  O th e r  t e s t s  have  b ee n  p e r f o r m e d  with a sh  f r o m  
v a r io u s  p o w er  s ta t io n s ;  but ,  as t h e s e  t e s t s  w e r e  not in c o n t r o l l e d  s e r i e s ,  
n u m e r i c a l  d a ta  a r e  not given . T he  t e s t s  showed tha t  the  f l y - a s h  f r o m  
d i f f e r e n t  s o u r c e s  f loes  in the s a m e  way, and the  B u n n e ro n g  r e s u l t s  a r e  
r e g a r d e d  as  in d ica t iv e  of the f locc ing  to  be ex p ec ted  of M u n m o r a h  f ly -a sh .

W h e r e  a floe e x i s t s ,  i m p o r t a n t  d i s c r e p a n c i e s  b e tw ee n  g r a d in g s  o b 
t a in e d  by  b o t to m  w i th d ra w a l  tube and h y d r o m e t e r  a n a ly s i s  a r e  m a n i f e s t .  
F i r s t l y ,  the  floe does  not f o r m  in s t a n t a n e o u s ly  but  g r a d u a l ly ,  and of n e c 
e s s i t y  while  the  t e s t  is in p r o g r e s s .  Secondly ,  the  s p e c i f ic  g r a v i ty  of 
the  floe is lo w e r  th an  tha t  of ind iv idua l  p a r t i c l e s  and c a lc u la t io n s  b a s e d  on 
the  spe c i f ic  g r a v i ty  of the m a t e r i a l  t h e r e f o r e  do not give e x a c t  r e s u l t s  for  
floe s i z e s .  In sp i te  of t h e s e  i n a c c u r a c i e s ,  the  t e s t s  su ff ice  to show the 
f locc ing  p r o p e r t i e s  w e l l  enough fo r  the p u r p o s e s  of th is  s tudy.  R e s u l t s  of 
b o t to m  w i th d ra w a l  t e s t s  a r e ,  h o w e v e r ,  not c o m p a r a b l e  with r e s u l t s  f r o m  
h y d r o m e t e r  t e s t s ,  b e c a u s e  the e f fec ts  of the d i f f e r e n c e s  d e s c r i b e d  in 
Sec t ion  2. 41 a r e  a c ce n tu a te d  by  f loccing.

T e s t  r e s u l t s  a r e  shown in F i g u r e  6. T h r e e  b o t to m  w i th d ra w a l  
t e s t s  w e r e  p e r f o r m e d  - one u s in g  the  a lka l i  h o u se h o ld  Calgon  as  a de-  
f lo c cu le n t  fo r  the  s l ig h t ly  ac id ic  f ly - a s h ,  one with  d i s t i l l e d  w a t e r  and one 
with  s e a  w a te r .  F lo c c in g  of v e r y  s i m i l a r  i n t e n s i ty  is ev iden t  in the g r a d 
ing c u r v e s  fo r  d i s t i l l e d  w a t e r  and s e a  w a te r .  The  fac t  th a t  the  c u r v e  for  
s e a  w a t e r  does  not  ex tend  be low the 0. 01 m m  s iz e  is not r e g a r d e d  as evid-  
ence  th a t  s m a l l e r  p a r t i c l e s  a r e  n e c e s s a r i l y  absen t ;  fo r ,  with the s m a l l  p e r 
ce n ta g e s  of f l y - a s h  of f in e r  s i z e s  and the  l a r g e  am ount  of s a l t  p r e s e n t ,  
m e a s u r e m e n t s  be low th is  r a n g e  give  r e s u l t s  of dubious  a c c u r a c y .

R e s u l t s  of b o t to m  w i th d ra w a l  t e s t s  in d ica te  th a t  t h e r e  is  a s m a l l e r  
am ount  of the  c o a r s e r  g r a in s  when d i s t i l l e d  o r  s e a  w a t e r  is  u s e d  than  with 
de f loccu len t .  If the c u r v e s  give a t r u e  in d ica t io n  of p a r t i c l e  s i z e s ,  som e  
b re a k d o w n  of l a r g e r  g r a i n s  m u s t  be h y p o th e s i s e d .  T h i s  h y p o th e s i s  is u n 
ten ab le ,  and the  a p p l ic a b i l i ty  of the p r o c e d u r e  is  t h e r e f o r e  c a l l e d  into 
ques t ion .  W rong  a s s u m p t io n s  of s p e c i f ic  g r a v i ty  fo r  f lo c c e d  m a t e r i a l  
could  be a f a c t o r  tend ing  to in v a l id a te  the c u r v e s ,  but the  m a i n  f a c t o r  is 
p ro b a b ly  the p h y s ic a l  r e a l i t y  of eddy c u r r e n t s  in  the w i th d ra w a l  tube dur ing  
the f locc ing  r e a c t io n .  Quite  s t r o n g  r i s i n g  c u r r e n t s  have  b e e n  o b s e r v e d  
n e a r  the  p e r i m e t e r  of the tube ,  e s p e c i a l l y  in the  e a r l y  s t a g e s  of the t e s t ,  
with  both  d i s t i l l e d  and s e a  w a te r .  T h e s e  c u r r e n t s  tend  to m a i n t a i n  m a t 
e r i a l  in s u sp e n s io n .  The  p r e s e n c e  of f lo c ced  m a t e r i a l  of lo w e r  fa l l  v e l 
oc i ty  m a y  a l so  have  an ef fec t ,  not e n t i r e l y  accoun ted  f o r  by apply ing  O d e n ^
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D i s p e r s i o n  L aw ,  in  r e t a r d i n g  th e  fa l l  of l a r g e r  p a r t i c l e s  and t h e r e f o r e  
m ak in g  t h e m  a p p e a r  s m a l l e r  in the  r e s u l t s .

H y d r o m e t e r  a n a ly s e s  p e r f o r m e d  f i r s t  w i th  d e f lo ccu len t  and then  
with  s e a  w a t e r  c o n f i r m  the  f lo c c in g  t e n d e n c y  of the  ash .  The  u p p e r  
p a r t s  of the  a s h - i n - s e a - w a t e r  h y d r o m e t e r  a n a ly s e s  do not exh ib i t  the  
a n o m a l i e s  found in the  b o t to m  w i th d ra w a l  tube  c u r v e s .  H o w ev e r ,  b e 
low a p a r t i c l e  s i z e  of 0. 0 2 m m  the  g r a d in g  c u r v e  is v e r y  b ad ly  def ined  
by the  r e s u l t s ,  as  th e  h y d r o m e t e r  r e a d i n g  ch an g es  v e r y  s low ly  and is 
t h e r e f o r e  h ig h ly  s u s c e p t i b l e  to  i n a c c u r a c i e s  in r e ad in g .  In the  h y d r o 
m e t e r  a n a l y s i s ,  the  c o n c e n t r a t i o n  of a sh  w as  8 t i m e s  as h igh as  in the  
b o t to m  w i t h d r a w a l  tube  a n a ly s i s ;  w ith  so  m u ch  m a t e r i a l  p r e s e n t  t h e r e  
is  a good c h a n c e  th a t  the  e x te n s iv e  floe f o r m e d  w i l l  c a r r y  with  it in  i ts  
fa l l  the  s m a l l e r  p a r t i c l e s  w h ich  would  o th e r w i s e  r e m a i n  in s u sp e n s io n .  
T h is  m a y  p a r t l y  ex p la in  why t h e j h y d r o m e t e r  c u r v e  fo r  a sh  in s a l t  w a t e r  
shows a m u c h  lo w e r  p e r c e n t a g e  of fine m a t e r i a l  than  does  the  c o r r e s p o n d 
ing b o t to m  w i t h d r a w a l  c u r v e .  The  t r u e  c u r v e  fo r  the  f lo cced  m a t e r i a l  
p ro b a b ly  l i e s  s o m e w h e r e - b e t w e e n  the  c u r v e s  found by h y d r o m e t e r  and 
b o t to m  w i t h d r a w a l  tube .
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3 6 .WAVES 

8,3.,1 Wllvse T h e o r y  

T. 10 G e n e r a l

W a v e s  and c u r r e n t s  a r e  m a j o r  f o r c e s  l ik e ly  to a f fec t  the  m o v e m e n t  
of a sh  d i s c h a r g e d  in the  ocean .  T he  i m p o r t a n c e  of w a v e s  can n o t  be 
o v e r - e s t i m a t e d :  th e  w a t e r  m o v e m e n t s  at dep th  c a u s e d  by w a v e s  c r e a t e
an a t m o s p h e r e  r a d i c a l l y  d i f f e r e n t  f r o m  th a t  e x i s t in g  in the  a b s e n c e  of 
w ave  ac t ion ,  and the  t r a n s p o r t  of a sh  in s u c h  an a t m o s p h e r e  is  c o n 
s e q u e n t ly  m a r k e d l y  d i f f e r e n t  f r o m  a s h  t r a n s p o r t  in  q u i e s c e n t  w a t e r s .  
F i n e  a s h  in s u s p e n s i o n  u n d e r g o e s  s i m i l a r  m o v e m e n t s  to  the  w a t e r  p a r t 
i c l e s ,  u n l e s s  i t is  t r a v e l l i n g  in the  f o r m  of a t u r b i d i t y  c u r r e n t .  In 
th i s  c a s e  the  w av es  a l so  m a k e  t h e i r  p r e s e n c e  fe l t ,  f o r  the  t u r b u l e n c e  
th ey  induce  h i n d e r s  d ep o s i t io n  and f a v o u r s  e n t r a i n m e n t ,  and the  i n 
i t i a t io n  and e s p e c i a l l y  the  m a in t e n a n c e  of t u r b i d i t y  c u r r e n t  ac t io n  is  
s u b je c t  to  a m o d i f ied  s e t  of cond i t ions .  W hen  a s h  h as  s e t t l e d ,  i t s  r e  - 
e n t r a i n m e n t  i s  m o s t  l ik e ly  to  be  e f fec ted  by  wave  action, as  o th e r  
c u r r e n t s  a r e  g e n e r a l l y  in su f f ic ie n t ,  so  c lo s e  to the  bed ,  to  m o v e  the  
ash .  Once the  m a t e r i a l  h a s  b e e n  put  into s u s p e n s i o n  by  the  w a v e s ,  it 
i s  th e n  a v a i lab le  to the  o th e r  c u r r e n t s  and f o r c e s  of the  s e a .

T h e  th e o r y  ou t l ined  below is  e s s e n t i a l  to  an u n d e r s t a n d i n g  of the 
r o l e  of the  wave  in ash: t r a n s p o r t .  It h a s  b e e n  m a d e  as  d e s c r i p t i v e  
as p o s s ib l e ,  c o n s i s t e n t  with  c o m p le te  p r e s e n t a t i o n  of r e l a t i o n s  u s e d  for  
quan t i t a t iv e  a n a ly s e s  in s u b se q u e n t  s e c t io n s  of the  r e p o r t .

3. 11 C h a r a c t e r i s t i c s  of O cean  W aves

Of the  m a n y  m a t h e m a t i c a l  m o d e l s  p r o p o s e d ,  the  i r r o t a t i o n a l  
t h e o r y  (S tokes ,  18*47) s e e m s  to r e p r e s e n t  m o s t  c l o s e ly  the  n a t u r a l  
p h e n o m e n a  a s s o c i a t e d  wi th  o c ean  w av es .  F o t  w a v e s  w h o se  he igh t  
is  v e r y  s m a l l  c o m p a r e d  wi th  the  w ave  leng th  and w a t e r  dep th ,  S t o k e s ' s  
th e o r y  t a k e n  to the  f i r s t  a p p r o x im a t io n  in d ic a te s  a s in u s o i d a l  w ave  f o r m  
as  g iven  by the  Airy-Lajri-kCft: a n a ly s i s  (A iry ,  1845; L a p la c e s ,  1775-76) ,  
W ave  he igh t ,  H, is  def ined  as  the  v e r t i c a l  d i s t a n c e  f r o m  t ro u g h  to  c r e s t  
and w ave  leng th ,  K , as  the  d i s t a n c e  b e tw e e n  two s u c c e s s i v e  c r e s t s .
As with  a l l  p e r io d ic  wave  m o t io n s ,  the  b a s i c  eq u a t io n  is  g iv e n  as:

^  = C T (1)
w h e r e  C = c e l e r i t y

T = p e r io d

T h e  equa t ion  fo r  s in u s o id a l  m o t io n  (L a m b ,  193 2), o m i t t in g  s u r f a c e  
t e n s io n  e f fec t s  w hich  m a y  be n e g le c t e d  fo r  o r d i n a r y  g r a v i ty  w a v e s  on 
the  ocean ,  is g iven  as:
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c * =  3 ±  + a n h
2.TT A

(2)

w h e r e  g - a c c e l e r a t i o n  due to g r a v i ty

Y - w a t e r  depth.

As Y i n c r e a s e s ,  tanh 2 tt y

2TT

a p p ro a c h e s  1, and (2) b e c o m es :

(3)

w h e re  the  s u b s c r i p t  o r e f e r s  to deep  w a t e r  condi t ions .

U se  of th is  f o r m u l a  f o r  v a lu es  of Y g r e a t e r  than  0, 5 \  g ives  a 
good a p p r o x im a t io n  to the ex a c t  va lues .  The  e r r o r  at Y = 0. 5 \  
is ,  f o r  e x a m p le ,  l e s s  than  1%. An a r b i t r a r y  d iv is ion  of w aves  into 
" d e e p  w a t e r  w av es"  and " sh a l lo w  w a t e r  w aves"  has  b ee n  m ad e  at 
th is  point .

By co m b in in g  (1) and (3) the r e l a t i o n  b e tw een  wave leng th  and 
p e r io d  fo r  d eep  w a t e r  s in u s o id a l  w aves  is obtained:

K = %■2TT (4)

In deep  w a t e r ,  the  m o t io n  of a w a t e r  p a r t i c l e  at  any depth  is 
c i r c u l a r ,  w ith  o r b i t a l  d i a m e t e r s  d e c r e a s i n g  exponen t ia l ly  f r o m  the 
s u r f a c e  ( F ig u r e  7a). As a wave  p r o c e e d s i in to  sha l low w a te r ,  b o t 
to m  e f fec t s  e lo n g a te  the o r b i t s  in such  a way tha t  an e l l ip t i c a l  o rb i t  
r e s u l t s ,  the  v e r t i c a l  axes  of the  e l l i p s e s  d e c r e a s i n g  l i n e a r l y  f r o m  the 
s u r f a c e  to a va lue  of z e r o  at the b o t to m  ( F ig u re  7b). The  o rb i t s

Wave C r e s t

Wave C res t

\

Undisturbed 
Water Surface

s U n d istu rb ed  
r — 1 Water Surface

f-'-j
Iv-U

F i g u r e  7b: O r b i t a l  M otion  fo r
Shallow W a t e r  Wave

i

F i g u r e  7 a: O r b i t a l  Mot ion fo r
D eep  W a te r  Wave,
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a r e  def ined  by  the t h e o r y  in t e r m s  of the d i s p l a c e m e n t  at any t i m e  of a 
p a r t i c l e  f r o m  i ts  in i t i a l  pos i t ion .  The  double am p l i tu d e  of o s c i l l a t io n ,  
o r  to ta l  t r a v e l  of a f luid p a r t i c l e ,  at any dep th  y m e a s u r e d  n e g a t iv e ly  
d ow nw ard  f r o m  the  s u r f a c e  is g iven  by:

and

H s;„h h o r iz o n t  a l ly

(5)

b _ ^  „
« ’  V 6 r t l C a l l y

w h e r e  a and b a r e  double  a m p l i tu d es  of o s c i l l a t i o n  in  the  h o r iz o n ta l  and 
v e r t i c a l  d i r e c t io n s  r e s p e c t i v e l y .  In p a r t i c u l a r ,  at  the  b o t to m  y = -Y 
and

a Y 1 by
H . , 2TT Y ' ; r  " °s inh  ■■■ — h

A

T h e  o r b i t a l  v e loc i ty  is ob ta ined  by d i f f e r e n t i a t in g  the  d i s p l a c e m e n t  
with  r e s p e c t  to t im e .  T he  m a x i m u m  v e lo c i t i e s  a t t a in ed  d u r in g  the  orb  
it  a r e  g iven  by:

/ M/ \  _  Trco
V /Jmax.  ~ h o r i z o n t a l l y

and <6>
( t f^  rnax • = v e r t i c a l l y

The  r a t io  of m a x i m u m  o r b i t a l  b o t to m  v e lo c i ty  to wave  h e igh t  is  shown 
in F i g u r e  8 fo r  v a r io u s  w ave  p e r io d s  and w a t e r  dep ths .  A v e rag e  
v e lo c i t i e s  a r e  g iven  by:

(u^ave .  =  -  h o r i z o n ta l l y

and
2bC°V)ove = t  ~  v e r t i c a l l y
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F i g u r e  8: M a x im u m  O r b i t a l  V eloc i ty  of W a te r  P a r t i c l e s  on the
B o t to m  fo r  V a r io u s  Depths  and P e r io d s .

3. 12 E n e r g y

T he  to t a l  e n e r g y  is  the  s u m  of the k ine t ic  e n e r g y  due to the m o t io n  
of the  p a r t i c l e s  and the  p o ten t i a l  e n e r g y  due to the e l ev a t io n  of the  p a r t 
i c l e s  with  r e s p e c t  to  the u n d i s t u r b e d  level .  T he  r e s u l t a n t  t o t a l  e n e r g y  
fo r  deep  w a t e r  w av es  is g iven  by:

E, =  *y Ao K o ( 8 )
8
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w h e r e  - w eigh t  of w a t e r  p e r  un i t  vo lum e.

Half  of th i s  e n e r g y  is  k ine t ic  and ha l f  po ten t ia l .

3. 13 Sub S u r fac e  P r e s s u r e s

By a s s u m i n g  an i n c o m p r e s s i b l e  n o n - v i s c o u s  fluid , the  p r e s s u r e  
c h an g e s  d u r in g  the  p a s s a g e  of a wave m a y  be c a lc u l a t e d  fo r  any point 
b e n e a th  the  w a t e r  s u r f a c e  as a f r a c t io n ,  K, of the  p r e s s u r e  c h an g e s  
a s s o c i a t e d  with the o r b i t a l  m o t io n  at the s u r f a c e  (L am b ,  1932). At 
any dep th  y m e a s u r e d  n e g a t iv e ly  dow nw ards  f r o m  the  s t i l l  w a t e r  s u r 
face ,  the p r e s s u r e  a t ten u a t io n  f a c to r  K is  g iven  as:

1/  =  c o s w [ ? % *  / q \
^  . 2.TTV ^cosh  ^

F i g u r e  9 is a d i m e n s i o n l e s s  r e p r e s e n t a t i o n  of th is  equat ion .

o-o

* *  0.2
£.■*-Q.
N
P 0*4

Oc
2 o*fi ■+- Loa.o

F i g u r e  9:

O-l 0 2 O'S 0’4 O'S

y,
A

P r e s s u r e  A t tenua t ion  F a c t o r .

E x p e r i m e n t s  have  shown tha t  th is  g ives  a r e a s o n a b l e  a p p r o x im a t io n  to 
the t r u e  va lu es  fo r  w a t e r  w aves  of f in i te  height .
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3. 14 M a s s  T r a n s p o r t

T h e  t h e o r y  ou t l ined  above was  deve loped  fo r  w aves  of s m a l l  a m 
pl i tude .  E x p e r i m e n t s  have  p ro v e d  tha t  the equa t ions  a l so  hold fo r  
w av es  of a p p r e c i a b l e  m ag n i tu d e .  Some a p p r o x im a t io n s ,  h o w ev e r ,  
c e a s e  to  be  va l id ,  and one of the  m o s t  no tab le  is  tha t  of c lo s e d  o r b i t s ,  
s u c h  th a t  a p a r t i c l e  r e t u r n s  a f t e r  an o rb i t  to i ts  in i t ia l  pos i t ion .  In 
f ac t ,  t h e o r e t i c a l  a n a ly s i s  fo r  w av es  of f in i te  heigh t  (Stokes ,  1847) shows 
tha t  the  p a r t i c l e  m o t io n  is  g r e a t e r  in i ts  f o r w a r d  m o v e m e n t  (under  the 
c r e s t )  th an  in i t s  b a c k w a r d  m o v e m e n t  (under  the t rough) .  A w a t e r  
p a r t i c l e  t h e r e f o r e  a r r i v e s ,  a f t e r  one c o m p le te  wave,  dow n-w ave  of i ts  
in i t i a l  po s i t io n ,  as  shown in F i g u r e  10 fo r  a sha l low  w a t e r  wave.

F i g u r e  10: Open  O rb i t  fo r  Shallow W a te r  Wave.

T h e  net  m o v e m e n t  of w a t e r  p a r t i c l e s  o cc a s io n e d  by the fac t  th a t  the 
o r b i t s  a r e  open  r a t h e r  th an  c lo s e d  is  t e r m e d  m a s s  t r a n s p o r t .  S tokes  
p r e d i c t e d  a va lue  fo r  m a s s  t r a n s p o r t  on the a s s u m p t io n  of a p e r f e c t  non-  
v i s c o u s  fluid. F o r  deep  w a t e r ,  Stokesfe equa t ion  b e c o m e s :

o a 42*
u = U—H-a JCL h (10)

A To

w h e re  U = m a s s  t r a n s p o r t  ve loc i ty .  Th is  in d ic a te s  a s eco n d  o r d e r  
d r i f t  in  the  d i r e c t i o n  of p r o p a g a t io n  of the wave.  F i g u r e  11 is a d i a 
g r a m m a t i c  s k e tc h  of the  m a s s  t r a n s p o r t  and r e t u r n  flow fo r  a c lo se d  
s y s te m ,  and F i g u r e  12 g ives  v a lu e s  of m a s s  t r a n s p o r t  p e r  foot of wave 
he igh t  f o r  v a r io u s  dep th s  and p e r io d s .

E x p e r i m e n t s  hav e  in d ic a te d  tha t  S to k e s ’s so lu t ion  is acce p ta b le  
fo r  d e e p  w a t e r  w a v e s ,  but  f o r  sha l low  w a t e r  w aves  the a s s u m p t io n  of 
z e r o  v e lo c i ty  g r a d i e n t  at  the  bed  in h e re n t  in the  t h e o r y  l e a d s  to g r o s s  
e r r o r s .  L o n g u e t - H ig g in s  h a s  r e c e n t l y  evolved a t h e o r y  which g ives  
good a g r e e m e n t  with  e x p e r i m e n t s  fo r  sha l low  w a t e r  w aves  (Longue t-  
Higgins  1953). T h e  m a s s  t r a n s p o r t  v e lo c i ty  at the b o t to m  p r e d i c t e d  
by th i s  t h e o r y  is  g iven  as :
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d irection  of wave advance

mean surface 
level
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F i g u r e  11: M a s s  T r a n s p o r t  fo r  D eep  W a t e r  W aves
(a f te r  Stokes)
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F i g u r e  12: M a s s  T r a n s p o r t  V a lues  p e r  F o o t  of W ave  Height
fo r  Deep  W a t e r  W aves  ( a f t e r  S tokes) .

\



x 2 3 )

(11)

uy -  *
4  sinh*2 2TVy

T he  v a r i a t i o n  of v e lo c i ty  w i th  dep th  ,1in the  i n t e r i o r  of the  f lu id" w as  
p r e d i c t e d  by  L o n g u e t - H ig g in s  only fo r  the  c a s e  w h e r e  w ave  am p l i tu d e  
is s m a l l  c o m p a r e d  w i th  th e  t h i c k n e s s  of the  b o u n d a ry  l a y e r  on the  
b o t tom ;  h o w e v e r ,  i t  h a s  b e e n  found th a t  t h i s  so lu t io n  a g r e e s  w e l l  w i th  
e x p e r i m e n t a l  v a lu e s  in m o s t  p r a c t i c a l  c a s e s  ( R u s s e l l  and O s o r io ,  1958). 
T he  s o lu t io n  g iv e s  f o r  any v a lue  of y:

tT2HZ
* 4 \Ts;nH* gTty

, 4Tfy
2 cosh (*  + y )  +
“ X

( 1 2 )

Some v a lu e s  a r e  show n in F i g u r e  13.

direction of wove advance 
 »-

= o

fo-4

5O 3 4-2

U \T
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F i g u r e  13: M a s s  T r a n s p o r t  in I n t e r i o r  of F lu id  f o r  Shal low W a t e r
W a v e s  (C onduc t ion  Solu t ion  of L o n g u e t - H i g g i n s ) .
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3. 15 P r o p a g a t i o n  of W ave  G ro u p s

Though  a g r o u p  of w a v e s ,  once g e n e r a t e d ,  m a i n t a i n s  i ts  id e n t i ty  
o v e r  a c o n s i d e r a b l e  d i s t a n c e ,  the  in d iv id u a l  w a v e s  in the  g ro u p  do not.  
New w a v e s  a r e  c o n t in u a l ly  b e in g  f o r m e d  as th e  old w a v e s  die  away.
T h i s  p h e n o m en o n  is  a s s o c i a t e d  w i th  th e  m e c h a n i s m  of t r a n s m i s s i o n  of 
e n e rg y .  As a r e s u l t  of th i s  m e th o d  of p r o p a g a t io n ,  th e  w ave  g r o u p  
m o v e s  f o r w a r d  wi th  a v e lo c i ty  l e s s  th an  th a t  of the  in d iv id u a l  w a v e s  in 
the  g roup .  In deep  w a t e r  the  g r o u p  v e lo c i ty  m a y  be  show n  f r o m  e n 
e r g y  c o n s i d e r a t i o n s  to be  ha l f  the  w ave  v e loc i ty .  As th e  w a t e r  dep th  
d e c r e a s e s ,  the  w ave  t r a i n  m o v e s  w i th  a v e lo c i ty  c l o s e r  to  th a t  of the  
in d iv id u a l  w a v e s  un t i l ,  n e a r  b r e a k i n g ,  w hen  e a c h  w ave  is t r a v e l l i n g  
m o r e  l ike  a s o l i t a r y  w ave ,  the  g ro u p  v e lo c i ty  b e c o m e s  eq u a l  to the  wave  
ve loc i ty .

3. 16 Shoal ing  and B r e a k i n g  of W av e s

T h e  t h e o r y  ou t l ined  in th e  p r e c e d i n g  p ag e s  w as  d ev e lo p e d  fo r  w aves  
in w a t e r  of c o n s ta n t  depth .  W av es  a p p r o a c h in g  a c o a s t l i n e  p r o g r e s s  
th ro u g h  w a t e r  of c o n t in u o u s ly  chang ing  depth .  T h e  o r b i t a l  m o t io n  
a s s o c i a t e d  wi th  s u c h  w a v e s  h a s  b e e n  show n to  a g r e e  w i th  th a t  p r e d i c t e d  
by  th is  th e o ry .  Since it is t h ro u g h  the  ch an g e  of w a t e r  p a r t i c l e  
m o t io n  th a t  the  b o t to m  m a k e s  i ts  p r e s e n c e  fe l t  in the  w ave  f o r m ,  the  
c h a n g es  in wave  c h a r a c t e r i s t i c s  due to s h o a l in g  c a n  b e  c o m p u te d  f r o m  
e n e r g y  c o n s id e r a t i o n s  on the  b a s i s  of the  fo reg o in g  t h e o r y .  In deep  
w a t e r  h a l f  the  t o t a l  e n e r g y  a d v an ce s  with  .the w ave  f o r m  at a s p e e d  
equa l  to the  w ave  c e l e r i t y .  In sha l low  w a t e r  an i n c r e a s i n g  p r o p o r t i o n  
of the  t o t a l  e n e r g y  ad v an ce s  with  the  w ave  f o r m .  T h i s  ad d i t io n a l  
e n e r g y  is  a l lowed  f o r  in the  fo l lowing eq u a t io n  by the  qu an t i ty  n, the 
p r o p o r t i o n  of the  to t a l  e n e r g y  advanc ing  w i th  the  w ave  f o r m .  By 
a s s u m i n g  th a t  the  p e r i o d  and the  p o w er  t r a n s m i t t e d  p e r  un i t  w id th  of 
w ave  c r e s t  r e m a i n  co n s ta n t ,  the  r e l a t i o n  b e tw e e n  w ave  he ig h t  and 
leng th  is  found to be:

T h e  r a t i o  is c o m p u te d  fo r  any dep th  f r o m  e q u a t io n  (2). T h i s  q u a n 
t i t y  d e c r e a s e s  w i th  d e c r e a s i n g  dep th ,  w h i le  n i n c r e a s e s  w i th  d e c r e a s i n g  
depth .  The r e l a t i v e  r a t e s  of d e c r e a s e  of 7̂  and i n c r e a s e  of n v a r y ,  
w i th  the  r e s u l t  th a t  the  w ave  he igh t  f i r s t  d e c r e a s e s  to  about  0. 91, 
and th e n  i n c r e a s e s  r a p i d ly  as  the  w ave  m o v e s  in to  m o r e  sh a l lo w  w a t e r  
(M ason ,  1951; U .S .  Navy H y d r o g ra p h ic  Office  1944). T h e  c h a n g e s  of 
v a r i o u s  w ave  p a r a m e t e r s  w ith  sh o a l in g  a r e  show n  in F i g u r e  14.

(13)
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F i g u r e  14: Shoal ing E f fe c t s  on Waves .

The  i n c r e a s e  of wave he igh t  a s s o c i a t e d  with d e c r e a s e  in wave 
leng th  c a u s e s  the wave  to b e c o m e  s t e e p e r .  S teep n ess  is def ined 
as  the  r a t i o  of wave  he igh t  to  wave length.  E v e n tu a l ly  a point  is 
r e a c h e d  w h e r e  the  s t e e p n e s s  is su ch  tha t  a wave can  no lo n g e r  hold 
i ts  f o r m  and b r e a k s .  S tokes '  t h e o r y  in d ica te s  tha t  a wave cannot  
s u rv iv e  with a c r e s t  angle  s m a l l e r  than  120°. T h is  t h e o r e t i c a l  l im i t  
is a t t a in a b le  in p r a c t i c e ,  in d ica t in g  the r a n g e  of va l id i ty  of S tokes 's  
th e o ry .  T h e  l im i t in g  s t e e p n e s s  is g iven  as 0. 14.

As w av es  p r o g r e s s  into sha l low  w a t e r  n e a r  the b r e a k in g  zone,  
th ey  d e p a r t  m o r e  and m o r e  m a r k e d l y  f r o m  the s in u so id a l  f o rm ,  and 
tend  to b e c o m e  a s e r i e s  of s h o r t ,  s h a r p  c r e s t s  s e p a r a t e d  by long, low 
t ro u g h s .  In th is  condi t ion ,  th ey  a p p ro ac h  m o r e  n e a r l y  the s o l i t a r y  
wave; and, f o r  r e l a t i o n s h i p s  in o r  v e r y  c lo se  to the b r e a k in g  zone,  the 
s o l i t a r y  wave  t h e o r y  h a s  b e e n  found to apply (S v e rd ru p  and Munk, 1946; 
Ippen and Kulin,  1955). T h i s  .".theory g ives  the fol lowing equa t ions  fo r  
cond i t ions  at b rea k in g :

y b = 1-28 Ub (14)

and c b = [^Cvb + H 0 j^  (15)

w h e r e  b = s u b s c r i p t  r e f e r r i n g  to condi t ions  at b r e a k in g .
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3. 17 Wave R e f r a c t i o n

The  p h e n o m e n o n  known as wave  r e f r a c t i o n  a r i s e s  as  a lo g ic a l  e x 
t e n s i o n  of the  sh o a l in g  of w a v es .  W hen  a w ave  c r e s t  a p p r o a c h e s  the  
s h o r e  at an angle  to the  b o t to m  c o n t o u r s ,  t h a t  end of the  c r e s t  c l o s e s t  
to  the  s h o r e  is  a f fec ted  by  shoaling,  while  the  p a r t  of the  c r e s t  f a r t h e r  
o f f s h o re  is  s t i l l  m ov ing  as  a deep  w a t e r  wave .  The  r e d u c t i o n  in  v e l 
o c i ty  at the  i n s h o r e  end c a u s e s  a bend ing  of the  c r e s t  s u c h  th a t  i t  t en d s  
to a l ign  i t s e l f  p a r a l l e l  to the  s h o r e .  By  ana logy  with  the  r e f r a c t i o n  of 
l igh t  r a y s ,  th is  p h en o m e n o n  is t e r m e d  ' r e f r a c t i o n 1.

Wave r e f r a c t i o n  obeys  s i m i l a r  law s  to th o s e  g o v e rn in g  r e f r a c t i o n  
of l igh t  r a y s .  By S n e l l ' s  Law,  the  s in e  of the  ang le  b e tw e e n  the  wave 
c r e s t  and the  b o t to m  c o n to u r  is p r o p o r t i o n a l  to the  wave  ve loc i ty :

sinSJs C (16)
w h e r e  is  the  angle  b e tw e e n  the  wave  c r e s t  and the  b o t to m  co n to u r .
By co m b in in g  th i s  law with  equa t ion  (2), the  b end ing  of the  w ave  c r e s t  
as  i t  m o v e s  f r o m  one depth  to a n o th e r  c a n  be  c a lc u la t e d .  G r a p h i c a l  
m e th o d s  can  be  u s e d  fo r  the s u c c e s s i v e  so lu t io n  of t h e s e  eq u a t io n s  as 
a wave  m o v e s  t h ro u g h  g r a d u a l l y  s h o a l in g  w a t e r  (A r th u r ,  Munk and 
I s a a c s ,  1952). In m a n y  of these,  the  r e s u l t a n t  " r e f r a c t i o n  d i a g r a m "  
shows wave r a y s ,  o r th o g o n a l  to the  c r e s t s ,  r a t h e r  th a n  the  c r e s t s  
t h e m s e l v e s .

R e f r a c t i o n  d i a g r a m s  find a r e a d y  u s e  in co m p u t in g  th e  ch an g e s  in 
wave  he igh t  due to d i f f e r e n t i a l  r e f r a c t i o n  r o u n d  h e a d la n d s  and b a y s .  It 
i s  a s s u m e d  th a t  the  e n e r g y  c o n ta in ed  b e tw e e n  two r a y s  r e m a i n s  co n s ta n t  
as  the  wave ad v an ces  into sha l low  w a te r .  S ince the  e n e r g y  is  p r o p 
o r t i o n a l  to the  s q u a r e  of the  he igh t ,  the  he igh t  is  g iven  as  i n v e r s e l y  
p r o p o r t i o n a l  to the s q u a r e  r o o t  of the  s p a c in g  b e tw e e n  r a y s :

vu _ distance betw een rays a t  1
>d ista n ce between rays a t 1

w h e r e  1 and 2 a r e  any two po in ts  on a ray .

U n d e r  c e r t a i n  cond i t ions  the  r a y s  on r e f r a c t i o n  d i a g r a m s  a r e  s e e n  
to c r o s s .  T h i s  cond i t ion  of " c r o s s e d  o r th o g o n a ls "  c o r r e s p o n d s  t h e 
o r e t i c a l l y  to a f in i te  a m oun t  of energy,  co n ta in ed  w i th in  an i n f i n i t e s i m a l  
a r e a ,  and c o n s e q u e n t ly  a w ave  of inf in i te  he igh t .  A w ave in  a t t e m p t in g  
to a t t a in  in f in i te  he igh t  would b r e a k ,  and, w e r e  it not fo r  l a t e r a l  flow 
of e n e r g y  along the  c r e s t ,  " c r o s s e d  o r th o g o n a ls "  would  in d ic a te  b r e a k 
ing w av es .  B e f o r e  s u c h  b r e a k i n g  can  o c c u r ,  d e s t r u c t i o n  of the  wave 
t r a i n  f r e q u e n t ly  e n s u e s  in n a tu r e .  S ub se q u en t  w a t e r  m o v e m e n t s  s e e m  
to v a r y  g r e a t l y  with l o c a l  top o g ra p h y .  The  s u b je c t  h a s  not b e e n  e x h a u s t 
iv e ly  e x a m in e d ,  but  a t h e o r y  e x i s t s  w hich  p o s tu l a t e s  a wave  t r a i n  s e t  up
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a f t e r  a po in t  of c r o s s e d  o r th o g o n a is "  with  h a l f  the p e r i o d  of the o r i g 
in a l  w ave  t r a i n  (B e a c h  E r o s i o n  B o a r d ,  1951)1

R e f r a c t i o n  d i a g r a m s  a r e  a l so  u s e d  in p r e d i c t in g  l i t t o r a l  t r a n s p o r t .  
L i t t o r a l  t r a n s p o r t  is  the  l o n g s h o r e  c u r r e n t  s e t  up  by w av es  b r e a k i n g  at 
an ang le  to  th e  s h o r e .  T hough  r e f r a c t i o n  ten d s  to a l ign  the  wave  
c r e s t s  p a r a l l e l  w i th  the  s h o r e ,  th i s  a l ig n m e n t  is  n e v e r  c o m p le t e ly  
e f fec ted ,  and th e  w a v e s  b r e a k  at s o m e  angle  to the s h o re  which  can  be 
a s c e r t a i n e d  f r o m  r e f r a c t i o n  d i a g r a m s .  The in t e n s i t y  of the  l i t t o r a l  
c u r r e n t  e n g e n d e r e d  in the  s u r f  zone depends  on th is  r e s i d u a l  angle .

W ave  r e f r a c t i o n  c a n  be  e f fec ted  by  c u r r e n t s  as w e l l  as  d u r in g  
shoa l ing .  N a t u r a l l y ,  a c u r r e n t  r u n n in g  c o u n te r  to  a wave wi l l  i n c r e a s e  
i t s  h e ig h t  and d e c r e a s e  i t s  leng th ,  thus  s te e p en in g  the  wave.  A c u r r e n t  
r u n n in g  w i th  a w av e  w i l l  h av e  the  r e v e r s e  effect .  When a wave  e n 
c o u n t e r s  a c u r r e n t  ru n n in g  at s o m e  angle  to it,  th a t  p a r t  of the  c r e s t  
which  f i r s t  m e e t s  the  c u r r e n t  wi l l  be a f fec ted  f i r s t ,  c a u s in g  bend ing  of 
the c r e s t  of th e  s a m e  type as th a t  o c c a s io n e d  when a wave a p p r o a c h e s  
the s h o r e  at an angle  to the  b o t to m  c o n to u r s  ( Johnson ,  1947).

3. 18 W ave  D i f f r a c t io n

A gain  by  a na logy  w i th  l igh t ,  the  t e r m  " d i f f r a c t i o n ” is  u s e d  to def ine  
the  p h e n o m e n o n  w h e r e  the  p r o p a g a t io n  of w a t e r  w aves  con t inues  in to a 
s h e l t e r e d  r e g i o n  f o r m e d  by  a b r e a k w a t e r  o r  s i m i l a r  b a r r i e r  tha t  i n 
t e r r u p t s  p a r t  of an o t h e r w i s e  r e g u l a r  wave t r a in .  D i f f r a c t io n  i s  of ten  
r e s p o n s i b l e  f o r  the  e x i s t e n c e  of s m a l l  w av es  in a l o c a l i ty  tha t  would be 
o t h e r w i s e  s h e l t e r e d  f r o m  the  a p p ro a ch in g  w av es .  T h e  f o r c e  r e s p o n s i b l e  
fo r  th e  d i f f r a c t i o n  of w a v es  is  due to the d i f f e r e n t i a l  e l e v a t io n  b e tw e e n  the  
w a t e r  in  the  s h e l t e r e d  a r e a  a n d  th a t  in the o c ea n  d u r in g  the p a s s a g e  of a 
wave.  D i f f r a c t i o n  d i a g r a m s  can  be  c o n s t r u c t e d  to give the wave  p a t t e r n  
w i th in  th e  s h e l t e r e d  a r e a  ( Johnson ,  1952).

3. 19 W ave  R e f l e c t io n

W a v e s  t h a t  r u n  up  a g e n t ly  s lop ing  b e a c h  d i s s i p a t e  m o s t  of t h e i r  
e n e r g y  in b r e a k i n g  and the  s u b s e q u e n t  u p r u s h  onto the  beach .  At the 
o t h e r  end of the  s c a l e ,  a w ave  th a t  m e e t s  a v e r t i c a l  b a r r i e r  m a y  have  
none of i t s  e n e r g y  a b s o r b e d ,  and m a y  be  to ta l ly  r e f l e c t e d  in the f o r m  
of a w ave  of the  s a m e  h e ig h t  th a t  t r a v e l s  b a c k  to sea .  As with  r e 
f le c t io n  of l igh t  r a y s ,  the  d i r e c t i o n  of the  r e f l e c t e d  wave depends  on the 
ang le  of in c id e n c e .  W a v e s  ap p ro a c h in g  r o c k y  h e a d la n d s  l ike  Wybung 
H ead  a r e  f r e q u e n t l y  s u b je c t  to a d e g r e e  of r e f l e c t i o n .  B e c a u s e  of r e 
f r a c t i o n ,  . the ang le  of i n c id e n c e  is  g e n e r a l l y  not g r e a t ,  and, as  the 
w ave  t r a v e l s  b a c k  to  s e a ,  u n d e r  the  s a m e  law s  of r e f r a c t i o n ,  it m e e t s
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the in c id e n t  w ave  and a p a r t i a l  Mc l a p o t i s l! o r  s t a n d in g  wave  is  f o r m e d .

W ith  t o p o g ra p h y  as c o m p le x  as  th a t  at Wybung Head,  w av es  r e 
f le c t  f r o m  m a n y  s u r f a c e s  in d i f f e r e n t  d i r e c t i o n s  and a c o n fu sed  p i c t u r e  
r e s u l t s .  C la p o t i s  h a s  b e e n  o b s e r v e d ,  as well  as  b r e a k i n g  in d u ced  
when  w av e s  r u n  into m o v in g  m a s s e s  of w a t e r  tha t  have  a c c u m u la t e d  
f r o m  p r e v io u s  w a v e s  w a s h in g  o v e r  the  r o c k s  S m a l l  c h a n g e s  of 
w a t e r  l e v e l  c a u s e d  by  t id a l  v a r i a t i o n s ,  wind s e t - u p  o r  s u r f  b ea t ,  
c a u s e  a p p r e c i a b l e  d i f f e r e n c e s  to  wave  r e f l e c t i o n  and a s s o c i a t e d  
w a t e r  m o v e m e n t s  in and a ro u n d  the  r o c k y  f o r e s h o r e .

3. 2 W ave  M e a s u r e m e n t

3 .21  Cont inuous  Wave R e c o r d

F o r  a c o m p le te  a n a ly s i s  of the  e f fec ts  of w a v es  on a s h  d i s c h a r g e d  
to s e a ,  knowledge  of the w av es  l ik e ly  to be e n c o u n te r e d  in the  v ic in i ty  
is  r e q u i r e d .  T h e  p a r a m e t e r s  of wave he igh t ,  p e r i o d  and d i r e c t i o n  
u n iq u e ly  d e t e r m i n e  the wave  in any g iven  w a t e r  depth, and t h e s e  
q u a n t i t i e s  m u s t  be m e a s u r e d .  As s t a t i s t i c a l  a n a ly s i s  is  in e v i ta b le ,  
r e c o r d s  m u s t  ex tend  o v e r  a p r o t r a c t e d  p e r i o d  of t im e ,  F o r  p r e 
l i m i n a r y  a n a ly s i s ,  a r e c o r d  o v e r  one y e a r  is  su f f ic ien t ,  but s e v e r a l  
y e a r s  of r e c o r d  a r e  r e q u i r e d  to def ine  the  e x t r e m e  v a lu e s ,

The  m e th o d  p r o p o s e d  fo r  obta in ing  su ch  a r e c o r d  f o r  the  Wybung 
H ead  a r e a  depends  on the fac t  th a t  a f lu c tu a t in g  p r e s s u r e  is  induced  
at any point  be low the  s u r f a c e  of the o c ea n  as w aves  p a s s  o v e r  tha t  
point.  A p r e s s u r e  t r a n s d u c e r  i n s t a l l e d  n e a r  the  s e a - b e d  c o n v e r t s  
t h e s e  p r e s s u r e  f lu c tu a t io n s  into e l e c t r i c a l  i m p u l s e s  w hich  a r e  t r a n s 
m i t t e d  by a cab le  to a s h o r e  r e c o r d i n g  s ta t ion .  T h e s e  i m p u l s e s  can  
be  m a d e  to d r iv e  a pen  r e c o r d e r  so  tha t  a v i s u a l  r e c o r d  of the  s t a t e  
of the  s e a  can  be  obta ined ,  A c o m p l i c a t io n  a r i s e s  b e c a u s e  of the  
v a r i a t i o n  of the p r e s s u r e  a t t en u a t io n  f a c to r  with  w ave  p e r io d .  * It is 
e x p ec te d  tha t  eq u ip m en t  can  be d e v i s e d  to al low fo r  t h i s ,  so  th a t  the 
r e c o r d  ob ta ined  wi l l  give  a t r u e  p i c t u r e  of the s e a  s u r f a c e ,  Since 
wave  g ro u p s  in n a tu r e  a r e  not  c o m p o s e d  of a s e r i e s  of r e g u l a r  w av es ,  
a n a ly s i s  of the  r e c o r d s  is n e c e s s a r y  to d e t e r m i n e  s o m e  m e a n  p a r a 
m e t e r  s p ec i fy in g  the  s t a t e  of the  s ea .  A n a ly s is  m a y  be  p e r f o r m e d  
m a n u a l ly  f r o m  the  wave r e c o r d s ,  o r  by v a r io u s  f o r m s  of e q u ip m e n t  
wh ich  p r o c e s s  the  d a ta  e i t h e r  d u r in g  o r  a f te r  the a c tu a l  r e c o r d i n g .  
W hen  d a ta  ex tending  o v e r  a c o n s id e r a b l e  p e r i o d  a r e  to  be  a n a ly s e d ,  
m e c h a n i c a l  p r o c e s s i n g  is  u s u a l l y  m o r e  e co n o m ic .

Since  knowledge of the w av e s  is r e q u i r e d  o v e r  a  c o n s i d e r a b l e  
a r e a  n e a r  the  d i s c h a r g e  point  r a t h e r  th an  at s o m e  s p e c i f i c  l o ca t io n ,

* S ec t ion  3. 13: • —  - —=
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and s in c e  th i s  know ledge  can  b e s t  be ob ta ined  f r o m  a r e c o r d  of o c ean  
wave c o n d i t io n s ,  an id e a l  i n s t a l l a t i o n  would involve the lo ca t in g  of the 
t r a n s d u c e r  above  the  s e a - b e d  in a p lac e  w h e r e  the  o c ea n  w aves  a r e  not 
a f fec ted  b y  the  d e c r e a s i n g  w a t e r  depth. The  c o s t  of the cab le  fo r  s u c h  an 
in s t a l l a t i o n  would  be  p r o h ib i t i v e ,  and s o m e  c o m p r o m i s e  is n e c e s s a r y .  I n 
s t a l l a t i o n  of the  t r a n s d u c e r  a few fee t  above the  s e a  bed  w h e r e  a w a t e r  dep th  
of about 100 f e e t  e x i s t s  w as  d e c id e d  upon  as a r e s o n a b l e  c o m p r o m i s e .  W aves  
of l e s s  th an  6 s e c o n d s  p e r i o d  w i l l  not be r e g i s t e r e d  by the r e c o r d e r .  W av es  
of p e r i o d  7, 10 and 15 s e c o n d s  wi l l  r e g i s t e r  at f r a c t i o n s  of about 0. 2, 0. 5 
and 1. 0 r e s p e c t i v e l y  of the  p r e s s u r e  f lu c tu a t io n s  at the s u r f a c e .  The  
f i l t e r in g  out of the  s h o r t e r  wave  p e r i o d s  is a d e s i r a b l e  f e a t u r e ,  as m i n o r  
f lu c tu a t io n s  s u p e r i m p o s e d  on the  m a in  w aves  tend  to confuse  the  r e c o r d .
Such s h o r t  p e r i o d  w a v es  with  t h e i r  a s s o c i a t e d  l o w e r  he igh ts  do not have  
enough p o w e r  to  be  a m a j o r  f a c t o r  in the  t r a n s p o r t  of ash.

T h e  p r e s s u r e  t r a n s d u c e r  f o r  th is  in s t a l l a t i o n  is  c u r r e n t l y  u n d e rg o in g  
l a b o r a t o r y  t e s t i n g  and c a l ib r a t io n .

3. 22 I n t e r m i t t e n t  W ave M e a s u r e m e n t

P e n d in g  a p e r m a n e n t  i n s t a l l a t i o n  fo r  wave m e a s u r e m e n t ,  s o m e  
e s t i m a t e  of w av e  a c t io n  n e a r  Wybung Head  is  r e q u i r e d  fo r  c o r r e l a t i o n  
with o t h e r  d a t a  b e in g  co l l e c te d .  Wave h in d c as t in g ,  to be d e s c r i b e d  
l a t e r ,  is  one m e th o d  of ob ta in ing  e s t i m a t e s .  Two o th e r  m e th o d s  have  
b e en  in v e s t ig a t e d ,  n a m e l y  s u r f a c e  f loa t  m e a s u r e m e n t s  and wave r u n - u p  
m e a s u r e m e n t s .

The  t e c h n iq u e  of u s in g  s u r f a c e  f lo a ts  to m e a s u r e  w aves  c o n s i s t s  of 
d r iv in g  a p en  r e c o r d e r  by the  up  and down m o v e m e n t  of a f loa t  which  
r i s e s  and f a l l s  w i th  the  w a t e r  s u r f a c e .  A f ixed  f r a m e  of r e f e r e n c e  is  
r e q u i r e d  f o r  any s i m p l e  i n s t a l l a t io n ,  and the  C a th e r in e  Hi l l  B ay  co a l  
loading  w h a r f  s u g g e s t e d  i t s e l f  as a p o ss ib i l i ty .  Depths  of s o m e  20 
fee t  a r e  a v a i l a b le  at th e  je t ty .  W aves  in s u ch  dep ths  have ,  of 
c o u r s e ,  a l r e a d y  s u f f e r e d  the  e f fec t s  of shoa l ing  and r e f r a c t i o n ,  but 
in f a v o u ra b le  c i r c u m s t a n c e s  t h e s e  e f fec t s  can  be c a l c u l a t e d  and the  
o cea n  w ave  c h a r a c t e r i s t i c s  deduced: f r o m  th o se  of the  t r a n s f o r m e d  
waves .  U n f o r tu n a t e ly ,  the  j e t t y  at C a th e r in e  Hiljj Bay  is  s h e l t e r e d  
f r o m  w a v e s  a p p r o a c h in g  f r o m  the  sou th  and sou th -eas t ,  and only a 
s m a l l  am o u n t  of d i f f r a c t e d  e n e r g y  e n t e r s .  T h e  r e s u l t a n t  w a t e r  
m o v e m e n t s  a r e  c o n fu se d  by r e f l e c t i o n  f r o m  the r o c k y  head land ,  and 
a wave  r e c o r d  o b ta in e d  at the  j e t t y  would  not be a m e n a b le  to i n t e r 
p r e t a t i o n  as  f a r  as  e s t i m a t i n g  c o n c o m i ta n t  ocean  w aves  is c o n c e rn e d .  
R e f r a c t i o n  d i a g r a m s  fo r  w a v e s  a p p r o ac h in g  f r o m  the e a s t  exhib i t  
the co n d i t io n  of " c r o s s e d  o r th o g o n a l s "  {F igu re  15j. W ith  the  b r e a k 
down of th e  w ave  t r a i n  th a t  s u c h  a cond i t ion  r e p r e s e n t s ,  the f o r m a t i o n
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of new wave tra ins:  and a n c i l l a r y  confus ion ,  r e c o r d s  ob ta in ed  at the  
j e t ty  would  once m o r e  be v i r t u a l l y  u s e l e s s  fo r  e s t i m a t i n g  o c e a n  
w av es ,  A r e c o r d  was  o b ta in ed  u n d e r  e a s t e r l y  con d i t io n s  w hich  c o n 
f i r m e d  the r e f r a c t i o n  a n a ly s i s .  W aves  of p e r io d  about \  th a t  o b t a i n 
ed by  h m d c a s t m g  and of s u b s t a n t i a l l y  g r e a t e r  he igh t  w e r e  r e c o r d e d  
at the  je t ty .  W av es  f r o m  +he n o r t h - e a s t  cou ld  be r e c o r d e d  at the  
j e t ty  and the  o ce an  w aves  c a l c u l a t e d  f r o m  the  r e c o r d s .  F i g u r e  16 
shows r e f r a c t i o n  e f fec ts  for  n o r t h - e a s t  w av es .  As w i l l  be s e e n  
l a t e r ,  l a r g e  s c a l e  n o r t h - e a s t  w e a t h e r  cond i t ions  o c c u r  in f r e q u e n t ly  
and p lay  a v e r y  s m a l l  r o l e  m  the m o v e m e n t  of ash .  R e c o r d in g  at 
C a t h e r i n e  Hil l  B ay  is  t h e r e f o r e  s e e n  to have  l i m i t e d  app l ica t ion .

T he  a l t e r n a t iv e  m e th o d  of wave e s t i m a t i o n  u s e d  in the  f ie ld  d e 
pends  on the fac t  tha t  a r e l a t i o n  e x i s t s  b e tw e e n  the  he igh t  of the o c ean  
w ave  and the u p r u s h  on the beach  tha t  fo l lows b r e a k in g .  The  r e 
l a t i o n s h ip  is  c o m p l i c a t e d  and h as  not been  t h e o r e t i c a l l y  d e t e r m in e d .  
L a b o r a t o r y  t e s t s  (Savage,  19581 have  def ined  r e l a t i o n s  b e tw e e n  " r u n 
up" and wave h e ig h t  fo r  v a r io u s  va lu es  of wave  p e r i o d  and b e a c h  
s lope ,  r o u g h n e s s  and p e r m e a b i l i t y :  and s o m e  c o n f i r m a t o r y  f ie ld  
d a ta  have  b e en  obta ined ,  "R u n -u p "  is def ined  as  the  m a x i m u m  v e r t 
i c a l  he igh t  above s t i l l  w a t e r  l eve l  a t ta ined  by the wave  at the  l i m i t  
of i t s  u p r u s h ,  WTave e s t im a t io n  f r o m  m e a s u r e m e n t s  of r u n - u p  is 
m o r e  r e l i a b l e  u n d e r  cond i t ions  of swel l  than  when lo c a l ly  d e r i v e d  
s t o r m  w aves  a r e  p r e s e n t ,  b e c a u s e  of the m o r e  r e s t r i c t e d  v a r i e t y  
of w aves  p r e s e n t  m  the s w e l l  wave s p e c t r u m .  D ur ing  a s h - d u m p in g  
t r i a l s  at Wybung H ead  in June  and J u ly  1962, r u n - u p s  w e r e  m e a s u r e d  
u s u a l l y  at the  n o r t h e r n  end of Budgewoi  B each ,  and l e s s  f r e q u e n t ly  
on the b e a c h  at the  n o r t h e r n  end of C a th e r in e  Hil l  Bay,  The  s t a t io n s  
w e r e  l o c a te d  f a r  enough f r o m  h e a d la n d s  to e l im in a t e  d e l e t e r i o u s  
e f fec ts  due to r e f l e c t i o n  and d i f f e r e n t i a l  r e f r a c t i o n .  At t i m e s ,  the 
e x i s t e n c e  of s a n d - b a r s  cau s in g  p r e l i m i n a r y  b r e a k i n g  out to s e a  i n 
t e r f e r e d  with m e a s u r e m e n t s  and on one o c c a s io n  the  co n fu se d  s t a t e  
of the s e a ,  due to the c o - e x i s t e n c e  of two a p p r e c i a b l e  wave  t r a i n s  
f r o m  d i f f e r e n t  d i r e c t i o n s ,  r e n d e r e d  m e a s u r e m e n t  fu t i le ,  W ith  the  
u n s e a s o n a b l y  c a l m  w e a th e r  p r e v a i l in g  at the  t i m e ,  r u n - u p  m e a s u r e 
m e n t s  w e r e  su b jec t  to e r r o r s  due to loca l  wind r i p p l e s  and o th e r  
m i n o r  p h e n o m e n a  tha t  would  be m a s k e d  by l a r g e r  w av es ;  but  a f a i r  
p i c tu r e  of o c e a n  wave cond i t ions  was  ob ta ined ,  p a r t i c u l a r l y  as  r e 
g a r d s  c o m p a r i s o n s  f r o m  one day to an o th e r .

3. 3 W ave  H m d c a s t m g  fo r  Wybung H e a d

f3 . 30 G e n e r a l

U nt i l  a c tu a l  m e a s u r e m e n t s  of wave  c h a r a c t e r i s t i c s  b e c o m e  
av a i la b le ,  e s t i m a t e s  of wave  s t a t i s t i c s  c a n  be m a d e  by  t e c h n i q u e s
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d e s c r i b e d  as  " w a v e  f o r e c a s t i n g "  o r  "wave h i n d c a s t i n g " . Such  t e c h 
n iq u es  d epend  on the  r e l a t i o n  b e tw e en  wind and wave and u s e  synopt ic  
w e a t h e r  m a p s  f o r  d e t e r m i n a t i o n  of wind. F r o m  the s t a t i s t i c s  ob ta ined  
by  h in d c a s t in g ,  good e s t i m a t e s  of a v e ra g e  va lues  and r e a s o n a b l e  e s 
t i m a t e s  of e x t r e m e  v a lu e s  can  be m ad e .  T he  f r e q u e n c y  of v a r io u s  
p h e n o m e n a  c o n c e r n e d  in the ac t ion  of w aves  on ash  m o v e m e n t  can  then  
be  p r e d i c t e d .

3 .3 1  W ave G e n e r a t i o n

O c e a n  w a v es  r a n g e  in p e r io d  f r o m  m i l l i s e c o n d s  to y e a r s ,  but 
v i r t u a l l y  a l l  the  e n e r g y  of the  s p e c t r u m  is con ta ined  in two of the 
c l a s s e s  into w hich  w av es  have  b e e n  s o m ew h a t  a r b i t r a r i l y  so r t e d .
T h e s e  a r e  th e  o r d i n a r y  g r a v i ty  w aves  ra n g in g  in p e r io d  f r o m  1 to 30 
s e c o n d s  and the  o r d i n a r y  t id e s  r a n g in g  in p e r io d  f r o m  12 h o u r s  to 24 
h o u r s .  T h e  t id e s  a r e  l a r g e l y  the r e s u l t  of a s t r o n o m i c a l  f o r c e s  and, 
a p a r t  f r o m  the  c h a n g es  in  w a t e r  l e v e l  and the s m a l l  r o ta t i n g  c u r r e n t s  
they  induce ,  need  not be c o n s id e r e d  f u r t h e r  as f a r  as t h e i r  e f fec ts  on 
ash  d i s c h a r g e d  n e a r  Wybung Head  a r e  c o n c e rn ed .  O r d i n a r y  g r a v i ty  
waves, on the  o th e r  hand,  a r e  induced  by wind blowing o v e r  the s u r f a c e  
of the  ocean, and t h e s e  w av es  a r e  ex p ec ted  to p lay  a m a j o r  p a r t  in the 
t r a n s p o r t  of a s h  d i s c h a r g e d  in the  ocean .

The  c h a r a c t e r i s t i c s  of the  wave depend on the wind speed ,  the 
leng th  of t i m e  the  wind  h a s  b e en  blowing,  and the " fe tch"  o r  a r e a  o v e r  
which the  wind b l o w s .  W ave he igh ts  and p e r io d s  i n c r e a s e  with  i n c r e a s e  
of any of t h e s e  v a r i a b l e s ,  s u b je c t  to c e r t a i n  l im i t a t io n s .  A f te r  the 
w aves  l e a v e  the  a r e a  of g e n e r a t io n ,  they  p r o g r e s s  th ro u g h  the " d e c a y  
a r e a " ,  d e c r e a s i n g  in he igh t  and i n c r e a s i n g  in p e r iod .  W aves  r e a c h 
ing Wybung H ead  m a y  hav e  b e e n  g e n e r a t e d  lo c a l ly  ( s t o r m  w aves ) ,  o r  
they  m a y  have  t r a v e l l e d  up  to th o u sa n d s  of m i l e s  f r o m  t h e i r  a r e a  of 
g e n e r a t i o n  ( sw e l l  w av es ) .  The  c o a s t l in e  co n f ig u ra t io n  in d ic a te s  tha t  
w aves  m a y  r e a c h  the  Wybung Head  a r e a  f r o m  d i r e c t io n s  n o r t h - e a s t  
th ro u g h  e a s t  to south .  S e v e r a l  m a j o r  wind s y s t e m s  can  c a u s e  such  
w aves .  Tw o of the  m o s t  i m p o r t a n t  a r e  t h e " 'e x t r a - t ro p ic a l  cyc lone  
and the  t r o p i c a l  cyc lone .  E x t r a - t r o p i c a l  cyc lo n es  t r a c k  f r o m  w es t  
to e a s t ,  f r e q u e n t l y  a c r o s s  the  G r e a t  A u s t r a l i a n  Bight ,  f a r t h e r  n o r th  
in w i n t e r  th a n  in s u m m e r  ( F ig u r e  17a). T h e s e  a r e  r e s p o n s i b l e  fo r  
the " s o u t h e r l i e s "  e x p e r i e n c e d  in Sydney and can  send  w aves  to w a rd s  
Wybung H e ad  m a i n l y  f r o m  the  sou th  o r  s o u th - e a s t .  A ty p ica l  t r o p 
i c a l  cy c lo n e  t r a c k s  s o u t h - w e s t  f r o m  the lo w e r  l a t i tu d e s  and at s o m e  
s ta g e  c u r v e s  e a s t w a r d  ( F i g u r e  17b). T h e s e  cy c lo n es  o c c u r  m a in ly  
b e tw e e n  J a n u a r y  and A p r i l  and a r e  r e s p o n s i b l e  f o r  s e v e r e  d e s t r u c t i o n  
along the  Q u e e n s l a n d  c o a s t ,  bu t  a r e  r a r e l y  fel t  f u r t h e r  south .  W aves
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c r e a t e d  b y  t h e s e  s y s t e m s  can ,  h o w e v e r ,  t r a v e l  to Wyhung Head,  the 
d i r e c t i o n  of a p p r o a c h  m a y  be  f r o m  n o r t h - e a s t  th ro u g h  e a s t  to s o u th 
e a s t  depen d in g  on the  p o s i t io n  of the  d e p r e s s io n .

3. 32 H in d c a s t in g

H in d c a s t in g  i s  the  n a m e  g iven  to the  p r o c e s s  of e s t im a t in g ,  f r o m  
wind d a t a  on w e a t h e r  m a p s ,  the  c h a r a c t e r i s t i c s  of the w aves  at any 
r e q u i r e d  lo ca t io n .  S e v e r a l  t e c h n iq u e s  a r e  u sed ,  b a s e d  on so m ew h a t  
d i f f e r in g  c o n c e p t s  and all  s e m i - e m p i r i c a l .  E a c h  one f it s  b e s t  the 
d a ta  u s e d  in d e v i s in g  it; and, s in c e  no d a ta  a r e  ava i lab le  in A u s t r a l i a ,  
an a r b i t r a r y  ch o ic e  m u s t  be  m a d e .  The S. M. B. (Sverd rup ,  Munk 
and B r e t s c h n e i d e r )  m e th o d  has  b e en  u s e d  fo r  th is  inves t iga t ion .  T h is  
m e th o d  w as  o r ig in a l ly  evo lved  by  S v e r d ru p  and Munk dur ing  the  19 39- 
1945 w a r  when en q u i r in g  into land ing  condi t ions  fo r  am phib ious  c r a f t  
(S v e rd ru p  and Munk,  1947). L a t e r  r e v i s i o n s  by the o r ig in a l  au th o rs  
and e s p e c i a l l y  C. L. B r e t s c h n e i d e r  have  r e f in e d  and ex tended  the  t e c h 
nique ( B r e t s c h n e i d e r ,  1958). Since  winds b lowing o v e r  e f fec t ive ly  
" d e e p ” w a t e r  (with r e s p e c t  to wave length!  a r e  r e s p o n s i b l e  i e r  the  g e n 
e r a t i o n  of m o s t  o c e a n  w av es  in f luenc ing  the Wybung Head a r e a ,  f o r e 
c a s t s  hav e  b e e n  m a d e  in i t i a l ly  fo r  the deep  w a t e r  c a s e ,  and t r a n s 
fo r m a t i o n s  due to the  p r o g r e s s  of the waves  into  sha l low  w a t e r  t a k e n  
into accoun t  t h e r e a f t e r .

T h e  d a t a  r e q u i r e d  f o r  h in d c a s t in g  by the S. M. B. techn ique  a r e  
the wind s p ee d ,  d i r e c t i o n  and d u ra t io n ,  and the  f e tch  and d e cay  d i s 
t a n c e s .  T h e s e  a r e  ob ta ined  f r o m  w e a t h e r  c h a r t s .  A b r i e i  account  
of the  wind  g e n e r a t i n g  f o r c e s  is  g iven  h e r e ,  p a r t l y  fo r  u n d e r s t a n d in g  
of the  a p p l ic a t io n  of w e a t h e r  m a p s  to wave h in d cas t in g ,  and p a r t l y  for  
c o m p a r i s o n  with  the  accoun t  of c u r r e n t  g e n e ra t in g  f o r c e s  g iven  l a t e r .

A i r  is  s e t  in m o t io n  by  p r e s s u r e  d i f f e r e n c e s .  The m a m  f o r c e s  
which  d e t e r m i n e  the  s u b s e q u e n t  s p e e d  and d i r e c t io n  of the r e s u l t in g  
wind a r e  the  p r e s s u r e  g r a d i e n t ,  c y c lo s t r o p h ic  and L o r i o l i s  i o r c e s  
(L in s ley ,  K o h l e r  and P a u l u s ,  1949). On w e a t h e r  m a p s ,  l ines  of 
equa l  p r e s s u r e ,  o r  i s o b a r s ,  a r e  u s e d  to obta in  the sp e e d  and d i r e c t io n  
of the  wind.  T he  co m b in a t io n  of p r e s s u r e  g r a d ie n t ,  c y c lo s t ro p h ic  
and C o r i o l i s  f o r c e s  c a u s e s  the  wind to blow along the  i s o b a i s ,  c l o c k 
w ise  a ro u n d  an a r e a  of low p r e s s u r e  and a n L -c lo c k w is e  a ro u n d  an 
a r e a  of h igh  p r e s s u r e  in the  s o u th e r n  h e m i s p h e r e  W h e re  isobar® 
a r e  c l o s e ly  s p a c e d ,  the  wind is  high,  and v ice  v e r s a .  The  wind found 
f r o m  i s o b a r  p a t t e r n s  is  t h a t  which  p r e v i a i s  at a l t i tudes  m o m  about 
2000 f e e t  u p w a r d s ,  and is  known as the G e o s t ro p h ic  Wind.

* S ec t io n  4. 2
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C lo se  to the  e a r t h ' s  s u r f a c e ,  the  e f fec t s  of f r i c t i o n  a r e  fe l t  by 
the  wind. T h e s e  e f fec ts  c a u s e  a d e c r e a s e  in  the  wind s p e e d  and 
c o n se q u e n t  l e s s e n i n g  of the  C o r i o l i s  and c y c l o s t r o p h i c  f o r c e s .  The  
r e s u l t a n t  wind b lows  at an angle  to the  i s o b a r s ,  o u tw a rd s  f r o m  a h igh 
and in w a r d s  t o w a r d s  a low. O v e r  land  the  d e f l e c t io n  of the wind 
f r o m  the  d i r e c t io n  of the  i s o b a r s  is 30° to 40° ,  but o v e r  the s e a  the 
f r i c t i o n  is  not  so  high and the  d e f l e c t io n  is  g e n e r a l l y  of the o r d e r  of 
10° to 20°.  T h e s e  a r e  the  s e a  s u r f a c e  winds w hich  t r a n s m i t  t h e i r  
e n e r g y  to the  w a t e r  in the  f o r m  of w av es  and c u r r e n t s .

The  fe tch  and d e c a y  d i s t a n c e s  a r e  found by d i r e c t  o b s e r v a t i o n  of 
w e a t h e r  m a p s .  Winds p ro d u c e  w aves  in d i f f e r e n t  d i r e c t i o n s  as  the 
i s o b a r s  change  d i r e c t io n .  Some p e r c e n t a g e  of the  e n e r g y  f r o m  
v a r i o u s  d i r e c t io n s  ac t s  to r e i n f o r c e  w av es  in any g iven  d i r e c t io n .
F o r  p r a c t i c a l  pu rposes ,  winds  m a y  be  d e e m e d  to be t o t a l ly  e f fec t ive  
in  r e i n f o r c i n g  w aves  while  w i th in  15° in e i t h e r  d i r e c t i o n  f r o m  the  
o r ig in a t in g  wind, and the  e f fec ts  of a l l  o th e r  winds  m a y  be  n eg lec te d .  
The  l i m i t s  of f e tch  can  be d e l in e a te d  on th is  b a s i s .  Six h o u r  s y n 
optic  c h a r t s  have  b e e n  c o n s id e r e d  p r a c t i c a b l e  f o r  h in d c a s t in g ,  and 
the  d u r a t io n  of any wind s y s t e m  can  t h e r e f o r e  be  c o m p u te d  as  a m u l t 
iple of s ix  h o u r s .

Once the  d i r e c t io n ,  s p e e d  and d u r a t io n  of the  wind hav e  b e e n  found 
and the  l i m i t s  of f e tch  d e l in e a te d ,  the c h a r a c t e r i s t i c s  of the w aves  
r e s u l t i n g  f r o m  any p re v a i l in g  w e a t h e r  s y s t e m  can  be e s t i m a t e d .  The  
S. M. B. f o r e c a s t i n g  t e ch n iq u e  y ie ld s  two p a r a m e t e r s  known as the 
s ig n i f i c a n t  wave  he igh t  and the  s ig n i f i c a n t  wave  p e r io d .  T h e  s ig n i f 
ic a n t  w ave  he igh t  is  the  a v e r a g e  of the h e ig h ts  of the  h ig h e s t  o n e - t h i r d  
of the  w aves  in a w a v e - t r a i n .  T h e  s ig n i f i c a n t  wave  p e r i o d  is  the  m e a n  
p e r i o d  a s s o c i a t e d  with  the  s ig n i f ic a n t  wave  he igh t  and is  a p p r o x im a te ly  
e q u a l  to the  m e a n  p e r io d  of all  w av es .  T h e  co n c e p t s  on w hich  th is  
t e chn ique  fo r  wave  h in d c a s t in g  is b a s e d  y ie ld  the  fo llowing func t iona l  
r e l a t i o n s :

w h e r e  H - s ig n i f ic an t  wave  he ight  
T - s ig n i f ic an t  wave  p e r io d  
W = wind s p e e d  
t = wind d u r a t io n  
F  = fe tch  leng th

and
(19)

(18)
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T h e  e x a c t  f o r m s  of the  fu n c t io n s  a r e  t h e o r e t i c a l l y  d i s c e r n a b l e  

only f o r  c e r t a i n  l i m i t i n g  c o n d i t io n s  o v e r  a r e s t r i c t e d  p a r t  of the  r a n g e .  
F o r e c a s t i n g  c u r v e s  a r e  d e v i s e d  by  r e d u c i n g  r e c o r d e d  d a t a  to the  s a m e  
t e r m s  of r e f e r e n c e  to  f i l l  in  the  g ap s .  F i g u r e  18 sh o w s  f o r e c a s t i n g  
c u r v e s  f o r  u s e  w i th  th e  S. M. B. m e th o d .  T o  e n a b le  a s t a t i s t i c a l  
f o r e c a s t  to  b e  m a d e  in a l i m i t e d  t i m e ,  i t  w as  n e c e s s a r y  to a v e r a g e  the  
wind s p e e d  and d u r a t i o n  and th e  f e t c h  and d e c a y  d i s t a n c e s  f o r  e a c h  d i s 
t inc t  w e a t h e r  p a t t e r n  b e f o r e  app ly ing  the  c u r v e s  to the  da ta .

3. 33 S t a t i s t i c a l  A n a ly s i s

A five y e a r  p e r i o d  of r e c o r d  w as  c h o s e n  as  b e in g  s u f f i c i e n t  to 
y ie ld  r e a s o n a b l e  e s t i m a t e s  of b o th  a v e r a g e  and e x t r e m e  v a lu e s ,  and 
the s i x - h o u r  s y n o p t i c  c h a r t s  f o r  the  p e r i o d  1951-1955 w e r e  a n a ly s e d .
A few r e c o r d s  w e r e  m i s s i n g ,  n o ta b ly  t h o s e  f o r  O c t o b e r  1955 and 
N o v e m b e r  1955; bu t  a s u b s e q u e n t  c h e c k  in d i c a t e d  th a t  t h i s  l a c k  would  
have n e g l ig ib le  e f fec t  on the  v a l id i ty  of the  a n a l y s i s .

One l i m i t a t i o n  of the  a n a l y s i s  is due to the  f a c t  t h a t  w e a t h e r  c h a r t s  
u s u a l ly  show  i s o b a r s  f o r  " u p p e r - a i r "  c o n d i t io n s ,  t h e r e b y  e x c lu d in g  the  
d iu rn a l  e f fec t  r e s p o n s i b l e  f o r  l a n d  and s e a  b r e e z e s ,  w h o se  in f lu en c e  
is not f e l t  above  about  1000 fee t .  T h e s e  b r e e z e s  b low c l o s e  to  the  
co a s t ,  the  w ave  m a k in g  s e a  b r e e z e s  r u n n in g  g e n e r a l l y  f r o m  the  n o r t h 
e a s t  f o r  th e  New South  W a le s  'boas t .  E x c e p t  in r a r e  i n s t a n c e s ,  th e y  
a re  not  p o w e r fu l  enough  to  p r o d u c e  w a v e s  of a p p r e c i a b l e  h e igh t  o r  p e r i o d  
b e c a u s e  of t h e i r  l i m i t e d  fe tch ,  d u r a t i o n  and in t e n s i t y .  A 15 knot  wind,  
for  e x a m p le ,  - w h ich  i s  qu i te  h igh  f o r  a s e a  b r e e z e  - would  p r o d u c e  
waves  of m a x i m u m  s ig n i f i c a n t  h e ig h t  2 f e e t  and p e r i o d  3 s e c o n d s  a f t e r  
blowing o v e r  a f e t c h  of 10 m i l e s  f o r  at l e a s t  2 h o u r s .  A 10 knot  wind 
blowing f o r  12 h o u r s  would  p r o d u c e  w a v e s  l i m i t e d ,  no m a t t e r  w hat  the  
fetch, to a s ig n i f i c a n t  h e ig h t  of 2 f ee t  and p e r i o d  4 s e c o n d s .  It w i l l  be 
seen  th a t  the  e x i s t e n c e  of s e a  b r e e z e s  w h ich  h a v e  not  b e e n  in c lu d e d  in 
the a n a ly s i s  a f f e c t s  th e  r e s u l t s  on ly  to the  e x te n t  th a t  c e r t a i n  p e r i o d s  
r e g i s t e r e d  as  " c a l m "  s h o u ld  p r o b a b l y  be  a l l o c a t e d  w a v e s  of s m a l l  he ig h t  
and p e r io d .  T h e  f r e q u e n c i e s  g iv e n  f o r  w a v e s  above  2 f e e t  s ig n i f i c a n t  
height  and 4 s e c o n d s  p e r i o d  w i l l  no t  be  a f fec ted .  S ince  q u a n t i t a t iv e  
da ta  on s e a - b r e e z e s  a r e  r e s t r i c t e d ,  p a r t i c u l a r l y  as  to fe tch ,  no e x a c t  
ana lys is  is  p o s s i b l e .

A f u r t h e r  l i m i t a t i o n  i s  i m p o s e d  by th e  p a u c i t y  of m e t e o r o l o g i c a l  
r e c o r d s  at d i s t a n c e s  g r e a t e r  th a n  about  1000 m i l e s  e a s t  and sotith f r o m  
Wybung Head .  W a v e s  c o m in g  f r o m  s u c h  g r e a t  d i s t a n c e s  h av e  u s u a l l y  
decayed to  a h e ig h t  of no m o r e  t h a n  a few f ee t  w i th  r a t h e r  long  p e r i o d s .
As an e x t r e m e  e x a m p l e ,  a 40 knot  wind b low ing  c o n t in u o u s ly  f o r  12 
hours  o v e r  an u n l i m i t e d  f e t c h  1000 m i l e s  d i s t a n t  f r o m  W ybung H ead  
would p r o d u c e  a w a v e  of 5 f e e t  s ig n i f i c a n t  h e ig h t  and 15 s e c o n d s  p e r i o d  

_at tha hooHi anH A rdafifiic e x a m p l e  of w a v e s  r e a c h i n g  W ybung H e a d ____
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f r o m  g r e a t  d i s t a n c e s  w as  o b s e r v e d  d u r in g  ash  dum ping  t r i a l s  in June  
1962. At th e  t i m e  th e  w i n t e r  a n t i - c y c lo n e s  w e r e  t r a c k i n g .m u c h  f a r t h e r  
so u th  t h a n  th e y  g e n e r a l l y  do, and the  in te rv e n in g  a r e a  was  c h a r a c t e r i s e d  
by  e x c e e d in g ly  c a l m  w e a t h e r .  U n d e r  t h e s e  con d i t io n s ,  w av es  up  to 4 
fee t  h igh  w e r e  o b s e r v e d  at Wybung Head  which  could  not  be  f o r e c a s t  f r o m  
a v a i l a b le  w e a t h e r  m a p s .  W av es  g e n e r a t e d  so  f a r  away would not often 
have  a m a j o r  e f fec t  at  Wybung Head,  as  c l o s e r  w e a t h e r  s y s t e m s  would 
be  p r o d u c in g  the  d o m in a n t  w av es .  T he  only a p p r e c i a b l e  e f fec t  on the 
s t a t i s t i c s  would  ag a in  be  s o m e  r e d u c t io n  of the  p e r io d  la b e l l e d  " c a l m " .  
T he  s l ig h t  i n c r e a s e  of f r e q u e n c y  fo r  the l o n g e r  p e r io d s  would  not be 
s ig n i f i c a n t .

F o r  e a c h  s i x - h o u r l y  synop t ic  w e a t h e r  c h a r t  d u r in g  the p e r io d  1951- 
1955, the  s p e e d  and d i r e c t i o n  of the  wind and the  l i m i t s  of f e tch  and d e 
cay  w e r e  r e c o r d e d .  T h e  d u r a t io n  of eac h  d i s t in c t  w e a t h e r  s y s t e m  w as  
noted ,  and o t h e r  p a r a m e t e r s  a v e r a g e d  o v e r  th is  t im e .  The  s ig n i f ic a n t  
he igh t  and p e r i o d  of the  w av es  g e n e r a t e d  by  each  w e a t h e r  s y s t e m  w e r e  
ob ta in ed  f r o m  the  f o r e c a s t i n g  c u r v e s .  The  l im i t in g  depth  of w a t e r  in 
w hich  e a c h  w ave  would  be cap ab le  of e n t r a in in g  s e t t l e d  a sh  w as  a l so  
co m p u te d  f r o m  d a t a  to  be d i s c u s s e d  l a t e r .  *

P r e l i m i n a r y  s t a t i s t i c a l  a n a ly s i s  of all  f o r e c a s t e d  w aves  y ie ld e d  the 
i n f o r m a t i o n  c o n ta in e d  in  T a b le s  2 and 3 and F i g u r e s  19 and 20. About 
25% of the  t o t a l  t i m e ,  the w e a t h e r  c h a r t s  showed no wind s y s t e m s  c a p 
able of g e n e r a t i n g  w a v e s  t r a v e l l i n g  t o w a r d s  Wybung Head.  T a b le  2 
and F i g u r e  19a show th a t  f o r  a n o th e r  52% of the  t im e ,  w aves  b e tw e e n  
10 and 14 s e c o n d s  in p e r i o d  e x i s ted .  The  m e d ia n  wave p e r io d  was  11 
s e c o n d s .  W av e  h e igh t  a n a ly s e s  a r e  shown in T a b le  3, F i g u r e  19b 
and F i g u r e  20. About 6% of the  to ta l  t im e  w aves  h ig h e r  th an  15 fee t  
w e r e  e x p e r i e n c e d  and 19% of the  t im e  w aves  h ig h e r  than  10 feet .  The  
m e d i a n  w ave  he ig h t  w as  5 feet .

No a t t e m p t  w as  m a d e  to p e r f o r m  a c o m b in ed  s t a t i s t i c a l  a n a ly s i s  
of w ave  h e ig h t s  and p e r i o d s .  It is  not n e c e s s a r y  fo r  the  p u r p o s e s  of 
th is  s tu d y  It  w a s  n o ted  f r o m  the  wave  d a ta  th a t  the h ig h e s t  w aves  
w e r e  g e n e r a l l y  a s s o c i a t e d  with  p e r io d s  in the  12 to 14 s e co n d  r a n g e ,  
w a v e s  of h i g h e r  p e r i o d  u s u a l l y  hav ing  d e c r e a s e d  in he igh t  o v e r  a 
long d e c a y  d is tance .

S ec t io n  3. 43
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T a b le  2

F r e q u e n c y  A n a ly s is  of Wave P e r i o d s

Signif icant  W ave  P e r i o d  T o ta l  No. of H o u rs  % of T o ta l  T i m e
 ( seconds )______

C a lm  and w a v e s  l e s s  th an
foot h igh 11, 442 25. 4

2-4 6 0. 02

4-6 318 0. 77
6-8 1, 398 3. 4
8-10 5, 676 13. 8

10-12 10, 428 25. 4
12-14 10, 830 26. 4
14-16 1, 950 4. 7
16-18 48 0. 11

T a b le  3

F r e q u e n c y  A n a ly s is  of Wave Heigh ts

S ignif icant  W ave H eigh t  T o ta l  No. of H o u rs  % of T o ta l  T im e
(feet) _ _ _ _ _ _ _ _ _ _ _ _ _ _  ________________

C a lm 10,698 25. 4
0-1 744 1. 8
1-3 4. 100 9. 8
3-7 11,074 26. 2
7-10 7, 488 17. 8

10-15 5, 334 12, 7
15-20 1, 650 3. 9
20-25 '156 1. 8
25-30 252 0, 6
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T h e  m a x i m u m  s ig n i f i c a n t  wave  he igh t  found d u r in g  the  5 - y e a r  p e r i o d  
of a n a ly s i s  w as  30 fee t .  F r o m  th i s  f ig u r e  and t h e o r e t i c a l  l i m i t a t i o n s  
it  m a y  s a f e ly  be  a s s u m e d  th a t  s ig n i f i c a n t  w ave  h e ig h t s  g r e a t e r  th a n  40 
fee t  would be  e x c e e d in g ly  r a r e .  An e x t r e m e  v a lu e  s t a t i s t i c a l  a n a ly s i s  
cou ld  y ie ld  e x a c t  p r o b a b i l i t i e s  but  i t  is  not  c o n s i d e r e d  w a r r a n t e d  f o r  th is  
in v e s t ig a t io n .  It should ,  however . ,  be  b o r n e  in  m in d  th a t  the  s ig n i f i c a n t  
w ave  h e ig h t  does  not  m e a n  the  h ig h e s t  wave  h e ig h t  in a t r a i n ,  but only  
the  a v e r a g e  of the  one t h i r d  h ig h e s t .

A n a ly s e s  of w a v e s  f r o m  d i f f e r e n t  d i r e c t i o n s  o v e r  the  t o t a l  t i m e  
y ie ld e d  the  wave  r o s e  shown in F i g u r e  21. T h i s  show s  th a t  about  
ha l f  the  w av es  r e a c h i n g  Wybung H ead  a r r i v e  f r o m  the  sou th ,  the  r e 
m a i n d e r  b e ing  d iv ided  b e tw e e n  s o u t h - e a s t  and e a s t ,  w i th  v e r y  l i t t l e  
c o n t r ib u t io n  f r o m  n o r t h - e a s t e r l y  w e a th e r .  W ave  h e ig h ts  f r o m  d i 
r e c t i o n s  e a s t  to  sou th  as h igh  as  30 fee t  w e r e  found, but no n o r t h 
e a s t e r l y  w a v es  h ig h e r  th a n  15 feet .

F i g u r e  22 show s  wave  r o s e s  f o r  e ac h  m o n th  of the  y e a r .  T he  p r e 
d o m in an t  s o u th e r l y  w e a t h e r  of the w i n t e r  m o n th s  is  obv ious  in  t h e s e  
r o s e s .  Also  in e v id en ce  a r e  s o m e  h igh  w av es  f r o m  the  e a s t  b e tw e e n  
J a n u a r y  and M ay - the r e s u l t  of t r o p i c a l  cy c lo n e s .

3. 34 R e f r a c t i o n  and Shoal ing

T he  a n a ly s i s  d e s c r i b e d  above g iv es  the  s t a t i s t i c s  f o r  the  w a v es  in 
e f f e c t iv e ly  " d e e p  w a t e r ” off Wybung Head.  As the  w a v e s  a p p r o a c h  
the  h e a d lan d  t h ro u g h  d e c r e a s i n g  w a t e r  d e p th s ,  t h e i r  f o r m  is  a f fec ted  
by sh o a l in g  and r e f r a c t i o n .  In dep ths  g r e a t e r  th a n  about  200 fee t  
t h e s e  e f fec t s  a r e  neg l ig ib le ,  bu t  f o r  the  s h a l l o w e r  dep th s  th ey  c a n  be 
a p p r e c i a b l e .  R e f r a c t i o n  d i a g r a m s  in d ic a te ,  in  g e n e r a l ,  a c o n c e n 
t r a t i o n  of e n e r g y  a ro u n d  the  h ea d lan d ,  l e a d in g  to  i n c r e a s e d  wave 
h e ig h t s ,  and a d i s p e r s i o n  of e n e r g y  on e i t h e r  s id e  w ith  c o n s e q u e n t  
d e c r e a s e  of w ave  he igh t .  Shoal ing  e f fec t s  at  f i r s t  d e c r e a s e  the  wave  
he igh t  w h ich  r e a c h e s  a m i n i m u m  of about 0. 9 of i t s  o r ig i n a l  he ig h t  in 
about  100 fee t  of w a t e r .  In p r o g r e s s i v e l y  s h a l l o w e r  d ep ths  the  wave  
he igh t  i n c r e a s e s ,  r e a c h i n g  i t s  i n i t i a l  he igh t  aga in  at a dep th  of the  
o r d e r  of 30 fee t ,  a f t e r  w hich  the  h e igh t  co n t in u e s  to i n c r e a s e  m o r e  and 
m o r e  r a p i d ly  u n t i l  the  w ave  b r e a k s .  All p e r i o d s  r e m a i n  s u b s t a n t i a l l y  
c o n s ta n t .

Since  r e f r a c t i o n  and s h o a l in g  v a r y  with  the  p e r i o d  of the  in c id e n t  
w ave ,  i t  would be n e c e s s a r y ,  f o r  a c o m p le t e  a n a l y s i s ,  to d r a w  r e 
f r a c t i o n  d i a g r a m s  f o r  m a n y  p e r i o d  r a n g e s .  T h e  w av es  w ith  l o n g e r  
p e r i o d s  " f e e l  b o t t o m ” in g r e a t e r  w a t e r  d ep ths  and c o n s e q u e n t ly  b eg in
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APRIL 
1951 - 1955

F i g u r e  22: Monthly  Wave R o s e s  f o r  Wybung H ead
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to s u f f e r  r e f r a c t i o n  b e f o r e  w aves  oT s m a c e r  per iod ,  At any s p e c 
ified; depth, the  r a t e  of tu rn in g  of the wave r a y s  a lso  v a r i e s  with the 
p e r io d .  W ave r e f r a c t i o n  d i a g r a m s  w e re  d raw n  c o r r e s p o n d in g  to a 
p e r io d  of 10 s e c o n d s  for  waves  approach ing  Wybung Head f r o m  
d i r e c t io n s  n o r t h - e a s t ,  e a s t ,  s o u th - e a s t  and south  (F ig u re s  23 ,24 ,  25 
and 26) .T a b le  4 g ives  an ind ica t ion  of the r e f r a c t i o n  and shoaling  
e f fec ts  at  dep ths  of 50 fee t  and 100 fee t  off Wybung Head.

T ab le  4.

Shoaling and R e f r a c t io n  E f fec ts  for  10 

Second W a v e s .

W ave 
D i r e c t io n

W a t e r  
Depth

Shoaling
Coeff ic ien t

R e f r a c t io n  
C oeff ic ient

Ratio  of W ave 
Height  at Q v e n  
Depth to Deep 
WaTe r  W ave 

Height

N. E . 50
100

0. 93 
0 . 9 1

0 78 
0, 96

0. 73
0. 87

E . 50 0. 93 i . 15 1. 07
100 0. 91 1.11 1. 01

S. E . 50 0. 93 1. 00 0. 93
100 0. 91 i ,  oo 0, 91

S. 50 0. 93 1. 03 0. 95
100 0. 91 1 . 10 1 . 00

T h e s e  f ig u r e s  show tha t  for  depths  g r e a t e r  than  50 feet ,  shoal ing  
tends  to c o u n t e r a c t  the  i n c r e a s e  of wave height  c a u se d  by r e f r a c t io n ,  
excep t  in the c a s e  of n o r t h - e a s t  waves  w h ere  both effects  tend  to r e 
duce the  wave  height .  Cyclonic  wave act ion f ro m  the n o r t h - e a s t  is 
s l igh t  and in f re q u en t ,  and the  r e d u c t io n s  in wave height due to s h o a l 
ing and r e f r a c t i o n  tend  to m ak e  i ts  ro le  in ash  d i s tu rb a n c e  even l e s s  
im p o r ta n t .  F o r  all o th e r  w aves ,  the height  is not sub jec t  to change 
of m o r e  th a n  10%. F o r  wave p e r io d s  o th e r  than  10 s eco n d s ,  the 
c hanges  would  be with in  the  s a m e  o r d e r .  The wave r o s e s  p r e s e n t e d  
fo r  deep  w a t e r  t h e r e f o r e  give  a r e a s o n a b l e  r e p r e s e n t a t i o n  of waves  
in dep ths  g r e a t e r  th an  50 fee t .  F o r  depths  l e s s  than  about 30 feet  
sh o a l in g  and r e f r a c t i o n  both  induce m a r k e d  i n c r e a s e s  of height .
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w ^ w / v ;  h / f

F i g u r e  23: R e f r a c t i o n  D i a g r a m  f o r  1 0 - s e c o n d  W aves
A p p ro a ch in g  Wybung H ead  f r o m  the  N o r t h - E a s t .

F i g u r e  24: R e f r a c t i o n  D i a g r a m  f o r  1 0 - s e c o n d  W av es
A p p ro a c h in g  Wybung H ead  f r o m  the  E a s t .
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F i g u r e  25: R e f r a c t i o n  D i a g r a m  fo r  1 0 - sec o n d  W aves
A p p ro a c h in g  Wybung H ead  f r o m  the  S o u th -E as t .

F i g u r e  26: R e f r a c t i o n  D i a g r a m  fo r  1 0 - se c o n d  W av es
A p p ro a ch in g  Wybung Head  f r o m  the  South.
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Since  r e f r a c t i o n  and sh o a l in g  do not p r o d u c e  e f fe c t s  of r e a l l y  l a r g e  
m a g n i tu d e  in  w a t e r  dep ths  found i m m e d i a t e l y  off Wybung Head ,  i t  i s  u n 
n e c e s s a r y  to p r o c e e d  with  d e t a i l e d  a n a l y s e s  fo r  o t h e r  w ave  p e r i o d s .

3. 4 Ash  E n t r a i n m e n t  b y  W av e s

3. 41 G e n e r a l

Ash  is ex p e c te d  to d e p o s i t  on the  b o t to m  of the  o c e a n  fo r  s o m e  d i s 
t a n c e  f r o m  the d i s c h a r g e  point.  T h i s  a s h  w i l l  be  d i s t u r b e d  and e n 
t r a i n e d  d u r in g  p e r i o d s  of su f f i c i e n t ly  h e a v y  w ave  ac t ion .  It t h e r e f o r e  
b e c o m e s  n e c e s s a r y  to know what  wave  ac t io n  is  r e q u i r e d  to d i s t u r b  
s e t t l e d  ash ,  how f r e q u e n t l y  s u c h  w ave  ac t io n  c a n  b e  e x p e c t e d  to o c c u r ,  
and how long at one t i m e  a s h  w i l l  r e m a i n  on the  b o t to m  u n d i s t u r b e d  by 
w ave  act ion .  T h e  s t r e n g t h  of wave  ac t io n  n e c e s s a r y  to e n t r a i n  
s e t t l e d  a sh  w as  i n v e s t ig a t e d  e x p e r i m e n t a l l y ,  and the  s t a t i s t i c s  ob ta ined  
by  w ave  h in d c a s t in g  app l ied  to  the  r e s u l t s  to  o b ta in  f r e q u e n c y  e s t i m a t e s .

3. 42 L a b o r a t o r y  T e s t  P r o g r a m m e

L a b o r a t o r y  e q u ip m e n t  a l lowed  w a v es  of p e r i o d  0. 5 s e c o n d s  to 6 
s e c o n d s  to be  g e n e r a t e d  in; a f lu m e  2 fee t  deep  and 120 fee t  long. Wave 
he igh t  could  be v a r i e d  f r o m  a s m a l l  r ip p l e  to n e a r l y  a foot.  A r a n g e  
of s t i l l  w a t e r  dep ths  b e tw e e n  6" and 16" w as  u s e d ;  and, f o r  s u c h  dep ths  
and p e r i o d s  b e tw e e n  0. 5 and 6 s e c o n d s ,  m o v e m e n t  of m a t e r i a l  on the  
b o t to m  w as  e f fec ted  by  w a v es  of h e igh t  0. 5" to 1. 6". T h e  p add le  u s e d  
to g e n e r a t e  w av e s  w as  s u s p e n d e d  f r o m  a m e c h a n i s m  s u c h  th a t  the  r e l 
a t ive  m o t io n  at v a r i o u s  dep ths  cou ld  be ad ju s te d  to c o r r e s p o n d  c l o s e ly  
to  th e  w a t e r  p a r t i c l e  m o t io n  f o r  the  p a r t i c u l a r  p e r i o d  and w a t e r  dep th  
b e in g  u s e d .

Ash f r o m  W a l l a r a h  c o a l  b u r n t  in the  p u l v e r i s e d  fu e l  f u r n a c e s  at 
P y r m o n t  P o w e r  S ta t ion  w as  u s e d  f o r  the  t e s t s .  T h e  a s h  w a s  in t ro d u c e d  
th ro u g h  a funne l  a f t e r  the  f lu m e  had  b e e n  f i l led  w i th  w a t e r ,  and a l lowed 
to  s e t t l e  b e f o r e  wave  g e n e r a t i o n  s t a r t e d .  Som e t u r b i d i t y  c u r r e n t  
ac t io n  o c c u r r e d  a f t e r  the  a sh  le f t  the  funnel ,  cauising a d e g r e e  of s t r a t 
i f i c a t io n  in  the  ash .  H o w e v e r  th i s  w as  not  as  d e l e t e r i o u s  as  e f fe c t s  
r e s u l t i n g  f r o m  o th e r  p l a c e m e n t  m e t h o d s ,  s u c h  as  l ay ing  and s c r e e d i n g  
the  a sh  b e f o r e  c o v e r in g  with w a t e r .  I n t r o d u c t io n  of a s h  th ro u g h  the  
funnel  gave  an a sh  l a y e r  r e s e m b l i n g  the  p ro to ty p e  as  c l o s e l y  as  cou ld  
be  a c h i e v e d .

E a c h  t e s t  s e r i e s  w as  c o n d u c ted  as  fo l low s .  T he  len g th  of th ro w  
of the  co n n e c t in g  r o d  to  the  w ave  pad d le  w as  c h o s e n ,  and t h e r e a f t e r  
h e ld  f ixed  th ro u g h o u t  the  s e r i e s .  T h r e e  d e p th s ,  about  6" ,  11" and
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16 , w e r e  u s e d  in e a ch  s e r i e s .  F o r  eac h  depth, the  wave p e r io d  was  
g r a d u a l l y  r e d u c e d  u n t i l  m o v e m e n t  of the m a t e r i a l  o c c u r r e d .  Wave 
he igh t  and p e r i o d  w e r e  m e a s u r e d ,  and bo t to m  v e lo c i t i e s  ca lcu la te d .

3. 43 T e s t  R e s u l t s

T h e  poin t  at  w hich  w av es  s t a r t  to r e - s u s p e n d  s e t t l e d  a sh  in 
w a t e r  is  not v e r y  c l e a r l y  defined.  As wave p e r io d  is r e d u c e d  with 
a s s o c i a t e d  i n c r e a s e  of wave  he igh t  ca u s in g  h ig h e r  v e lo c i t i e s  and g r e a t e r  
o s c i l l a t i o n  a m p l i tu d e s  on the  bo t to m ,  the a sh  p a s s e s  th rough  s e v e r a l  
p h a s e s .  F i n e  p a r t i c l e s  on the s u r f a c e  of the l a y e r  s t a r t  to r o l l  b a c k 
w a r d s  and f o r w a r d s  b e f o r e  g e n e r a l  m o v e m e n t  of the whole s u r f a c e  c o m 
m e n c e s .  T h i s  p h a s e  g r a d u a l ly  g ives  way to a condi t ion  w h e re  m o s t  of 
the s u r f a c e  p a r t i c l e s  a r e  moving .  T h is  is known as " g e n e r a l  ro l l in g " .  
G e n e r a l  r o l l i n g  w i l l  in i t i a t e  and s u s t a i n  r ip p le  f o rm a t io n  on the bed  if 
le f t  long enough: the  p r e v io u s  p h a se  wil l  not. Once r ip p l e s  a r e  i n 
i t i a te d ,  th e y  h e lp  in t h e i r  own p ro p a g a t io n  and a s ta b le  r ip p le  f o r m a t io n  
fo r  the  p a r t i c u l a r  wave  cond i t ions  soon r e s u l t s .  As the wave p e r io d  
is r e d u c e d  s t i l l  f u r t h e r ,  a point  is r e a c h e d  w h e re  the w aves  " p ic k  up" 
s o m e  a sh  p a r t i c l e s  and th ro w  th e m  into su sp en s io n .  A low cloud soon  
f o r m s .  If the  w a v e s  a r e  s t r o n g  enough to p ick  up only the v e r y  f in e s t  
m a t e r i a l ,  l igh t  t r a n s i e n t  c louds  wil l  f o rm ,  d i s s ip a t in g  as th is  v e r y  
fine m a t e r i a l  is  d i f fu sed  th ro u g h o u t  the  w a t e r  depth. However,  with 
s l ig h t ly  s t r o n g e r  w ave  act ion ,  a l a r g e  f r a c t i o n  of the  m a t e r i a l  wil l  be 
th ro w n  in to  s u s p e n s i o n  and r e m a i n  fo r  a c o n s id e ra b l e  t im e  in  a d ense  
c loud w i th in  a few in ch es  of the  bed.  T h is  condi t ion  is  known as 
" c l o u d i n g " .

D u r in g  the  co nd i t ion  c h a r a c t e r i s e d  as " g e n e r a l  ro l l in g " ,  a sh  in 
the  p ro to ty p e  w i l l  be  r o l l e d  b a c k w a r d s  and f o r w a r d s  with p r o b ab ly  a 
net  - o n - s h o r e  m o t io n  u n d e r  the in f luence  of the  w aves  (Ippen and 
E a g le s  on, 1955; T a in s h ,  1962). As the depth  of w a te r  d e c r e a s e s ,  so  
th a t  the  " c lo u d in g "  cond i t ion  i s  r e a c h e d ,  the w aves  wil l  " p i c k u p 1 the 
ash  and s u b m i t  i t  to  the  co m b in ed  ef fec ts  of wave c u r r e n t s ,  t id a l  
c u r r e n t s ,  g e n e r a l  o c e an  c u r r e n t s  and any o th e r  t r a n s i e n t  o r  p e r m a n e n t  
c u r r e n t s  o p e r a t i n g  at the  t im e .

In the  f lu m e  t e s t s  two po in ts  w e r e  o b s e rv e d ,  g e n e r a l  ro l l in g  and 
clouding .  T h i s  w as  done fo r  the  sake  of c o m p le t e n e s s  and b e c a u s e  
of the  i l l  d e f ined  b o u n d a r i e s  b e tw e e n  d i f f e ren t  p h a s e s  of m o v em en t .
W hen  the  v e l o c i t i e s  at  w hich  r o l l i n g  and c loud ing  c o m m e n c e d  w e r e  
p lo t ted  a g a in s t  the  p e r i o d  ( F ig u r e  27), a v e r y  d i s t in c t  l ine  cou ld  be 
d r a w n  on one s id e  of which  la y  s c a t t e r e d  " ro l l i n g  v a lu es  and on the*
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o t h e r  s id e  " c lo u d in g "  v a lu e s .  T h i s  l ine  is r e g a r d e d  as a l ine of inc ip ien t  
c loud ing  and d e f in es  the  r e l a t i o n  u^m ax)  = 0. 303 - P ‘ 236 w h e re  u y (max.) 
is  e x p r e s s e d  in f t / s e c  and T is  e x p r e s s e d  in seconds^ The  s c a t t e r  of 
po in ts  on e i t h e r  s id e  is  p ro b a b ly  c a u s e d  by o b s e rv a t io n  d i f f icu l t ie s .

3. 44 D i m e n s i o n a l  A n a ly s is

F a c t o r s  l i k e ly  to a f fect  the  p ick  up of ash  u n d e r  wave ac t ion  a r e  wave 
he ight  and p e r i o d  and w a t e r  depth ,  and the ve loc i ty  induced  at the  bed  by 
the  w ave ,  and the  p a r t i c l e  s i z e  and fa l l  ve loc i ty  of the m a t e r i a l .  T h e s e  
m a y  be  g r o u p e d  in to d i m e n s i o n l e s s  p a r a m e t e r s  as follows: -

(1) UV m ax  UV ave.-----------  o r  ---------w w

(2 V—-2—— (wave p e r i o d ) 
d (p a r t i c l e  size)
w (fa ll  v e lo c i ty )

, , wave  he igh t
Y w a t e r  depth

Since t h e s e  e x p e r i m e n t s  dea l  only with ash,  and m a t e r i a l  of s i m 
i l a r  g r a d in g  w as  u s e d  fo r  all  e x p e r i m e n t s ,  the p a r t i c l e  s iz e  and fa l l  
v e lo c i ty  of the  m a t e r i a l  have  b e e n  fixed. D i m e n s io n le s s  p lo t t ing  i n 
volving t h e s e  q u an t i t i e s  is  t h e r e f o r e  not c o n s id e re d  n e c e s s a r y .  
F u r t h e r m o r e ,  e x a m in a t io n  of t e s t  r e s u l t s  r e v e a l e d  tha t  no o b s e rv a b le  
s y s t e m a t i c  v a r i a t i o n  with  ex i s t e d  within  the t e s t  r an g e .  T h e r e f o r e
it  a p p e a r s  th a t  o r b i t a l  v e lo c i ty  at c louding can  be e x p r e s s e d  as  a funct ion  
of w a v e jp e r io d .

In o r d e r  to d e t e r m i n e  the func t iona l  r e l a t io n ,  va lues  of m a x im u m  
o r b i t a l  v e lo c i ty  w e r e  p lo t ted  ag a in s t  va lues  of wave p e r io d  (F ig u r e  27). 
T he  g r a p h  in d ic a te d  th a t  a l i n e a r  r e l a t i o n  could ex i s t  b e tw een  to ta l  
t r a v e l  of a f lu id  p a r t i c l e  and p e r i o d  fo r  condi t ions  of inc ip ien t  c louding. 
T h is  w as  found to be  the  c a s e  (F ig u r e  28). The  r e l a t io n s h ip  def ined 
on F i g u r e  28 by the  s t r a i g h t  l ine  s e p a r a t i n g  va lu es  at r o l l in g  and c lo u d 
ing h a s  b e e n  t r a n s f e r r e d  to F i g u r e  27, as m a x im u m  o r b i t a l  ve lo c i ty  
r a t h e r  th a n  to t a l  t r a v e l  of a f lu id p a r t i c l e  is  f r e q u e n t ly  u s e d  as a m e a s 
u r e  of w ave  f o rc e .

3. 45 C o m p a r i s o n  with  P r e v i o u s  R e s u l t s  fo r  Ash

.o r b i t a l  v e loc i ty  of w av e , 
fa l l  ve loc i ty  of p a r t i c l e

Som e v a lu e s  ob ta in ed  p r e v i o u s l y  ( F o s t e r  and A rgue ,  1960) a r e  shown 
on F i g u r e  27 f o r  c o m p a r i s o n .  T h e s e  a r e  the  r e s u l t s  of t e s t s  with w aves
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of g r e a t e r  he igh t  in  g r e a t e r  dep ths  of w a te r ,  giving s i m i l a r  va lues .
T h e y  r e p r e s e n t  in c ip ien t  c louding po in ts ,  and give va lues  of ve loc i ty  
c o m p a r a b l e  to the  m o r e  r e c e n t  t e s t s .  It should  be noted  tha t  the  m o r e  
ex tended  t e s t  s e r i e s  h a s  d i s p r o v e d  the notion that  e n t r a in m e n t  of s e t t l e d  
ash  is  dep en d en t  s o le ly  on o r b i t a l  ve loc i ty .

3 .4 6  C o m p a r i s o n  with  T e s t s  on D if fe ren t  M a te r i a l s

No o th e r  c o m p r e h e n s i v e  s e r i e s  of t e s t s  with waves  and ash  is  known. 
H o w ev e r ,  s o m e  r e s u l t s  a r e  ava i lab le  fo r  o th e r  m a t e r i a l s  (Vincent,  1959, 
T o r u  S a w a ra g i ,  1962). V incent  of S o g reah  g ives  r e s u l t s  fo r  v a r io u s  
m a t e r i a l s  fo r  a l i m i t e d  r a n g e  of p e r io d s .  P lo t t in g  to ta l  t r a v e l  of a 
f luid  p a r t i c l e  at  the  bed,  a y  ag a in s t  p e r io d  l ead s  h im  to adopt a s e r i e s  
of g r a p h s  def ined  by  eq ua t ions  of the  f o r m  ay= kT w h e re  k is a co n s ta n t  
depending  on the  m a t e r i a l .  F i g u r e  29 shows the ash  r e s u l t s  p lo t ted  
l o g a r i t h m i c a l l y  fo r  c o m p a r i s o n .  It is obvious  tha t  the r e s u l t s  do not 
c o n f o rm  to an ay = kT type f o r m u l a  which  would y ie ld  a l ine at 45° to  each  
axis .  S ince  Vincent*s  t e s t s  c o v e r e d  such  a l im i t e d  r a n g e  of p e r io d s ,  it 
is fe l t  tha t  th e  a sh  r e s u l t s  a r e  m o r e  dependable  fo r  the f o r m  of the r e 
la t ion .  S a w a r a g i  of J a p a n  g ives  r e s u l t s  for  sand  m  d im e n s io n le s s  f o rm .  
The  only  r e c o r d  of h is  w o rk  ob ta ined  to date  was  not de ta i l ed  enough to 
d raw  f i r m  c o n c lu s io n s ,  but  i t does  a p p e a r  tha t  the ash  r e s u l t s  m a y  c o n 
f o r m  to a r e l a t i o n  of the  type s u g g es ted .

3 .47  E x t r a p o l a t i o n  to P r o to ty p e  W aves

L a b o r a t o r y  w a v e s  r a n g e d  in  p e r io d  f r o m  \  to 6 seco n d s .  M ost  p r o 
to type w av es  l ie  w i th in  the r a n g e  6 to 16 seco n d s .  The f o r m  of the r e 
la t ion ,  inc lud ing  the  t e n d e n c y  of o r b i t a l  v e lo c i t i e s  r e q u i r e d  to d i s t ru b  
ash  to a p p r o a c h  a c o n s ta n t  va lue  at p e r io d s  above about 3 se co n d s ,  i n 
d i c a te s  tha t  the  equ a t io n  found by the l a b o r a t o r y  t e s t in g  can  be appl ied  
to p ro to ty p e  r e s u l t s  with  conf idence .  B a s e d  on th is  e x t r a p o la t io n ,  
va lues  fo r  w a v e s  r e q u i r e d  to e n t r a i n  ash  m  v a r io u s  w a te r  depths  a r e  
g iven  in F i g u r e  30.

3. 48 F r e q u e n c y  of Ash M ovem e n t  by Wave Action

F r o m  F i g u r e s  20 and 3Q with account  tak en  of p r e d o m in a n t  p e r io d s ,  
d i r e c t i o n s  and c o r r e s p o n d i n g  d e g r e e s  ot r e f r a c t i o n ,  the p e r c e n t a g e  of 
t i m e  w hen  a s h  w i l l  be d i s t u r b e d  in v a r io u s  w a t e r  depths  can  be c o m 
puted  f o r  the  f o r e c a s t  w a v e s .  S e a - b r e e z e  w aves  will  r a r e l y  d i s tu rb  
ash  in dep ths  of 50 fee t  o r  m o r e ,  and no c o r r e c t i o n  is n e c e s s a r y  on 
th is  count .  T h e r e  wi l l  be s o m e  m i n o r  c o r r e c t i o n  to the f r e q u e n c ie s  
f o r  dep th s  up  to 200 f ee t  b e c a u s e  of the ex i s t e n c e  of long low sw el l  
f r o m  d i s t a n t  s t o r m s  w h ich  have  not been  accoun ted  for  in the an a ly s is .
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No q u an t i t a t iv e  e s t i m a t e  can  be g iven but the  f ig u re s  p r e s e n t e d  m a y  
be r e g a r d e d  as  s l i g h t ly  c o n s e rv a t iv e .

F i g u r e  31 g iv es  an in d ica t io n  of the a v e ra g e  p e r c e n ta g e  of t im e  
d u r in g  w hich  w a v e s  will  m ove  ash  in v a r io u s  depths  of w a te r .  About 
75% of the  to t a l  t i m e  w aves  above 1 foot high will  o c c u r ,  p roduc ing  
d i s t u r b a n c e  of a sh  in about 50 feet  of w a te r ,  a depth which o c c u r s  
about 100 y a r d s  s e a w a r d  of Wybung Head.  W aves  i f  fee t  and h ig h e r ,  
which  w i l l  d i s t u r b  a sh  in any depth up to about 100 feet ,  o cc u r  about 
70% of the  t im e .  A depth  of 100 fee t  e x i s t s  about |  of a m i le  e a s t  
of Wybung H ea d  W aves  of the  o r d e r  of 3 feet and capab le  of d i s 
tu rb in g  a s h  in  dep ths  of the o r d e r  of 200 feet  o c c u r  60% of the t im e .
A dep th  of 200 f ee t  is found about 6 m i l e s  e a s t  of Wybung Head.

3 .49  F r e q u e n c y  A n a ly s is  of P e r i o d s  During Which Ash R e m a in s  
U n d i s tu r b e d  at V ar io u s  Depths

F  o r  the  f i v e - y e a r  p e r io d  of an a ly s i s ,  each  w e a th e r  s y s t e m  produc  
ing w av es  w as  a l lo ca ted ,  f r o m  the in fo rm a t io n  in F i g u r e  30, a l i m i t 
ing w a t e r  dep th  at which the w aves  w ould be ju s t  pow erfu l  enough to 
d i s tu r b  s e t t l e d  ash .  T he  r e c o r d s  w e r e  then  scanned  fo r  cont inuous  
p e r io d s  d u r in g  which  ash  would r e m a i n  unaf fec ted  by wave ac t ion  at 
v a r io u s  d e p t h s .

F i g u r e  32 show s  the  a v e ra g e  n u m b e r  of t i m e s  p e r  y e a r  that  
p e r io d s  of n o n - d i s t u r b a n c e  equal  to o r  exceed ing  v a r io u s  leng ths  of 
t im e  u p  to  6 days  w e r e  e x p e r i e n c e d .  F o r  s m a l l e r  dep ths  t h e r e  a r e  
m a n y  s h o r t  p e r i o d s  of n o n - d i s t u r b a n c e ,  s e v e r a l  of which m a y  be i n 
c o r p o r a t e d  in one lo n g e r  p e r io d  of n o n - d i s tu rb a n c e  at a g r e a t e r  
depth.  On acco u n t  of t h i s ,  the to ta l  n u m b e r  of p e r io d s  of n o n 
d i s t u r b a n c e  is  s m a l l e r  at  g r e a t e r  dep ths ,  a lthough the to ta l  amount  
of t im e  f o r  n o n - d i s t u r b a n c e  m u s t ,  of c o u r s e ,  be g r e a t e r .

T h e  f ive l a r g e s t  v a lu e s  of d u ra t io n  of n o n - d i s tu rb a n c e  at v a r 
ious  dep ths  h av e  b e e n  p lo t ted  on F i g u r e  33 to showr the  p r o b a b i l i t i e s  
of the  l o n g e r  p e r i o d s  of n o n - d i s tu rb a n c e .  The skew has  been  r e 
ta in e d  in  t h e s e  c u r v e s  to show tha t  undue e x t r a p o la t io n  wrould not 
be  w ise .  E x t r a p o l a t i o n  is  p e r m i s s i b l e  for  e s t i m a t e s  to about 10% 
p ro b a b i l i ty .  F o r , e x a m p l e ,  it m ay  r e a s o n a b l y  be s u r m i s e d  tha t  
ash  wil l  r e m a i n  u n a f fe c te d  by  w aves  in 50 feet  depth fo r  a p e r io d  as 
long as  i0  to  i5 days  once in 10 y e a r s  on the av e ra g e .
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57.

4. 0 G e n e r a l

C u r r e n t s  l i k e ly  to a f fect  the t r a n s p o r t  of ash  d i s c h a r g e d  to s e a  
r a n g e  f r o m  the  l a r g e  s c a l e  ocean ic  c i r c u l a t io n s  to lo c a l i s e d  and e p h e m 
e r a l  e f fec t s  induced  b y 'c h a n g in g  winds ,  waves  and t ides .  The s t r e n g th  
of th e  c u r r e n t s  is  f r e q u e n t ly  out of all  p r o p o r t i o n  to tha t  of the g e n e r a t 
ing f o r c e s ,  and it is  n e c e s s a r y  when co n s id e r in g  ocean ic  w a t e r  m o v e 
m e n t s  to be  a w a re  of the t r u t h  of the p a ra d o x  tha t  s m a l l  c a u s e s  do not 
ip so  fac to  p ro d u c e  s m a l l  e f fec ts .

Of m a j o r  i n t e r e s t  f o r  o c ean  d i s p o s a l  in v e s t ig a t io n s  a r e  the c u r r e n t s  
in the  w a t e r s  above th a t  p a r t  of the  co n t inen ta l  she l f  lying with in  a few 
m i l e s  of the s h o re .  Though a r e a s o n a b l e  am ount  of d a ta  a r e  ava i lab le  
fo r  c u r r e n t s  in  the ,!n e a r s h o r e ,: e n v i ro m e n t ,  l an d w ard  of the b r e a k e r  zone,  
in g e n e r a l  co n t in e n ta l  sh e l f  c u r r e n t s  have not been  widely  s tud ied  in any 
p a r t  of the  w o r ld ,  and t h e i r  d y n a m ics  and k in e m a t i c s  a re  not c o m p le te ly  
u n d e r s to o d .  P r e s e n t l y  acc e p ted  t h e o r i e s  do, however ,  give s o m e  e x 
p lan a t io n  of o b s e r v e d  phenom ena ;  and on the b a s i s  of th e s e  t h e o r i e s  a 
p i c tu r e  of the  changing  c u r r e n t s  in the p ro p o se d  d i sp o s a l  a r e a  can  be 
bui l t  up  with  the  aid of the r a t h e r  r e s t r i c t e d  m e a s u r e m e n t s  that  have  
bee n  made..

4. 1 M a jo r  O c e an  C u r r e n t s

The  m a j o r  o c ean  c u r r e n t s  a r e  l a r g e l y  th o se  r e l a t e d  to the d i s t r i b 
u t ion  of m a s s  in the  o cean s .  Th is  s t a t e m e n t  is in ten t iona l ly  vague,  as 
no e x a c t  d e t e r m i n a t i o n  of c a u s e  and effect  has  b ee n  m ade .  It is  thought 
tha t  a s e c o n d a r y  ef fec t  of the  wind, whose d i r e c t  e f fect  c r e a t e s  the wind-  
induced  c u r r e n t s  to be  d e s c r i b e d  l a t e r ,  m a y  be a f a c to r  in the g e n e r a t io n  
and m a in t e n a n c e  of t h e s e  c u r r e n t s .  W h a te v e r  the o r ig in ,  the r e l a t i o n 
sh ip  b e tw e e n  o c e a n  c u r r e n t s  and the  d i s t r ib u t io n  of d en s i ty  in the ocean  ■ 
is b a s e d  on the  s im p le  p h y s ic a l  concep t  of flowr f r o m  an a r e a  of h ig h e r  
p r e s s u r e  to one of lowre r  p r e s s u r e .  C o r io l i s  f o rc e  is b rough t  into 
p lay  by  the  e x i s t e n c e  of flow, and the net  r e s u l t ,  u n l e s s  f r i c t io n  f o rc e s  
i n t e r f e r e ,  is  a cu r ren t ,  d i r e c t e d  along l in es  of equal  p r e s s u r e ,  in the 
s a m e  way as  the  winds  a s s o c i a t e d  with the d i s t r ib u t io n  of m a s s  in the 
a t m o s p h e r e ,  j*

H a m o n  h a s  r e c e n t l y  d e s c r i b e d  the m a in  f e a tu r e s  of the l a r g e  s c a le  
ocean ic  c i r c u l a t i o n  off the  e a s t  c o a s t  of New South W ales  as follows 
(Hamon,  1961):

* S ec t ion  3. 32
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„ " (!)• A s o u t h e r l y  o r  s o u t h - e a s t e r l y  c u r r e n t  u s u a l ly  ju s t  beyond 

the  edge of the  co n t in e n ta l  shelf .  In a c c o rd a n c e  with e s 
t a b l i s h e d  u s a g e ,  th i s  wil l  be r e f e r r e d  to as the nE a s t  
A u s t r a l i a n  C u r r e n t " .  . . . T he  c u r r e n t  is u s u a l ly  within 
about 60 m i l e s  of the edge of the she l f  but  on two o c c a s io n s
..............w as  b e tw e en  80 and 110 m i l e s  f r o m  the edge. On
t h e s e  o c c a s io n s ,  t h e r e  a p p e a re d  to be a weak n o r th w a rd  
c o u n t e r c u r r e n t  b e tw e en  the E a s t  A u s t r a l i a n  C u r r e n t  and 
the edge of the shelf .

(2) A n o r t h e r l y  o r  n o r t h - e a s t e r l y  c u r r e n t ,  h e r e  ca l led  the
" c o u n t e r c u r r e n t " ,  w hose  axis  is  f r o m  70 to 200 m i le s  to 
the  e a s t  of the axis  of the E a s t  A u s t r a l i a n  C u r r e n t .  "

T h e  E a s t  A u s t r a l i a n  C u r r e n t  r e f e r r e d  to has  b ee n  o b s e rv e d  
fo r  m a n y  y e a r s ,  m a in ly  by shipping, and sp eed s  as high as 4 knots  
have  b e e n  r e c o r d e d  s o m e  30 m i l e s  f r o m  the  coas t .  Unti l  m e a s u r e 
m e n ts  in  co n n e c t io n  with ash  d isposa l  in v es t ig a t io n s  w e re  s t a r t e d  in 
1961', d a ta  ort c u r r e n t s  c l o s e r  in s h o r e  had not been  co l lec ted  in the 
v ic in i ty  of Wybung Head. Som e m e a s u r e m e n t s  within about 1 m i le  
f r o m  s h o r e  had  b e e n  m a d e  by the M e tro p o l i t an  W a te r  Sew erage  and 
D r a in a g e  B o a r d  at Bondi,  M a la b a r ,  B e l ia m b i  and Bull! (F ig u re  34), 
but  the a r e a  b e tw e e n  1 m i le  and 30 m i l e s  f r o m  s h o re  had not b e en  
in v e s t ig a te d  e i t h e r  in th e s e  a r e a s  o r  n e a r  Wybung Head.  B e c a u se  
of th i s ,  the  i n s h o r e  p e n e t r a t i o n  of the E a s t  A u s t r a l i a n  C u r r e n t  m u s t  
r e m a i n  f o r  the  p r e s e n t  an unknown quanti ty ,  and hence  the e f fect  of 
such  p e n e t r a t i o n  on the c o a s t a l  w a t e r s  n e a r  Wybung Head. It is 
r e a s o n a b l e  to  s u p p o se  tha t  a c u r r e n t  as high as 4 knots ,  30 m i le s  
f r o m  the  sh o re ,  could  have  a m a r k e d  inf luence on in s h o r e  w a t e r s ,  
e i t h e r  by  d i r e c t  s h e a r  t r a n s m i s s i o n  of s o u th e r ly  flow to adjoining 
l a y e r s  of w a t e r ,  o r  by  the  f o r m a t io n  of back  eddies .

4. 2 Wind Induced  C u r r e n t s

The  i m m e d i a t e  e f fec t  of wind s t r e s s  on the s u r f a c e  of the s e a  is 
the p u r e  wind d r i f t  c u r r e n t .  The t r a n s p o r t  of w a te r  by such  
c u r r e n t s  c a u s e s  s e c o n d a r y  ef fec ts  b e c a u s e  of the changes  it m a k e s  in 
the d i s t r i b u t i o n  of m a s s .  In th is  s e c t io n  only the p r i m a r y  effect of 
the wind,  n a m e l y  the  p u r e  d r i f t  c u r r e n t ,  w il l  be c o n s id e re d .

Wind t r a n s f e r s  m o m e n t u m  to the w a te r  by f r i c t io n  at the s u r f a c e  
and by! the  p r e s s u r e  e x e r t e d  by the wind on w aves .  Both of th e s e  act 
in the  s a m e  d i r e c t i o n  and m a y  be com bined  fo r  p u r p o s e s  of a n a ly s is  
into  a s in g le  t a n g e n t i a l  fo rc e .  With  low winds ,  the s e a  s u r f a c e  ac ts
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as  a h y d r o d y n a m ic  a l ly  s m o o th  s u r f a c e  with t r a n s f e r  l a r g e l y  by f r i c t i o n  
With  h i g h e r  w inds ,  t r a n s f e r  by p r e s s u r e  on waves  b e c o m e s  im p o r ta n t .  
F o r  the h i g h e r  winds  it h a s  b e en  found tha t ,  no m a t t e r  what wave height  
is  a t t a in ed ,  the s u r f a c e  is  c h a r a c t e r i s e d  by a co n s ta n t  ro u g h n e s s  p a r a 
m e t e r ,  and the  c u r r e n t  s p e e d  b e a r s  a c o n s ta n t  r a t io  to the wind sp eed  
( B e r r y ,  B o l la y  and B e i r s ,  1945). The  d iv is ion  be tw een  the two c o n 
d i t ions  s e e m s  to  o c c u r  at a wind sp e ed  of about 6 to  10 knots .  At 
wind s p e e d s  l o w e r  th an  th i s ,  the r e l a t i o n  b e tw een  wind and c u r r e n t  
s p e e d s  is  c o m p l i c a t e d ,  but  a rough  e s t i m a t e  can  be m ad e  by ha lv ing  
the  c u r r e n t  s p e e d s  ob ta ined  us ing  the r e l a t io n s h ip  fo r  the h ig h e r  
winds.

W h e r e  a p u r e  wind d r i f t  c u r r e n t  e x i s t s ,  the s t r e s s  of the wind is 
b a l a n c e d  by  the  C o r io l i s  f o rc e  act ing on the e n t i r e  body of w a t e r  tha t  
is s e t  in m ot ion .  The  to t a l  t r a n s p o r t  of w a t e r  is  co n seq u en t ly  at 90° 
to the  wind  s t r e s s ,  an t ic lo ck w ise  in the S ou the rn  H e m i s p h e r e  (F ig u re  
35). T h e  wind s t r e s s  ac ts  in a d i r e c t io n  v e r y  c lo se  to tha t  of the s u r 
f ace  wind,  w hich  b lows  about  15° c lo ck w ise  f r o m  the i s o b a r i c  o r  geo-  
s t r o p h ic  wind. B e c a u s e  of the d i f f e re n c e  in f r i c t io n ,  l a n d - s u r f a c e  
winds blow 15° to 30° c lo ck w ise  f r o m  s e a - s u r f a c e  winds,  a fac t  which 
m u s t  be  t a k e n  in to accoun t  when c o m p a r in g  ocean  c u r r e n t s  with land 
r e c o r d e d  winds .

T h e  r e s u l t  tha t  the  to ta l  m a s s  t r a n s p o r t  ac ts  at r ig h t  ang les  to the 
wind s t r e s s  is  d e r i v e d  without  m ak ing  any a s su m p t io n s  as to the v i s 
c o s i ty  of the  w a te r .  To f ind the  c u r r e n t s  at v a r io u s  depths  which c o m 
bine to  e f fec t  th i s  to ta l  t r a n s p o r t ,  a d i s t r ib u t io n  of v i s c o s i ty  is r e q u i r e d .  
F o r  deep  w a t e r  the  c l a s s i c a l  s p i r a l  of E k m an ,  b a s e d  on c o n s tan t  eddy 
v i s c o s i ty  th ro u g h o u t  the m a s s  of w a te r ,  g ives  a p ic tu re  which s e e m s  to 
a g r e e  w i th  o b s e r v e d  p h en o m en a ,  although e x i s te n c e  of such  a s p i r a l  
has  not y e t  b e e n  r i g o r o u s l y  d e m o n s t r a t e d  in the ocean  (von. Arx,  1962). 
E k m a n ' s  a n a ly s i s  y i e ld s ,  fo r  the Sou thern  H e m i s p h e r e ,  a s u r f a c e  
c u r r e n t  d i r e c t e d  4 5°  an t ic lo ck w ise  f r o m  the  wind s t r e s s  (F ig u re  35). 
With  i n c r e a s i n g  depth ,  the  angle  b e tw een  the wind s t r e s s  and the 
c u r r e n t  i n c r e a s e s  and the  v e loc i ty  d e c r e a s e s  exponent ia l ly .  A depth  
can  a lw ays  be  found at which  the  c u r r e n t  flows in a d i r e c t io n  ex ac t ly  
o ppos i te  to th a t  of the  s u r f a c e  c u r r e n t .  At th is  depth  the ve loc i ty  has  
d e c r e a s e d  to  a s m a l l  f r a c t i o n  of tha t  of the s u r f a c e  c u r r e n t ,  and below 
th is  dep th  the  c u r r e n t s  a r e  neg l ig ib le .  E k m a n  t e r m e d  th is  the 
depth  of f r i c t i o n a l  r e s i s t a n c e ' 5. F o r  wind sp e ed s  h ig h e r  than  about 
10 k no ts ,  an a p p r o x im a te  va lue  is  g iven  by:
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r . 6W
D = - .. — (20)

^  s in  0

w h e r e  D = depth  of f r i c t i o n a l  r e s i s t a n c e  in feet
W = wind s p e e d  in fee t  p e r  s ec o n d  
(p  = la t i tu d e  .

The  ve lo c i ty  of the s e a  s u r f a c e  wind d r i f t  is  g iven  by  the  s a m e  a n 
a ly s i s  as:

U = (21)
w / i m t t

w h e r e  U = s e a  s u r f a c e  wind d r i f t  in  fee t  p e r  second ,w

In deep  w a t e r  off Wybung Head the v a lu e s  of D and U c o r r e s p o n d i n g  
to a 10 knot  wind a r e  g iven  by  t h e s e  equa t ions  as 180 fee t  and 0, 03 
fee t  p e r  s e c o n d  r e s p e c t i v e l y .  E q u a t io n s  (2 0) and (21) canno t  be  e x 
p ec te d  to apply fo r  v e r y  low w inds ,  which  have  b e e n  s e e n  to act. in a 
d i f f e r e n t  m a n n e r .  F o r  t h e s e ,  an equa t ion  due to  T h o r a d e  is  
su g g e s t e d  (S v e rd ru p ,  Jo h n so n  and F l e m in g ,  1942). T h i s  g ives :

2 03 VW3D = (22)
\J s m  0

fo r  D in fee t

W in feet  p e r  s e c o n d  ,

F o r  a 10 knot wind  off Wybung Head,  the  va lue  of D is  s i m i l a r  to that- 
g iven  by  (20). F o r  l o w e r  winds ,  v a lu es  of D d e c r e a s e  m o r e  and m o r e  
rap id ly .  With  a 5 knot  wind, (22) g ives  D = 70 ft.

E k m a n  ex tended  his  analyses  to the  c a s e  of sha l low  w a t e r ,  and 
found a s u r f a c e  d e f lec t io n  l e s s  th an  45°  and a s lo w e r  tu rn in g  with 
depth.  T h i s ,  h o w ev er ,  w as  b a s e d  on a s s u m p t i o n s  of z e r o  v e lo c i ty  
at the  b o t to m  and c o n s ta n t  eddy v i s c o s i t y  th ro u g h o u t  the  depth.
T h e s e  a s s u m p t io n s  have  s in c e  b e e n  found inval id ,  and E k m a n ' s  
a n a ly s i s  f o r  sha l low  w a t e r  does  not give r e s u l t s  c o m p a r a b l e  w ith  
o b s e r v e d  ph en o m en a .  In sh a l lo w  w a t e r ,  the eddy v i s c o s i t y  d e c r e a s e s  
to w a r d s  the  b o t to m ,  r e s u l t i n g  in a g r e a t e r  angle  b e tw e e n  wind and 
c u r r e n t s  at  a l l  dep ths  and i n c r e a s e d  c u r r e n t  v e lo c i t i e s  (S v e rd ru p ,  
J o h n s o n  and F l e m i n g ,  1942), M e a s u r e m e n t s  by  S v e r d r u p  in s o m e  
70 f ee t  of w a t e r  have  found a s u r f a c e  angle  c l o s e r  to 60° th an  the
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45°  g iven  f o r  d ee p  w a t e r .  In e x t r e m e l y  sha l low  w a te r ,  c u r r e n t s  have 
b e e n  found to  flow n e a r l y  in the d i r e c t io n  of the s t r e s s  at al l  depths .

4. 3 W ave C u r r e n t s
4. 31 M a s s  T r a n s p o r t

Som e of the  c u r r e n t s  a s s o c i a t e d  with w a v e s  have a l r e a d y  b e e n  
ex p l ic i t ly  o r  im p l i c i t l y  d i s c u s s e d .  M ass  t r a n s p o r t  c u r r e n t s  p r e 
d ic ted  by  th e  t h e o r i e s  of S tokes  and Longuet-Higgins  give s u r f a c e  v e l 
o c i t i e s  of 0. 2 fee t  p e r  s ec o n d  in deep  w a te r  (Stokes) and 0. 5 fee t  p e r  
s ec o n d  in 100 f ee t  w a t e r  dep th  (Longue t-H iggins)  fo r  a wave 10 feet  
.high and 10 s e c o n d s  p e r io d .  Since the m agn i tude  of the c u r r e n t s  is 

p r o p o r t i o n a l  to  the  s q u a r e  of the wave height ,  m a s s  t r a n s p o r t  can  be 
a p p r e c i a b l e  fo r  h igh  w aves .  M a ss  t r a n s p o r t  ve loc i ty  a l so  i n c r e a s e s  
with d e c r e a s i n g  p e r io d ,  the  S tokian t r a n s p o r t  fo r  a 4 second  wave b e 
ing about 10 t i m e s  as  g r e a t  at the s u r f a c e  as that  fo r  a 10 second  
wave of the  s a m e  height ,  Such short, p e r io d  waves  a r e  r a r e l y  found 
in the  ocean ,  e x cep t  f o r  s m a l l  am pl i tude  w aves  p ro d u ced  by s e a  
b r e e z e s  and o f f sh o re  winds, and in the s t o r m  wave s p e c t r u m .  The  
m a s s  t r a n s p o r t  a s s o c i a t e d  with t h e s e  w aves  is  r e d u c e d  b e c a u s e  of the 
s m a l l  wave  he ight .

T h e  m a s s  t r a n s p o r t  c u r r e n t  n e a r  the bed  flows a lways in the d i 
r e c t i o n  of p r o p a g a t io n  of the wave,  At the s u r f a c e ,  the m a s s  t r a n s 
p o r t  i s  u s u a l l y  in the  d i r e c t io n  of p ropaga t ion ,  excep t  fo r  v e r y  s m a l l  
r a t i o s  of wave he igh t  to wave length ,  F o r  a wave in 2 d im en s io n s  
p r o g r e s s i n g  to w a r d s  a so l id  boun d a ry ,  the m a s s  t r a n s p o r t  in be tw een  
the s u r f a c e  l a y e r  and the  b o t to m  l a y e r  is  oppos i te  to the d i r e c t io n  of 
p ro p a g a t io n  and p r o v id e s  the  n e c e s s a r y  r e t u r n  flow. In 3 d im e n s io n s  
the r e t u r n  flow m a y  be  p ro v id e d  by o th e r  m e a n s ,  such  as r i p  c u r r e n t s ,  
and the  to ta l  t r a n s p o r t  b e tw ee n  r i p s  m a y  be landw ard ,

4. 32 N e a r s h o r e  C u r r e n t s

The  n e a r s h o r e  c u r r e n t s  a s s o c i a t e d  with wave ac t ion  a r e  the l i t t o r a l  
o r  lo n g s h o r e  c u r r e n t  e n g e n d e r e d  by  a wave b r e a k in g  at an angle to the 
s h o r e l in e ,  and the r i p  c u r r e n t  which allows fo r  a flow to s ea ,  at s o m e  
point  of f a v o u ra b le  top o g ra p h y ,  of w a t e r  p i led  up by the waves  f lowing 
s h o r e w a r d .  S t rong  r i p  c u r r e n t s  a r e  of ten a s s o c i a t e d  with the l i t t 
o r a l  d r i f t  induced  by  a wave  b r e a k in g  at an angle to the s h o re ,  but  
r i p  c u r r e n t s  a r e  not r e s t r i c t e d  to th is  condi t ion  and m a y  o c c u r  with 
w aves  a p p r o a c h in g  n o r m a l  to  the s h o re l in e  (Shepherd ,  F r a n c i s  and 
Inm an ,  1951).

* S ec t ion  3 .1 4



L i t t o r a l  c u r r e n t s  can  be p r e d i c t e d  with  s o m e  d e g r e e  of r e 
l i a b i l i ty  ( P u tn a m ,  Munk and T r a y l o r ,  1949), though the  a s s u m p 
t ions  n e c e s s a r y  to m a k e  t h e s e  c u r r e n t s  a m e n a b le  to a n a ly s i s  a r e  
r a r e l y  c o n f o rm e d  with by n a tu r e ,  The  m o m e n t u m  a p p r o a c h  to the 
g e n e r a t io n  of l i t t o r a l  c u r r e n t s  h as  been  found to give  r e s u l t s  c o n 
s i s t e n t  with n a t u r a l  o c c u r r e n c e s .  The  b a s i c  c o n cep t  is  tha t ,  as 
the wave  b r e a k s ,  a c e r t a i n  w a t e r  m a s s  is  throyrn into m o t io n  in the  
d i r e c t i o n  of wave p ro p a g a t io n ,  and the  l o n g s h o r e  co m p o n en t  of th is  
m o t io n  p r o v id e s  the  d r iv in g  fo rc e  fo r  the  l i t t o r a l  c u r r e n t .  On the  
a s s u m p t io n s  of a s t r a i g h t  s h o r e l i n e  and u n i f o r m  b o t to m  s lo p e s ,  the 
v e lo c i ty  U u of the lo n g s h o r e  c u r r e n t  is  g iven  as:

The  wave f o r m  at b r e a k in g  is  a s s u m e d  tha t  of a s o l i t a r y  w ave ,  which  
it c lo s e ly  r e s e m b l e s .  *

4. 4 T id a l  C u r r e n t s

T id a l  c u r r e n t s  of any s ig n i f i c a n c e  a r e  g e n e r a l l y  r e s t r i c t e d  to 
n a r r o w  b o d ie s  of w a t e r  connec t ing  l a r g e r  w a t e r  m a s s e s .  N o r th  of 
Wybung Head,  t ida l  c u r r e n t s  in  and out of L a k e  M a c q u a r i e  a r e  a p p r e c 
iab le ,  but  the d i s t a n c e  p r e c l u d e s  any ef fect  in the v ic in i ty  of the  h e a d 
land.  A s m a l l  t ida l  c u r r e n t  is e n g e n d e re d  b e c a u s e  of the p r e s e n c e  
of an embayment.  b e tw een  Wybung H ead  and N o r  ah Head ,  bu t  th i s  aga in  
i s  s o m e  o r d e r s  of m ag n i tu d e  lo w e r  th an  the c u r r e n t s  due to  o th e r  
e f fec ts .  In the open ocean ,  t id a l  c u r r e n t s  a r e  u s u a l l y  r o t a r y ,  due 
to the e f fec t  of the  C o r i o l i s  f o rc e .  The  m a g n i tu d e  and d i r e c t io n  
change  con t inuously :  fo r  the P a c i f i c  O c ea n  with  s e m i - d i u r n a l  t i d e s  
one c o m p le te  r o ta t i o n  of c u r r e n t  d i r e c t io n s  is  p e r f o r m e d  about e v e r y  
12 h o u r s .  Speeds  of the o r d e r  of 0. 05 knots  have  b e e n  m e a s u r e d  
in the  open s e a  off the  w e s t  c o a s t  of the  U ni ted  S ta te s ,

U, = 5  ( s i + 4 £  s in  (sC, - 1)w 2 K b (23)

w h e r e  «C - angle  b e tw e en  s h o r e  and b r e a k e r  l ine

r cos  - h
l fT

w h e r e c r o s s  s e c t io n a l  a r e a  of wave  at b r e a k i n g

f - f r i c t i o n  f a c t o r  ( = 0 , 06  fo r  sand)

1 d i s t a n c e  f r o m  s h o r e  to b r e a k e r  l ine

Sec t ion  3. 16
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4. 5 E f f e c t  of L o c a l  T o p o g ra p h y  on C u r r e n t s

4. 51 G e n e r a l

T he  e f fec t  of b o u n d a r y  cond i t ions  has  a l r e a d y  b ee n  in d ica ted  with 
r e s p e c t  to  wind  in duced  c u r r e n t s  in sha l low  w a te r .  N a tu r a l l y  all  
c u r r e n t s  w i l l  be  p ro fo u n d ly  a f fec ted  by b o u n d a ry  condi t ions .  C o a s t 
l in e s  and sh a l lo w  b o t to m s  im p o se  a new s e t  of b o u n d a ry  condi t ions  with 
which  the  c u r r e n t  dev e lo p ed  by any s t r e s s  m u s t  conform .

4. 52 C hang ing  W a t e r  Depth

A c u r r e n t  occupy ing  the  full  depth  of w a t e r  is de f lec ted  if i t  f lows 
to w a r d s  a d i f f e r e n t  w a t e r  depth  b e c a u s e  of the change of c u r r e n t  v e l 
oc i ty  with  change  of c r o s s - s e c t i o n  and con seq u en t  change in C o r io l i s  
F o r c e  .(Defant, 1961). In the Sou the rn  H e m i s p h e r e  the c u r r e n t  wil l  
be  d e f l e c ted  c lo c k w is e  fo r  d e c r e a s i n g  w afe r  depth  and an t ic lockw ise  
fo r  i n c r e a s i n g  w a t e r  depth  (F ig u r e  36). In th is  way c o a s t a l  c u r r e n t s ,  
no m a t t e r  what  t h e i r  o r ig in a l  d i re c t io n ,  wil l  t end  to flow along the 
coas t .  T h i s  r e l a t i o n  is t r u e  fo r  c u r r e n t s  in m idd le  and high l a t i tu d e s ,  
but in low l a t i t u d e s  w h e r e  C o r io l i s  f o r c e s  a r e  l e s s  im p o r ta n t ,  c u r r e n t s  
tend  to  flow e a s t - w e s t "  independen t  of the s lope  of the bo t tom  (Sverd rup ,  
J o h n so n  and F l e m i n g ,  1942).

4. 53 B o t to m  F r i c t i o n

T he  s t a t e  of the  c u r r e n t  v e r y  c lo se  to the b o t to m  m u s t  be g o v e rn ed  
by the  r o u g h n e s s .  V e r y  l i t t l e  in fo rm a t io n  is ava i lab le ,  but s o m e  
m e a s u r e m e n t s  m a d e  of San Diego t ida l  c u r r e n t s  gave va lues  of 0. 5, 0 .7  
and 0. 85 fee t  p e r  s e co n d  at d i s t a n c e s  above the bo t to m  of 0. 7, 1 .7  and
4. 1 fee t  (S v e rd ru p ,  J o h n so n  and F l e m in g ,  1942). T h e s e  f ig u re s  a g re e  
with a b o t to m  c h a r a c t e r i s e d  as Mro u g h 1’ with tu rb u len t  r a t h e r  than  l a m 
in a r  flow, and with  a 11 r o u g h n e s s  p a r a m e t e r  of the s a m e  type as  tha t  
u s e d  to c h a r a c t e r i s e  pipe o r  ch an n e l  flow of about 1 inch, C o n co m itan t  
va lues  of s u r f a c e  t id a l  c u r r e n t s  a r e  not im m e d ia t e ly  ava i lab le ,  but 
so m e th in g  of the o r d e r  of 1 knot could be expected .  It t h e r e f o r e  s e e m s  
tha t  s u b s t a n t i a l  v e lo c i t i e s  p e n e t r a t e  to within a few feet  of the bo t tom .

4. 54 U pw el l ing  and Sinking

O th e r  p h e n o m e n a  a s s o c i a t e d  with b o u n d a ry  condi t ions  a r e  s ink ing  
and ' u p w e l l i n g " .  T h e s e  a r e  r e g a r d e d  as being  ca u s e d  by winds  b lo w 
ing a long the  c o a s t ,  d i s tu r b in g  the d i s t r i b u t io n  of m a s s  in the c o a s t a l  
w a t e r s  and c a u s in g  c u r r e n t s  on-  and o f f - s h o r e  at d i f f e re n t  depths .
F o r  the  e a s t  c o a s t  of A u s t r a l i a ,  a wind f r o m  the sou th  p ro d u c e s  o n 
s h o r e  flow at th e  s u r f a c e  with  r e t u r n  flow at depth  (sinking).  Winds
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f r o m  the  n o r th  c a u s e  o f f sh o re  s u r f a c e  flow and o n s h o re  flow at depth  
(upwell ing) .  T h e s e  c u r r e n t s  a r e  not def ined  by  the  flow in one 
v e r t i c a l  p lan e ,  but  a r e  3 - d im e n s i o n a l  w ith  flow u p - o r  d o w n -c o a s t  with  
the  wind.  T h e s e  p h e n o m e n a  have  not ye t  b e en  e x h a u s t iv e ly  ex a m in e d ,  
but  i t  i s  e x p e c t e d  th a t  the  a s s o c i a t e d  c u r r e n t s  would tend  to b r e a k  up 
into e d d ie s  and th a t  th e  f o r c e d  v e r t i c a l  c i r c u l a t i o n  would l im i t  the 
d e v e lo p m e n t  of the  c u r r e n t .

"4. 55 E f f e c t  of I r r e g u l a r  C o a s t l in e

M a c r o s p o i c  ed d ie s  a s s o c i a t e d  w ith  an i r r e g u l a r  c o a s t l in e  m u s t  
a l so  be  t a k e n  in to  account .  A c u r r e n t  f lowing in a g iven  d i r e c t io n  p a s t  
a b a y  is  l i k e ly  to  induce  a c i r c u l a t i o n  in the  b ay  with  a c u r r e n t  c lo se  to 
s h o r e  f lowing in the  oppos i te  d i r e c t io n .  T h is  is g e n e r a l l y  t e r m e d  a 
11b a c k - e d d y  " .

4. 6 C u r r e n t s  N e a r  Wybung Head

4 . 6 1  C o a s t a l  C u r r e n t s

Som e c u r r e n t  m e a s u r e m e n t s  have  b e e n  u n d e r t a k e n  in the  v ic in i ty  
of Wybung Head .  T h e s e  g e n e r a l l y  do not ex tend  m u ch  beyond 2 m i l e s  
f r o m  s h o r e ,  c o r r e s p o n d i n g  to  a depth  of about 100 feet .  A s u i tab le  
m e th o d  of m e a s u r i n g  t h e s e  c o a s t a l  c u r r e n t s  w as  found in the t r a c k i n g  
by 2 l a n d - b a s e d  s u r v e y o r s  of f lags  s u rm o u n t in g  v an es  o r  " c u r r e n t  
c r o s s e s " .  T he  v an es  w e r e  l aunched  f r o m  a v e s s e l  at s e a  and r e g 
i s t e r e d  the  c u r r e n t  at v a r io u s  dep ths ,  depending  on the leng th  of c o r d  
b e tw e e n  the  vane  and a s m a l l  p a r t i a l l y  s u b m e r g e d  float.  S ke tches  of 
c u r r e n t - c r o s s e s  and pole  type f lo a ts ,  which  w e r e  u s e d  fo r  s o m e  of the  
e a r l y  s u r f a c e  cur!rent  m e a s u r e m e n t s ,  a r e  shown in F i g u r e  37. In s o m e  
i n s t a n c e s  t h e s e  " f l o a t - r u n s "  w e r e  s u p p le m e n te d  by m e a s u r e m e n t s  at 
v a r i o u s  l o c a t io n s  m a d e  w i th  a K elv in  and Hughes  D i r e c t  R ead ing  C u r r e n t  
M e te r .  T he  a c c u r a c y  of the  c u r r e n t  m e t e r  w as  i m p a i r e d  at low s p e e d s  
(which  g e n e r a l l y  p r e v a i l  in the  a rea )  by i ts  v e r t i c a l  m o v e m e n t  u n d e r  
w ave  ac t ion .

C u r r e n t s  w e r e  m e a s u r e d  at v a r io u s  t i m e s  of the  y e a r  and u n d e r  
v a r i o u s  s e a  and w e a t h e r  cond i t ions .  In g e n e r a l  th e y  w e r e  found to  be  
m o s t l y  a lo n g s h o r e ,  as  t h e o r y  and e x p e r i e n c e  would  p r e d i c t ,  and to  
change  r a p i d l y  w i th  r e l a t i v e l y  m i n o r  c h an g es  in w e a th e r .  F o u r  
f a c t o r s  w e r e  d i s c e r n a b l e  as  a f fec t ing  the  c u r r e n t s ,  being:

(i) S t r e n g th  and i n s h o r e  p e n e t r a t i o n  of the  E a s t  A u s t r a l i a n  c u r r e n t .
(ii) L o c a l  w e a t h e r  (w in d s ) .
(iii) D i s t a n t  w e a t h e r  ( s w e l l ) .
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(iv) L o c a l  to p o g ra p h y .

T h e  i n t e r p l a y  of t h e s e  and o th e r  f a c t o r s  r e s u l t s  in  a h igh ly  u n s ta b l e  
c u r r e n t  s y s t e m .  S o m e t im e s  one f a c t o r  h a s  a p p e a r e d  to  p r e d o m in a te  
and i t s  e f fec t  cou ld  be  s e e n  in  the  r e s u l t i n g  c u r r e n t ,  but f r e q u e n t l y  it  
s e e m e d  th a t  m a n y  f a c t o r s  in p lay  c o n t r ib u t e d  e f fec ts  of s i m i l a r  m a g 
ni tude  and the  m e a s u r e d  c u r r e n t s  w e r e  th e n  not e a s y  to  i n t e r p r e t .

F i g u r e s  38 to  6 0 give an in d ic a t io n  of the  c u r r e n t s  m e a s u r e d  off 
Wybung Head .  A b r i e f  r e s u m e  of s o m e  o b s e r v e d  p h e n o m e n a  is  g iven  
in  the  fo l lowing p ag es .

At d i s t a n c e s  g r e a t e r  th an  about § m i l e  f r o m  s h o r e  a s o u t h e r l y  
s e t  w as  o b s e r v e d  on n e a r l y  e v e r y  o c c a s io n  w h en  m e a s u r e m e n t s  w e r e  
m a d e  at s u c h  d i s t a n c e s .  W hen  s t r o n g  n o r t h e r l y  c u r r e n t s  w e r e  e n 
c o u n t e r e d  c l o s e r  to  s h o r e ,  the  s o u th w a rd  flow s e e m e d  to be  d i s p l a c e d  
up  to  j  m i l e  f a r t h e r  to  s ea .  N o r t h e r l y  i n s h o r e  f lows w e r e  f r e q u e n t ly  
found to be  c o n n e c te d  to  th e  s e a w a r d  s o u th e r l y  s e t  by  an e a s t e r l y  flow, 
w h ic h  o c c u r r e d  about \  m i l e  to  1 m i l e  f r o m  s h o r e .  On one o c c a s io n ,  
23. 6. 196 2, a s t r o n g  n o r t h e r l y  c u r r e n t  a s s o c i a t e d  w i th  h ea v y  s w e l l  
f r o m  the  so u th  p e r s i s t e d  as  f a r  as  3 m i l e s  f r o m  W ybung Head .  Though  
the  n u m b e r  of days  on w hich  c u r r e n t s  have  b e e n  o b s e r v e d  at d i s t a n c e s  
g r e a t e r  th a n  s o m e  j  m i l e  f r o m  s h o r e  does  not e x c e e d  about 10, t h e r e  
s e e m s  to be  ev id en ce  of a d o m in an t  s o u th e r l y  s e t ,  d i s t u r b e d  only by 
qui te  s t r o n g  w e a t h e r  cond i t ions .

U n d e r  c a l m  w e a t h e r  co n d i t io n s ,  e s p e c i a l l y  at n ight  w hen  w inds  
a r e  g e n e r a l l y  low, the  s o u t h e r l y  h a s  b e e n  found to  p e n e t r a t e  to w i th in  
1/  4 m i l e  f r o m  the  c o a s t .  On the  n ight of 15. 6. 196 2 to  16. 6. 196 2, 
fo r  e x a m p le ,  s o u th - f lo w in g  c u r r e n t s  w e r e  r e g i s t e r e d  1 / 4  m i l e  f r o m  
Wybung H ead ,  a l though f lo a ts  t r a c k e d  n o r th  on bo th  days  at d i s t a n c e s  
up to  j  m i l e  f r o m  the  c o a s t .  On 20. 6. 196 2, a s o u t h e r l y  c u r r e n t  w as  
found as  c l o s e  as  200 y a r d s  f r o m  s h o r e ,  in s p i t e  of s t r o n g  l o c a l  winds  
th a t  would  t h e o r e t i c a l l y  induce  c u r r e n t s  w i th  a d i r e c t i o n  b e tw e e n  
n o r th  and e a s t .  F i g u r e  54 would  in d ic a te  th a t  a m a r k e d  i n t r u s i o n  of 
the  o f f s h o re  s o u t h e r l y  s e t  w as  o c c u r r i n g .

T h e  e x i s t e n c e  w i th  s t r o n g  s w e l l  of a c u r r e n t  r u n n in g  w i th  the  
s w e l l  h a s  a l r e a d y  b e e n  i n s t a n c e d  f o r  23. 6. 196 2. E v e r y  t i m e  th a t  a 
h e a v y  s w e l l  h a s  b e e n  o b s e r v e d ,  s w e l l - d r i v e n  c u r r e n t s  hav e  b e e n  
r e g i s t e r e d .  Swel ls  f r o m  the  so u th  only  have  b e e n  e n c o u n t e r e d  d u r in g  
c u r r e n t  m e a s u r e m e n t s ,  and t h e s e  o c c u r r e d  on 24. 3. 1961, 5. 7. 1961 
and 15. 6. 196 2 as  w e l l  as  23. 6. 196 2. T h e  only t i m e  th a t  a
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s u b s t a n t i a l  n o r t h e r l y  c u r r e n t ,  at l e a s t  i n s h o r e ,  was  not a s s o c i a t e d  
with th e  s w e l l  w as  on 5. 7. 61, when the sw e l l  was  s l igh t  and the lo ca l  
winds  high.  T h e  m a s s  t r a n s p o r t  c u r r e n t s  a s s o c i a t e d  with t h e s e  
s w e l l s  a r e  l o w e r  th an  the  o b s e r v e d  c u r r e n t s ,  * and it  would a p p e a r  that  
a r e d i s t r i b u t i o n  of m a s s  e f fec ted  by the s w e l l -p ro d u c in g  f o r c e s  is r e 
sp o n s ib le  f o r  the  s t r o n g  c u r r e n t s  ex p e r ie n c ed .

Wind e f fec t s  a r e  at once the m o s t  p ro b a b le  c a u se  of m an y  of the 
c u r r e n t s  e n c o u n te r e d ,  and the l e a s t  a m en ab le  to an a ly s is .  The  p u re  
wind d r i f t ,  ev en  f o r  winds  as  high as 30 knots ,  cannot  be  ex p ec ted  to 
e x c e e d  0. 1 knots  at  the  s u r f a c e .  The s e c o n d a ry  ef fec ts  of the wind 
in a l t e r in g  the  d i s t r i b u t i o n  of m a s s  in the ocean  and in c au s in g  such  
c o a s t l i n e  p h e n o m e n a  as upw el l ing  and s inking  a r e ,  h o w ev er ,  im p o r t a n t ,  
and t h e s e  have  not  ye t  b e e n  su b je c te d  to any d e g re e  of quan t i ta t ive  
a n a ly s i s .  On m a n y  o c c a s io n s ,  when no o th e r  o v e r - r i d i n g  ef fec ts  
s e e m e d  to be  in ev id en ce ,  c u r r e n t s  m e a s u r e d  c o r r e s p o n d e d  in d i r e c t io n  
with the  p u r e  wind d r i f t  c u r r e n t s  a s s o c i a t e d  with the p r e v a i l in g  wind, 
accoun t  b e in g  t a k e n  of the  fac t  tha t  c u r r e n t s  runn ing  to w a rd s  changing 
w a t e r  dep ths  tend  to t u r n  and follow the bo t to m  c o n to u r s .  I n sh o re  
c u r r e n t s  m e a s u r e d  on 11. 6. 1962,  16. 6. 1962 and 21. 6. 1962 a r e  so m e  
e x a m p le s  of c u r r e n t s  a s s o c i a t e d  with l o c a l  winds.

In su f f i c i e n t  m e a s u r e m e n t s  have  been  m ad e  to def ine all  the e f fec ts  
on the  c u r r e n t s  of the  c o a s t l i n e  g e o m e t r y  and lo ca l  topography .  E x 
ce ed in g ly  c a l m  w a t e r  w ith in  a m i le  o r  so  of the co a s t  a s s o c i a t e d  with 
hea v y  o f f s h o re  chop d u r in g  s t r o n g  w e s t e r l y  winds is  one ef fec t  tha t  was  
noted  on 5. 7. 1961 and 6. 7. 1961. The  s o u th e r ly  c i r c u l a t io n  v e r y  c lo se  
to  s h o r e  n o r th  of Wybung H ead  on 13. 6. 1962 with n o r t h e r l y  c u r r e n t s  
f a r t h e r  o f f sh o re ,  in d ica t in g  a b a c k  eddy in F r a z e r  P a r k  Bay,  is an o th e r  
e x a m p le  of b o u n d a r y  e f fec ts  tha t  w a s  o b se rv e d .

T h e  c o a s t a l  c u r r e n t s  a r e  s e e n  to be p a r t i a l l y  exp la ined  on the 
b a s i s  of p r e s e n t l y  a c c e p te d  t h e o r i e s ,  p a r t i c u l a r l y  when one in f luence  
is  p o w e r fu l  enough to  o v e r - r i d e  the ef fec ts  of the o th e r  phenom ena .
In the  a b s e n c e  of s t r o n g  w e a t h e r  o r  s e a  cond i t ions ,  l ight and v a r i a b l e  
c u r r e n t s ,  w h ich  a r e  not r e a d i l y  expla ined ,  c h a r a c t e r i s e  the in s h o r e  
w a t e r s .  T hough  in su f f ic ien t  r e c o r d s  a r e  ava i lab le  to m a k e  def in i te  
s t a t i s t i c a l  i n f e r e n c e s ,  it m a y  be  s t a t e d  tha t  t h e r e  a p p e a r s  to be a d o m 
inan t  s o u t h e r l y  s e t  w ith  a v a r i a b l e  s h o r e w a r d  l im i t  about 2 m i l e  f r o m  
Wybung Head, and th a t  the  w a t e r s  b e tw een  th is  d i s t a n c e  and the c o a s t 
l ine  s e e m  to  flow g e n e r a l l y  n o r th  o r  sou th  along the  c o a s t  with no s i g 
n i f ican t  d o m in a n c e  fo r  e i t h e r  d i re c t io n .  ■________________________
* S ec t ion  4. 31
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>T AT l< 
1 >5

..•'•••/f r a z e r
PARK

■/REACH

RONGON
HEAD

STATION

NOTE : POLE TYPE SURFACE FLOATS USED

WYBUNG"
'X -s .H D .

Tide* at  Fort  Denison Wind o t  Nobby’*

Time Height

1:50  a.m 4 f t . 8 ins.

8 !3 9  a.m Ift .  IOins.

2 : 3 8  p.m 3 f t .  8 ins

8=22 p.m , 2 f t .  2 ins

Seo : r i l in g  southerly  swell

Time Speed Direction

6 o.m 12 N.W

9 a.m 17 W.N.W

12 noon 17 S.S.W

3 p.m 29 S.S.W

SCALE

24 3 61 a .m  CURRENTS

Figure 3 8
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Wind a t Nobby's

Time Speed Direction

8 a.m 2 N.W
9 a m 9 N.W

12 noon 2 2 W.N.W
3 p m 17 N.W

Tide* at' Fort Denison

Time Height

l'-27 a m 5 ft .  Oins

0 : 0 4  a -m II ins

2 . 2 6  p.m 4  ft . 7  ins

8•' 3 0  p.m ( f t .  Sins

S e a :  slight southerly swell

O m-
N .  e = ~ ~ - = ^

SYMBOL AVE. VELOCITY 
ft  . / s e c .

-a---------- n- 0 - 5

-jl-----s---- *_ 0 3

0  4

&---------- A 0 - 3

o--------- o 0-1

n o t e : a l l  p o l e  t y p e  s u r f a c e  f l o a t s

\  rr, . m. I mile

SCALE

SHORE STATION 15

BONGON 
HEAD 6 

c*
FRAZER

PARK
BEACH

WYBUNG
HEAD

ORE STATION 14 £

7
N O T E :  s y m b o l s  * 0 4 0  ^ r e s e n t

FLOAT PjdslTIONS AT 20  MINUTE 

TIME INTERVALS EXCEPT WHERE 

OTHERWISE SPECIFIED.[

X  5 - 7 -  6! p.m CURRENTS

Figure 39
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Wind at Nobby*

Time Speed Direction

6 a.m 2 6 N.W
9 o. m 3 0 N.W

12 noon 3 0 N.W
3 p.m 3 0 N.W

N .  Tide* ot Fort Deniton

Time Height

2 :3 2  a.m 4 f t .  7  in*

9 . 0 0  a  m Ift .  1 in

3 : 2 8  p m 4 f t .  8 in*

9 ;4  5 p-m 1 ft .  Sin*

Seo: ca lm  inthore,
choppy offshore

O \  m . ____________ \  m.____________ % m .  I m ile

SCALE

SHORE STATION 15

o V, BONGON 
HEAD

FRAZER
PARK

BEACH

O-'

SHORE
STATION

WYBUNĈI j 

& , N O T E -  ALL POLE TYPE SURFACE FLOATS

N O /T E  : SYMBOLS x O A O  REPRESENT 

FLOAT POSITIONS AT 2 0  MINUTE 

TIME INTERVALS.

-I * —  ESTIMATED

6 * 7  61 CURRENTS

Figure 4 0



73.

Shore S ta tion  15

BONGON
HEAD

FRAZER
PARK

BEACH

Shore S ta tion  14 A

appargn

WYBUNG
HEAD

VANE LAUNCHING
DEPTHSYMBOL TIME

Wind a t  Nobby*

Time Speed Direction

3 o.m IO E.N.E
6 o.m S N.E
9 a.m IO E.N.E

12 noon IS E.N.E
3 p.m 2 0 E.N.E
6 p.m 2 0 N. N.E
9 p m IS S

S ea:  north  c o s t  chop

Tide* a t  Fort  D en i*on

Time H e ig h t

2 : 3 5  a m 1 f t .  O in*.

8 :  54 a.m S f t .  5 in*.

3 :2 1  p.m 8 in*.

9:17 pm 4 f t .  6 ins.

%.mile

SPEED (m.p h ) - t p  * RECOVERY

5 r 9- 38 am. 0 - 2 4 0 -3 5 IO: II a.m

S F. 9 - 5 9  a.m. 0 - 4 3 0 - 6 1 0 : 4 0 a m

IO F. 10-01 am. - - II :35 am

Surface pole 10 0 2  am . 0 - 6 1 0 - 9 1 0 : 3 0  am

IO F. 10-32 a.m. 0 - 5 2 0 - 7 5 II-.26 a.m

5 F. 10-37 o.m. 0 - 5 2 0 - 7 5 11:27 am

2 0 - 2 - 6 2  a .m  CURRENTS

Figure 41
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Wind at Nobby*

Shore S ta t io n  15
BONG O N
HEAD

FRAZER 
/  PARK

/  BEACH

Shore  S ta tion  14 A

Shore Sta tion  3 A WYBUNG 
HEAD

Shore
Station

T im« Speed Direction

3 a.m IO N.N.E
6 a.m 10 N.N.E
9 a.m ca lm -

12 noon IO S.S.E
3 p.m IS S.S.E

S e a :  calm

Tide* at  Fort Denison

Time H eight

3: IO a.m I f t .  O in*.

9 :27  a.m Sft .  4 ins.

3 : S 1 p.m 8 ins.

9 : 5 0  p-m 4 ft .  7 ins.

4  m. 4 m i l e

SCALE

SYMBOL ™ tEh
l a u n c h i n g

t i m e
SPEED (m-p-h* -  f.p.s RECOVERY

-------A --------  IO F. 9- 57 a.m 0-115 0 1 5 12:39 p.m

9 -3 5 a .m O -1 O'IS 12:40  p-m

------------------  5 F 9 - 5 0  axn 0-125 O- 2 12-27 p.m

-------  -------  5 F 9 - 4 0  a.m 0-11 O- IS 12:14 p.m

------------------  IO F. 9 - 4 4  a.m 0 0 9 0-1 1 2 :4 2  p-m

-------- • -------  Surface  pole 9 -42  a.m 0 - 2 3 0 - 3 S II :52  a m

— — * ——  Su rface  pole 12 0 7  p.m O- 23 O- 35 12:44  p m

21 2 62  a . m  CURRENTS

Figure 4 2
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[TAT ION*

BONGON
HEAD

STATION

■4A

WYBUNC"\HEAD\̂ _
STATION 2 ^

SYMBOL VANE
DEPTH

AVE. VELOCITY 
ftjsec.

S u r f a ce 0 -5

----------- Su rface 0  5 -  10:28 to  11-23 
0-8 5-11:23  to  12:15

5 Fathoms 0  5

S Fathoms 0 - 4 5

--------- IO Fathoms 0 - 4 5

% m. I mile

SCALE

S e a : colm  

Tides a t  Fort Denison

Time Height

2 : 3 3  a.m. 4  ft. 5 ins.

9:13 a.m. 1 ft. 6 ins.

3 : 3 8  p.m. 4  ft. 5 ins.

9 :3 1  p-m 2 ft . 4  ins.

II 6  62 a . m . CURRENTS Wind at Nobbys

Time Speed Direction

3 a.m. IO S.W.
6 a.m. < 5 S.W.
9 a.m. IO N.W.

12 noon IO N.W.
3 p-m c a lm -
6 p-m c a lm —
9 p-m IO W. S.W

Figure 4 3
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►TATIOI

BONGON
HEAD

STATION

UA

STATION 2 ^ \ WYBUNC
?  h e a d

AVE. VELOCITY  
ft./sec.

VANE
D EPT H

SYMBOL

0 - 4S u r f a c e

0 - 4 5

0 - 35 Fathom*

0 - 3 5

IO Fathom* O - 3S

0 3 5

I mile

SCALE

6  62  P.M. CURRENTS

Sea : ca lm  

Tide* at Fort Denison

Time He ight

2 :3 3  a.m. 4 f t .  5 ins.

9 :1 3  a.m 1 ft. 6 ins.

3 :38  p.m 4  ft .  5 ins.

9 :31  p-m. 2 f t . 4  ins.

Wind at Nobby*

Time Speed Direction

3 a.m. IO S.W.
6 o-m. < 5 S.W.
9 a.m. IO n :w.

12 noon IO N.W.
3 p.m c a lm -
6 p.m c a l m —
9 p-m IO W. S.W.

Figure 4 4
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STATIOI

BONCON
HEAD

» « »  - 1 1 3 7  
O '4 0  * .

STATION

UA

STATION 2 ^

w  < T \

N O T E :

Where directions only given for current
meter observations, no speeds were measured.

Where depths ore not given,  the direction
indicated from surface to  bottom was 
the sam e .

p o in t .  . „V d ep th -  time
'  velocity, knots 

Key

SYMBOL VANE
D E PT H

S u rfa ce

5 Fathoms

IO Fathoms

AVE. VELOCITY  
ftjscc.

o”i

Ol
oTj
Ol
O- IS

CM 5

O______________ 'k _m.____________\  m.____________ 3̂ m . ___________ I mile

SCALE

1 2 - 6 - 6 2  C U R R E N T S

S e a .- c a  Im 

Tides a t  Fort Denison

Tim e Height

3 : 2 9  a m 4 f t .  5 ins .

9 : 5 0  a.m 1 f t .  6 ins.

4 : 2 9  p m 4  ft . 7  ins.

IO:2 8  p-m 2 ft .  2 ins.

Wind at  Nobbys

Time Speed Direction

3 a.m. < 5 N.W.
6 a.m. < 5 N.W.
9 a.m. 5 S.W.

12 noon c a lm -
3 p-m colm -
6 p m S S.E
9 p m calm

Figure 4 5
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BONGON
HEAD

1 2 4 0

STATION

»K
STAI i ? N 2 4 s \ w y b u n c

HE AO

0*21

/  ALL FLOAT VELOCITIES IN FT./SEC.
« . /  « METER « « KNOTS/  ________________________________

SYMBOL VANE
D E P T H

AVE. VELOCITY  
ft ./sec.

Surface 0 - 4

--------- 1 0 - 3
--------- 1 Fathom 0  25

.................. 5 • 0 - 3

5 . 0 -1

— — 10 • 0  2

O \ _m.____________ \ _m.____________ ^  m._________  I mile

SCALE  

1 3 - 6 - 6 2  A.M. CURRENTS

Sea: calm

Tide* at  Fort Denison

Tim e Height

4 : 2 4  a.m. 4 f t .  Sins.

10:41 am . 1 ft . 5 ins.

5 :15  p.m. 4 f t .  Ilins.

Hi 2 2  p-m 1 ft. II ins.

Wind at Nobbys

Time Speed Direction
3 a.m. < 5 N.W.
6 a.m. 5 N.W.
9 o.m. 5 N.W.

12 noon c a l m -
3 p.m. < 5 E.
6 p.m. c a lm -
9 p.m. IO N.

Figure 4 6
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1 3 4 5  ■ »  I 3 4 «

WYBUNG
HEAD

CutUNT
M i t u  ( ■ J O O O - l 'J i o )

1 4 1 0

2 «  - o - a o

1 4 4 5
4 »  -  0 - 4 0  

' S ' " ° ‘3 ° ^ 6 « - O 4 0  

o  JO

2 0 0 0

S ' °  l f t* 
/ 1 \ ° 2 0

4 * - 0 - M  S ' 
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2 0 6 6

1 4 9 - 0 * 1 0
4 P - 0 * «

2 1 6 0
! 6 r - 0 * » 0

• ■ / f C
° « /  1 * s - o «

4 *  - 0 - 3 0

_____ f *

2 2 5 0

i s . - o o s / f l

/ / f  S r - O - i *
s - o - a s  ^

.............. A

SYMBOL VANE
DEPTH

AVE. VELOCITY  
ft./sec.

Surface 1346 to 1518-0-3  
1518 to 1 5 48-0 -2

--------- ■ 0 - 3 5

--- ------ 1 Fathom 0-15

3 * 0 - 2 5

--------- 5 * O- 15

- o — o — 1°  * l345"To 1433 - 0 - 2 5 ” 
then apparently grounded

ALL FLOAT VELOCITIES IN FT./SEC.  
• METER . . KNOTS

1 3 - 6 - 6 2  p.m. CURRENTS

m. I mile

Time Height

4=24  o.m 4  f t .  5 int.

IO: 41 a.m l f t .  5 ins.

5:15  p.m 4  ft . II ins.

l l>2 2  p.m 1 ft . II ins.

S eo :  calm  

Tides a t  Fort Denison

SCALE

Wind a t  Nobbys

Time Speed Direction

3 a.m. <  5 N.W
6 a.m. 5 N.W
9 a.m. 5 N.W

12 noon ca Im -
3 pm < 5 E
6 pm ca 1 m -
9 pm IO N

Fiqure 47



8 0 .

Wind a t  Nobby*

STATION

Time Speed Direction

3 a.m. 5 N.W.
6 a m 5 N.
9 a.m 5 NNW

12 noon 5 N
3 p m 15 N.W
6 p m 15 N.W
9 pm 15 S.W

BONCON
HEAD

STATION 14 A

Sea : calm

STATION 9a &

Tide* at  Fort Denison

Time He ght

5 : 17 a.m. 4  ft 5 ins.

II 21 a.m. 1 f 1 5 ins.

5 58 p.m. 5 ft I in.
STATION 3 A  zX'XWYBUNG  

HE AD

j
*«-o i* v  \M ..042

4 * -0 -3 0

3

y f
'  S - 0 - 2 S

4r-0-40 /  I 
BP-e-tv *

4-w-0*30
ftv-O-JS

4 *  -  0 - 4 0  .8* -a2«/

4*-0-30 / / S '0*25 

8**0 55 /

l«*-0»©J 
iw-o20

4*-0-30/ /
/ /  /  "

/
0600

4 . - 0
e * -o «  />s*c

1131 /

1 * 3 5

J .
2000

4 * - 0 - ‘2 8 / S - 0  3 0

* * 0 - 3 \ 8-0-18 
>*0-30 'Afl-Q .lC

SYMBOL
VANE

DEPTH
AVE. VELOCITY  

f t ./ sec .

S u rfa ce O I 5

I Fathom O -l

I » 0 - 2

-------------- I «
0 9 5 7  to ( 0 2 5 * 0 - 3 5  
13 0 0  to IS 1 7 - 0 - 5 5

-----o ---- 5 H 0 - 3 5
--------- 7 H 0  2

-4 m. 'i  m.

ALL FLOAT VELOCITIES IN FT./SEC.  
i  METER « .  KNOTS

3s I mile

SCALE

14 6 62 CURRENTS

Figure 4 8



81.

STATION 
IS * 1 0 3 4 .

BONGON
HEAD

use.

STATION

,4A

1420

6 4 - 0 - 2 0  

STATION 2 / ^ W Y B U N G
1 3 2 0

HEAD

» 3 F -  0 * 3 0

1̂03
1 0 4  S 

1031

Wind at Nobby's

Time Speed Direction

3 a.m. IO W
6 a.m. IO W. N.W
9 o.m. 15 W.N.W

12 noon 15 N.W
3 pm IO N.W
6 p m < 5 S.W
9 p m < S N-W

Tides a t  Fort Denison

✓ (325

o o o o

4 * - 0 - 4 0 / 7  W-O l f

/ W - 0 - 4 0  
» - O  W  / o ’

O lO O

8* *  0 - 4 0  V  

3 *  0 - 2 0  /V

4 4 - 0 - 4 0

5-0-10

0 2 0 0

~ - » X
/  fo -a o

4 » - o - 3 S
3 4 - 0 - 4 0  / £

0 3 0 0

w - o - a v /
/  /4 P - 0 - 4 0  

3 * 0 -3 3  /  
e . - o s s

/ o

0 4 0 0 _______

3 * 0 - 3 0  /  

8 4 - 0 - 4 0  '  /  

5 -  O 3 5

0 -4 5

/a

0 6 0 0

s - o i S ' - ' X ' Y j

Sp-O-40 /  1
* 8 -0 -3 0

4 4 - 0 -  30

(a
0 6 0 0  .  

3 * * 0 -6 0  y V l  
3 -0 -3 *  X /  /

4 » * 0 3 f

0 7 0 0

3 - 0 - 3 5  /
/  5 -0 - 1 5  
4 * - 0 * 4 0  

e » - o - i * -  
/ t i

0 8 0 0

8 - 0 - 3 0  I 

8 « - 0 - 3 0 ' Y ^ \

4 4 - 0 - 3 5

0 9 0 0

3 »  * 0 -3 1

" X "3-0-17

^  6

2 2 0 °

^ - o - i o / i  
*9-0-vJI  1 

II.-O-m/ I., o-20

* 9 - 0 * 2 *  / x

2 3 0 0

1 2 4 -0 2 *  . X / V
/  //I4-O 10

114-0-IO. /

5 4 - 0 - 3 0  s '  /X
1 1 3 0

0*35 f J  # 3 - 0 - 7 3  

1 0 4 - 0 - 7 0

ALL FLOAT VELOCITIES IN 
. METER *

I .  i .

1 4 6 *  /

1341

\  1 4 6 4  

1357 m . 1 1 5 6

/  ■«

>  '
7 I

>  1 4 3 2

Time Height

O -11 o.m 1 ft . 8 ins

6 = 0 9  a.m 4  ft. 5 ins

12:03 p m Ift .  4  ins

6 ; 39 p.m 5ft .  Sins

S e a : Sou ther ly  swell

T h i s  p o i n t  6 S 0 Q y d » .  p b o n  

W ilU K C  U s*j>  i n  T H IS  
SmtCTlON .

KNOTS.

\  mile

SYMBOL
VANE

DEPTH

Su rface

I Fathom

IO

AVE. VELOCITY 
ftysec:

0 - 7

0 - 5 5

O 65

1325 to 1412-0-45  
1412 to 1 4 5 0 - 0  25

O- 2

1357 to 1422- 0  4  
1422 to 1456 -  0  2 5

0  7

0  5
1356 to 1432- 0  5 
1432 to 1457 -  0 - 3

0 -5 5

SCALE

15 6  62 CURRE NT S

Figure 49.



8 2 .

STATION 
O 15 f

BONCON
HEAD

STATION 
•4 A

STATION 2
IWYBUNC
HEAD

1*29
T h i s  o o h m t  N .  
*000 t m o s  fiom 
Wvfcuic 4tK b, ii
THIS S>»CTIOM

'1427

aooiT)i \
r^ O M  \
Nvsiinc Kn.̂ V
■ H Thi* DiBSCtiON

AVE. VELOCITY  
ft ./ see .

SYMBOL

2 Fathoms

Wind at  Nobbys

Time Speed Direction

3 a.m IO N.W
6 a.m IO W
9 a.m calm -

12 noon 15 N.W
3 p-m IO N.W
6 p m colm -
9 p.m 5 N

ALL FLOAT VELOCIT 
. METER

L I.% m. 'jin.

SCALE

16-6 6 2  CURRENTS

Figure 5 0

IN FT./SEC.
* KNOTS.

Tides at Fort Denison

Time H eight

1=00 a.m 1 ft . 5 ins

6:58  o.m 4  ft .  5 ins

12 : 4 4  p.m 1 ft.  4  ins

7:  19 p m 5 ft .  8 ins

S e a  : c a lm



Sea:  ca lm  

Tides a t  Fort Denison

Tim e Height

| :4 7  a.m 1 ft. 2 ins.

7 : 4 4  o.m 4 f t . 6 ins .

1: 2 6  p m 1 ft . 4  ins.

7 :5 9  pm 5 ft. II ins.

17• 6  62 CURRENTS

Wind ot Nobby’s

Time Speed Direction

3 a m 2 0 W

6 a.m 2 0 N.W
9 o.m 3 0 N.W

12 noon — —
3 pm 2 0 N.W
6 p m 10 N.W
9 p m 25 N.W

m. I mile

SCALE

STATION

STATION
A 14

STATION

SYMBOL VAN E 
DE PTH

AVE. VELOCITY 
nVsec.

2 Fat horns 0 1 5

-------------- 2 i 0 - 3 0

5 « 0 1 5

5 0 -2 5

— X— x _ 10 . 0 - 2 5

3*-0-tO ,».0'20 
4 5si-OiO

8 0 N C 0 N
HEAD

020 

0400

21

ALL FLOAT VELOCITIES IN FT./SEC. 
. METER , . KNOTS

BUNG 
HEAD

0 7 3 0

0700

0943

A

Figure 51



8 4

m . m ile

Sea: calm  

Tide* a t  Fort Deniton

Time Height

2 : 3 1  o.m II int.

8 : 2 9  a.m 4 f t .  6 (nt

2 : 0 8  p m 1 f t . 4  in*

8 :39  p-m 6 ft.  1 in.

SCALE

1 8 - 6 - 6 2  CURRENTS
Wind at Nobby*

T ime Speed Direction

3 a. m IO N.W
6 a.m IO W.N.W
9 a.m 5 N.W

12 noon calm -
3 p m < 5 E .S .E
6 p. m 5 N.E
9 pm 5 N

5TA TIO 
^  '5

BONGON
HEAD

STATION 
•4 A

L  6 « - 0 1 S
WYBUNG H D S * ^ " ^  

STATION 2 / ^ >

AVE. VELOCITY 
ft./sec.

VANE
DEPTH

SYMBOL

I Fathom

IN FT./SEC. 
« KNOTS

FLOAT VELOCITIES 
METER

Fiqure 5 2



8 5 .

STATION

BONGON
HEAD

STATION
A  14

STATION 2 £

SYMBOL VANE
DEPTH

AVE. VELOCITY 
ft ,/sec.

2 Fathoms O'3 0

------------- 2 • 0 - 2 0

5 < 0 0 5

— x— x— 8 « 0 - 2 5

-------------- IO . 0 -  IO

1002

SCALE

1 9 - 6 - 6 2  CURRENTSSea:  calm
Wind at Nobbys

Tides  a t  Fort Denison

T ime Height

3:17 a.m IO ins.

9:15  a.m 4  ft .  6 ins.

2 : 5 2  p-m 1 ft .  4  ins.

9 : 2 0  p-m 6 ft .  lin.

Time Speed Direction

3 am IS N.W

6 am 15 N.W
9 o.m 2 0 N.W

12 noon 25 N.W
3 P-m 25 N.W
6 pm - —
9 p-m IO N.W

Fiqure 53



STAT ION

BONCON
HEAD

STATION 
& '4

WY BUNG 
STATION 2 A \ H D .  A

,n o a  7,

IUS

SYMBOL VANE
D EPTH

AVE. VELOCITY 
f t . / s e c .

2 Fat horns 1- 1

-------------- 2 * 0  3

-------------- 4  » 0 -8 5
-------------- 5 , 1-4

— x— x— 5 « 1-2

— o ----o-- 5 * 0 - 8 5

--------------- 5 0 - 3

8 O- 3

not

f .  t—o-n

l«-o«  /  T, . 0.2o 
a*-0-1% /

5*-015

1130

............4 % ~
J  Sr-Oi5 

l.-o-is ( £

I2l 5

/  \tF- 0-25

p p - o - S h  
5»-0 55 
Tr-0 39 
IOF-OA5

124.5 -

.S.-o n  /  \  

iOF'O-45 j

V.O-52 (%

2200  

-  o-2 o n
-o 2 2 . 

8»*0 2S

2300

1-0-31 /  
5*-o-40 / /
6»-o-35 r f  0-23

(Z

Seo : calm  

Tide* at Fort Deniton 122*

Tim e Height

4 : 0 2  am 8 in*.

1 0 : 0 0  a.m 4  ft.  6 ins.

3 : 3 7  p.m 1 ft .  4  in*.

10 :05  p-m. 6 ft . 1 in.

ALL FLOAT VELOCITIES IN FT./SEC 
METER * « KNOTS.

1220

Wind at  Nobby*

Time Speed Di r c c t ion

3 a.m 25 NW
6 a.m 25 NW
9 a.m 25 'NW......

12 noon IS NW
3 p m 15 NW
6 p-m c a l m -
9 P-m c a lm —

^  mile

/  2 0 - 6 - 6 2  CURRENTS

/ '

Figure 5 4



WYBUNG
HEAD

/

/

1026 A  /
1028 S

/

o o o o

1 * -  0 -5 5  
3p • O- 32  
5 * * 0  40  
e ,* - o J s

6

0 2 0 0

|  IP- o -io

y  3 p - o » *

SP-0-20
fc p -O -2 5

0 4 0 0

Sp - 0 - 3 0
6 P - 0 .0

I  / / i ^ o  ao

O lO O

3 p - O lO 
5 * - O W /  ✓

/ O ' f p - O l O
A s  f tp -o -a o  

&

0 3 0 0

SP- 0  20 
5» - O- »C

IP-0- It
/£

0 5 0 0

3P-0-35 
l i - O - W  /

® * ' \  / / l f O | 5
o - .o  \  / /

1 0 3 0

3p-o-ao \ p - o y r

5 P - O H  /£

IIO O

lw-O-21 --

1130
5 p - 0-00

7 P -0 -S 2  
3 P -0 4 7  i

1 2 3 0

3P-0-50 
i  SP-0-4-C

I0P-0-40 I
> | r  7P-OAO

r.
ALL FLOAT VELOCITIES IN FT./SEC.  

. METER . , KNOTS.

Wind o t  Nobby*

Time Speed Direction
3 a.m. 10 W
6 am. — —

9 a.m. 15 N.W ""
12 noon 25 N.W
3 p m 15 N.W
6 pro 15 S.W
9 pm 35 W. N.W

(030

/
/

/

,JO»5
/. mile

SCALE

SYMBOL
VANE

D EPT H
AVE. VELOCITY 

U./*ec.

2 Fathom*
1037 to 1146- 0 -9  
1146 to 1313- 0 -6

--------- — 5 » 0 - 8

--------- 5 i 0 - 7 5

—  X— X— S ' 0 - 7

-- o----o---- S ■ 0 - 5

--------------- 5 * 0 - 3

— &----L--- 5 . 1038 to 1 1 4 8 - 0  8 
1148 to 1 3 0 9 -0 -4 5

e 0 - 7

Tide* ot Fort Denison

Seo: ca lm

2 1 - 6 - 6 2  C U R R E N T S

Figure 5 5

Time He ight

4 : 4 7  a.m. 7 int.

IO:49  a m . 4  ft . 5 in*.

4 : 2 4  p.m. 1 ft . 5 int.

10 52  p.m. 6 ft . O int.



88.

STATION 14 A

STATION

BONGON
HEAD

STATION w v e u N C  
HEAD

1515

15AO SYMBOL
VA NE 

DEPT H

AVE. VELOCITY  

l l j s e c .

2 Fathoms 0 - 4
--------- 5 0 3

'2 m.

SCALE

ALL FLOAT VELOCITIES IN FT./SEC.  
METER , * KNOTS

I mile

Sea: strong southerly swel 

Tides at Fort Denison

Time Height

5:35  am 8 ins.

11-40 a m 4 ft. 5 ins.

5: 17 p m 1 ft. 6 ins.

11:43 p m 5 ft. lOins.

2 2 - 6 - 6 2  CURRENTS Wind at Nobbys

Time Speed Direction
3 a.m IO N.W
6 a.m 10 W
9 o.m 5 N.W

12 noon - -
3 p m - -
6 p m 15 N.W
9 p m 5 N.W

Figure 5 6



Tide* ot Fort Denison

Time Height

- -

6 127  a.m IO ins.

12-37 pjn 4ft .  5 ins.

6 ‘- 14 p-m Ift. 7 ins.

Wind a t  Nob by t 89.
T me Speed Direction
3 e.m 5 N.W
6 0. m 5 N.W
9 a.m 5 N.W

12 noon ea !m -
3 p.IT S ca 1 m -
6 pm c a lm -

9 p.m ca Im -

Sea: strong southerly  swell

STATION 
IS

BONCON
HEAD

/
/

MSTATION

A 14

I / /
STATION 2 ^ ^ WYBUNG 

HEAD

0 9 0 7
C. n  4 P -0 -4 S

t

/ €

0 3 4 5
S i  • 0 -5 5  
f t* -  O «5 
ylOP-O'56 

$ - 0  55 /
2 P -0 -& 0  /
4 * * 0  » 0 A / t t * - 0 - 4 0

r

2 0 3 0
7w - 0  * 0  

»0*-0 35 /  >>

V /  5* - 0 -4 0

2130
IF-O-SS

■ •* 0  3 0  , /  
5 * -  O 40  7 /
IO*- 0 - 4 0  / /

4
2 2 3 0

5 * -0  ? 0  
tP-O  *T*-©-2*

|© *-© -*O s\ /

/S3

2 3 0 0

/ kS P -0-20 /  \
/7 * -0 -3 0  

1 0 * -0 -3 0

/*

11 sc 

s*-0-30 1

5
»*- 0 -3 0  
3 * - 0  35

/ ' i f - <^35 /  n*-0-30

11 •  - 0 *0 /fo]

eo iN iT  14 4 0 0 0
T h , |  

Di«»lCTiow

SY MBOL
VANE

DEPTH
AVE. VELOCITY 

f t j s e c .

Sur face O- 95

2 Fathoms
1 0 2 0  to  1149-0-4  
1149 to 1315-0-6

---------- 5 .1 0 -  95

--------- 5 *
1021 to  1151- 0 -3  
MSI to 1319- 0 -5 5

--------- 10 0 -  95

--------- IO U
1 022  to  1152- 0  3 
1152 to  1 3 3 8 - 0 - 6

3/'a m. I mile
ALL FLOAT VELOCITIES IN FT./SEC. 

METER ■ < KNOTS.

SCALE
2 3 • 6 62  CURRENTS

Figure 5 7



9 0 .

STATION

STATION

STATION 2

tooo

1000MI002

15  r * ,T M O M  C O N T O U R

VANE
DEPTH

AVE. VELOCITYSYMBOL

Su rface O- 2

0  2

0  2

0 - 4

i 3/\  m.

Tma P O I N T  i O O O  Y D S .

WYfcUN<; WE.*.O ’ ^
t  m s  T > ia » -C T iO K  

%

( 1>=- 0 - 3 0  
I f  -  0 - 4 -5

1 2 1 6  ^

1 2 3 0

ALL FLOAT VELOCITIES IN FT./SEC.  
METER » •: KNOTS.

I mile

SCALE
2 4 - 6 - 6 2  C UR R E NT S

Sea: calm  

Tide* at Fort Denijon

Time Height

O: 38 a.m 5 f t .  6 int.

7 : 2 0  a.m II int.

1 = 3 7  p.m 4 f t .7 int.

7 : 2 2  p m Ift. 8 int.

Wind a t  Nobby?

T ime Speed Direct ion!

3 a.m 5 N.W

6 a.m 15 N.W
9 a.m 2 0 N W

12 no o n -
3 p.m IO N
6 p.m IO N
9 p.m IO N.W

Figure 5 8



91

STATIO

BONGON
HEAO

STATION

STATION 2 WYBUNG
'HEAD

IO O O » '"

1005 • —-!

AVE. VELOCITY 
ft ./ sec .

VANE
D E P T H

SYMBOL

0  6Su rface

0-6

0 25 Fathom s

O S

0 3 5

I mile \
SCALE .\

3 7 - 6 2  C U R R E N T S
Sea:  c a lm  

Tides a t  Fort Denison

Time Height

3 : 2 8  o.m 7 ins.

9 :21  a m 4  ft. 1 in.

2 : 5 7  P-m I f t .  2 ins.

9 : 2 5  p m 5 ft. IO ins.

Wind at Nobby's

Time Speed Direction

3 a.m. 5 W

6 a.m 5 N.W
9 o.m 2 0 N.W
12 noon 2 0 N.W
3 pm 25 W N.W
6 pm 15 W
9 pm 2 0 W

Fiqure 5 9

WTJ:-,

. .. LfaftkiTf .



9 2 .

STATION

BONGON
HEAD

STATION

STATION 2

130 5 •*'

AVE. VELOCITY 
ft ./ sec .

VANE
DEPTH

SYMBOL

0 - 4 0S u r f a c e
0 9 4 0  to 10 5 0 -  0 - 4 0  
1050 to 1151 - 0 - 2 0  
IISI to 1251- 0 -1 0  
1251 to 1411 - 0  0 5

5 Fathom*

1005 to 1 0 4 0 - 0 1 5  
1 0 4 0  to 1 1 5 6 - 0 1

0 9 4 2  to 1 0 5 2 - 0 - 3  
1052 to 1 3 0 0 - 0 1 5  
1 3 0 0  to 14 19 - O -  3
1027  to 1 0 4 5 - 0  4  
1045 to 1 1 2 7 - 0 - 2  
1127 to 1 4 0 0 - 0 - 4

ALL FLOAT VELOCITIES IN FT./SEC. 
, METER , . KNOTS.

s*-o-si i"-o-*o

S e a :  strong southerly

O
Tide* at Fort Denison

Time Height

4 : 0 8  o.m 8 ins

1 0 :02  a.m 4 f t .  1 in.

3 : 3 8  p m 1 ft. 5 ins.

10:04 pm 5 f t .  7 ins.

\  m. \  m.

SCALE

4 - 7 - 6 2  C UR R E NT S

Fiqure 6 0

I mile

Wind a t  Nobby's

Time Speed Direction

3 a.m 15 N.W
6 a.m c a lm —
9 o.m 5 N

12 noon IS N.N.W
3 P-m 16 S.E
6 P-m 2 0 S
9 p m 5 S.S.W



4. 62 N e a r s h o r e  C u r r e n t s 93.

Any p a r t i c l e s  of a sh  th a t  t r a v e l  l an d w ard  as f a r  as the b rea k in g  
zone wi l l  be c a r r i e d  with the l i t t o r a l  c u r r e n t s  un t i l  they  r e a c h  a r ip  
which  wi l l  t r a n s p o r t  th e m  b a ck  to sea .  In the u p r u s h  zone be tw een  
b r e a k e r s  and s h o r e ,  su ff ic ien t  tu rb u len c e  is  en g en d e red  to p re v e n t  
the  s e t t l i n g  of such  fine m a t e r i a l .  To obtain an idea  of the r a t e  of 
t r a v e l  of a s h  p a r t i c l e s  in th is  a r e a ,  l i t t o r a l  c u r r e n t s  w e re  e s t im a te d  
f r o m  (23)*for w aves  of 10 seco n d s  p e r io d  and 10 fee t  height.

In the  im m e d i a t e  v ic in i ty  of Wybung Head, a s su m p t io n s  of s t r a ig h t  
s h o r e l i n e  and u n i f o r m  b o t to m  s lope  would be pa ten t ly  fa lse .  N e a r 
v e r t i c a l  c l i f f  f a c e s  c a u s e  p r a c t i c a l l y  to ta l  r e f le c t io n  in s o m e  p laces ;  
and i r r e g u l a r  r o c k s  give  u n s tab le  condi t ions  at o the r  p la ce s ,  such  
tha t  a m i n o r  change  of wave o r  t ide  c o m p le te ly  a l t e r s  the d i re c t io n  
of t r a n s p o r t .  The  b e s t  tha t  can  be obtained in th is  a r e a  is a rough 
in d ica t io n  of the p r e d o m in a n t  d i r e c t io n s  of dr if t .  Th is  was  found by 
the  c o n s t r u c t i o n  of r e f r a c t i o n  d i a g r a m s  (F ig u re s  23 to 26), e s t im a t io n  
of the  p o s i t io n  of the  b r e a k e r  l ine  and o b se rv a t io n  of the o r ie n ta t io n  
of the  b r e a k e r  l ine  with r e s p e c t  to the g e n e r a l  d i re c t io n  of the s h o r e 
l ine .  V e r y  c lo se  to the head land ,  b r e a k in g  m a y  be to ta l ly  inhib i ted  
by the  s t e e p n e s s  of the c l i ffs .

Ash  m ov ing  n o r th w a rd s  could a r r i v e  in F r a z e r  P a r k  Bay. H e re  
again  .quan t i ta t ive  e s t i m a t e s  could not be m ade ,  as the l i t t o r a l  c u r r e n t s  
a r e  so  v i t a l ly  dependen t  on b o t to m  topo-graphy, which is not su ff ic ien t ly  
def ined  by  the  sound ings .  An ind ica t ion  of the p r e d o m in a n t  d i r e c t io n s  
of d r i f t  was  ob ta ined  in the s a m e  way as fo r  the Wybung Head a r e a .

Q u an t i t a t iv e  e s t i m a t e s  have  b een  m ade  fo r  the n o r th e r n  end of 
Budgewoi  B each ,  an a r e a  which could conce ivab ly  be invaded by s o u th 
w a r d - m o v i n g  ash .  T h e s e  and the d i r e c t io n  e s t i m a t e s  fo r  the o the r  
a r e a s  a r e  g iven  in T a b le  5. B e c au se  of the ap p ro x im a t io n s ,  even 
t h e s e  q u an t i t a t iv e  e s t i m a t e s  should  be r e g a r d e d  as e s t i m a t e s  o r  o r d e r  
only.

T h is  t a b le  shows tha t  w aves  f ro m  the n o r t h - e a s t  and the e a s t  p r o 
duce  r e l a t i v e l y  s t r o n g  l i t t o r a l  c u r r e n t s  flowing sou thw ard .  W aves  
f r o m  the  s o u t h - e a s t  and the south  give w ea k e r  c u r r e n t s  g e n e r a l ly  f low 
ing n o r th w a rd .

F o r  w ave  he ig h ts  o th e r  than  10 feet,  c u r r e n t s  m ay  be a s s u m e d  
ro u g h ly  p r o p o r t i o n a l  to wave height.  Most  ocean  wave p e r io d s
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E s t i m a t e d  L i t t o r a l  C u r r e n t s  n e a r  Wybung Head 
fo r  W ave Heigh t  10- and P e r i o d  10 seconds .

W ave 
D i r e c t io n A r e a L i t t o r a l

C u r r e n t

N. E. (1) N o r t h e r n  end Budgewoi Beach
(2) Rocks  sou th  of Wybung Head
(3) F r a z e r  P a r k  B each

S at 4 ft sec .  
S
s

E. (1) N o r t h e r n  end Budgewoi  Beach
(2) Rocks  south  of Wybung Head
(3) F r a z e r  P a r k  Beach

S at 3 f t / s e c .  
S

S. E. (1) N o r t h e r n  end Budgewoi Beach
(2) Rocks  south  of Wybung Head
(3) F r a z e r  P a r k  B ea ch

S at 1 .5  f t / s e c .  
N s l ight  
N

S. ( pi N o r t h e r n  end Budgewoi Beach
(2) Rocks  sou th  of Wybung Head
(3) F r a z e r  P a r k  Beach

N at 2 f t / s e c .  
N s l ight  
N

p ro d u c ed  by s t o r m s  off the New South W ales  c o as t  will  r e s u l t  in c u r r e n t s  
of the s a m e  o r d e r  of m ag n i tu d e  as th o se  p r e d i c t e d  for 10 second  p e r i o d f

A p p l ica t ion  of the wave  s t a t i s t i c s  found by hmdcast.ing* y ie lds  an i n 
d ica t ion  of the  r e l a t i v e  im p o r t a n c e  of d r i f t  m  the two d i re c t io n s .  It is 
seen ,  f o r  e x a m p le ,  tha t ,  a l though waves  f r o m  n o r t h - e a s t  give a v e r y  s t r o n g  
s o u th e r ly  d r i f t  at  the  n o r t h e r n  end of Budgewoi Beach ,  such  waves  only o c c u r  
about 2% of the  t i m e  and do not ex ceed  about 15 feet in height.  T h e r e f o r e ,  
ash  is  u n l ik e ly  to m o v e  into the  b r e a k e r  zone and t r a v e l  south  v e r y  f a r  or  
v e r y  f r e q u e n t ly  u n d e r  the effect  of n o r t h - e a s t e r l y  w e a th e r .  E a s t e r l y  
w e a th e r  a l so  c a u s e s  a p r e d o m in a n t  s o u th e r ly  dr if t .  Waves  f r o m  th is  
d i r e c t io n  c a n  r e a c h  h e ig h ts  of 35 feet  at 50 feet  w a te r  depth a f te r  r e 
f r a c t i o n  and sh o a l in g ,  and a l i t t o r a l  c u r r e n t  of the o r d e r  of 10 feet  
p e r  s e c o n d  c an  th en  be  expec ted .  buch waves  a re .  h o w e v e r , _________
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r a r e ,  and the  l i t t o r a l  c u r r e n t  wil l  n o r m a l l y  r an g e  f r o m  0 to 5 feet  
p e r  second .  W av es  f r o m  e a s t  r e a c h  Wybung Head about 25% of the 
t im e ,  and d u r in g  th is  t im e  the  l i t t o r a l  d r i f t  wi l l  be so u th e r ly .  W aves  
f r o m  s o u t h - e a s t  c a u s e  a s lo w e r  l i t t o r a l  c u r r e n t  flowing sou th  at the 
n o r t h e r n  end  of Budgew oi  B e a c h  and n o r th  around  Wybung Head and 
F r a z e r  P a r k  B ea c h .  T h e s e  w aves  o c c u r  about 15% of the t im e .
W av es  f r o m  the  sou th ,  which  o c c u r  s o m e  35% of the t im e  and r e a c h  
h e ig h ts  up  to 35 fee t ,  c a u s e  quite  s t r o n g  n o r t h e r l y  d r i f t s .  The d r i f t  
at  the  n o r t h e r n  end of Budgewoi  B ea c h  would r e a c h  va lues  be tw een  5 
and 10 f ee t  p e r  s e c o n d  u n d e r  th e s e  condi t ions ,  but  wi l l  not exceed  2 
fee t  p e r  s e c o n d  fo r  m o r e  th a n  20% of the t im e .  T h is  in fo rm a t io n  m a y  
be s u m m e d  u p  in the  s t a t e m e n t s  tha t  l i t t o r a l  c u r r e n t s  f r o m  0 to 5 feet  
p e r  s e c o n d  wi l l  n o r m a l l y  ex i s t ,  and tha t  s t r o n g e r  d r i f t s  e i t h e r  to n o r th  
o r  sou th  cou ld  be  e x p e r i e n c e d  in the b r e a k e r  zone,  but  th i s  is  not 
l ike ly  to h a p p e n  v e r y  f requen t ly .

Som e s u r f a c e  l i t t o r a l  c u r r e n t s  w e r e  m e a s u r e d  by t im in g  the  m o v e 
m en t  of dye p a tc h e s  on 13. 6. 1962, 14. 6. 1962 and 15. 6. 1962. The 
p e r io d s  of the  w av es  on th e s e  days  w e r e  e s t i m a t e d  at 11 s e c o n d s ,  9 
s eco n d s  and 8 s e c o n d s ,  and the  o cean  wave he igh ts  c a lcu la te d  f r o m  
b e a c h  r u n - u p  m e a s u r e m e n t s  w e r e  3 feet ,  3 feet  and 5 fee t  r e s p e c t iv e ly .  
The  d i r e c t i o n s  f r o m  which  th e s e  w aves  ap p ro ach ed  the  Wybung Head 
a r e a  cou ld  not be  a s c e r t a i n e d  with any g r e a t  exac t i tude  f r o m  w e a th e r  
m a p s ,  and, f o r  the  s m a l l e r  w av es ,  w e r e  diff icult  to o b s e rv e  at sea .
On 15. 6. 1962 the  w aves  co n s t i tu te d  a d i s t in c t  s o u th e r ly  sw e l l  o b s e rv e d  
both at  s e a  and f r o m  land.  T a b le  6 and F i g u r e s  61 to 63 show the 
o b s e r v e d  l i t t o r a l  d r i f t  v e lo c i t i e s .

T a b le  6
O b s e r v e d  L i t t o r a l  C u r r e n t s  n e a r  Wybung Head

A r e a
L i t t o r a l  C u r r e n t s

on 1 3 .6 .1 9 6 2 on 1 4 .6 .1 9 6 2
------ 1—

on 1 5 .6 .1 9 6 2

(1) N o r t h e r n  end 
Budgew oi  B e a c h N. at 0. 7 f t / s e c . N. at 0. 3 f t / s e ^ . not m e a s u r e d

(2) R o ck s  so u th  of 
Wybung H ead S. at 0. 5 f t / s e c . N. not m e a s u r e d

(3) F r a z e r  P a r k  
B e a c h N. at 0. 3 f t / s e c . N. at 0. 15 

f t / s e c .
i

N. at 0. 15 
f t / s e c .
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C o m p a r i s o n  of the  d i r e c t i o n s  with  th o se  found an a ly t ica l ly  in d ica te s  
that  a l l  w av e s  m u s t  have  t r a v e l l e d  f r o m  s o m e  d i r e c t io n  be tw een  s o u th 
eas t  and south .  T h e  s p e e d s  o b s e rv e d  ind ica te  that  l i t t o r a l  c u r r e n t s  
in F r a z e r  P a r k  Bay,  which  could  not be p r e d ic te d  quant i ta t ive ly ,  a re  
g e n e r a l ly  lo w e r  th a n  th o s e  at the  n o r th e r n  end of Budgewoi B ea ch  
u n d e r  w ave  ac t io n  f r o m  the  south .  A sp eed  of \  foot p e r  second  
could be  a s s u m e d  f o r  a 10 foot wave f r o m  the south  o r  s o u th -e a s t .
The n o r t h e r l y  c u r r e n t s  of 0. 7 and 0. 3 f t / s e c .  o b s e rv e d  at Budgewoi 
B each  on 13. 6. <1962 and 14, 6. 1962 would ind ica te  an a v e ra g e  d r i f t  of 
1. 7 fee t  p e r  s e c o n d  fo r  10 foot w av es ,  which c o m p a r e s  wel l  with the 
analyt ic  r e s u l t  of 2 fee t  p e r  se c o n d  fo r  10 foot waves  f r o m  the south.  
F i g u r e s  25 and 2 6 show th a t  a wave running  f r o m  a d i r e c t io n  so m ew h a t  
ea s t  of sou th  r a t h e r  th an  due sou th  would be m o r e  l ike ly  to p roduce  a 
s o u th e r ly  c u r r e n t  of the  in te n s i ty  of 0. 5 f t / s e c .  as o b s e rv e d  on 
13. 6. 1962 off the  r o c k y  a r e a  sou th  of Wybung Head. The v a r i a b i l i t y  
of the c u r r e n t  in th i s  a r e a  is  m a n i f e s t  by the fact  tha t  a n o r th e r l y  
c u r r e n t  w as  o b s e r v e d  on the  following day, though o th e r  condi t ions  
s e e m e d  l i t t l e  changed .

T h u s ,  though  in su f f ic ie n t  d a ta  r e n d e r s  c o m p a r i s o n  of o b s e rv e d  
and e s t i m a t e d  l i t t o r a l  c u r r e n t s  r a t h e r  tenuous ,  no m a j o r  i n c o n s i s t 
encies  a r e  a p p a r e n t  b e tw e e n  the  m e a s u r e d  v e lo c i t ie s  and the analytic  
f indings . Analy t ic  r e s u l t s  f o r  wave d i r e c t io n s  o th e r  than  south  m a y  
t h e r e f o r e  be a c c e p te d  with s o m e  d e g r e e  of conf idence.

4. 7 E f f e c t  of C u r r e n t s  on Ash M ovem ent

Ash m o v e m e n t  u n d e r  c u r r e n t  ac t ion  was  f o rc ib ly  d e m o n s t r a t e d  
dur ing  a sh  dum ping  t r i a l s  at Wybung Head in June  and Ju ly  1962. 
S t r e a m s  of a sh y  w a t e r  f lowed f r o m  the dump a r e a  m  the d i r e c t io n  of 
c u r r e n t s  m e a s u r e d  at the  s a m e  t im e .  With  i t s  s m a l l  p a r t i c l e  s ize  
and low sp e c i f i c  g r a v i ty ,  a sh  can  be expec ted  to r e m a i n  in su sp e n s io n  
fo r  a c o n s id e r a b l e  t im e .  D ur ing  th is  t im e  it m oves  with the w a te r  
m a s s  in which  it  is  lo c a te d  and t h e r e f o r e  in the d i r e c t io n  of the p r e 
vai l ing c u r r e n t .  T h a t  i s ,  of c o u r s e ,  u n l e s s  so m e  o th e r  d i r e c t io n  
of m o v e m e n t  is  induced  in the  a sh  by su ch  a phenom enon  as the f o r m 
ation of a t u r b i d i t y  c u r r e n t .  M a r in e  c u r r e n t s  r ig h t  at the  bo t tom  of 
the s e a  a r e  g e n e r a l l y  not s t r o n g  enough to e n t r a in  s e t t l e d  ash,  but 
wave ac t ion  i s  f r e q u e n t ly  s t r o n g  enough to th row  the ash  into s u s 
pens ion .  It s e e m s  tha t  such  an ash  cloud does  not have to r i s e  m o r e  
than a foot o r  so  above the  b o t to m  b e fo re  it wil l  be at the m e r c y  of 
qui te  s u b s t a n t i a l  c u r r e n t s .  Ash c louds  e n g e n d e red  by waves  m  l a b 
o r a t o r y  f lu m e s  r i s e  to s u c h  he igh ts ,  i t can  t h e r e f o r e  be s e e n   ̂ & 
c u r r e n t s  w i l l  p lay  an i m p o r t a n t  p a r t  in the m o v e m e n t  of ash  d i s c h a rg e
into the  ocean .
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5 - ASH t r a n s p o r t

5. 0 I n t r o d u c t io n

Once  a s h  h a s  b e e n  p u m p e d  in to the  ocean ,  the  m a n n e r  in  w h ich  it  wil l  
s u b s e q u e n t l y  be  m o v e d  is  of p r i m e  i m p o r t a n c e .  Such m o v e m e n t  wi l l  
d e t e r m i n e  w h e t h e r  b e a c h  po l lu t ion  w i l l  o c c u r ;  w h e r e  the  a sh  w i l l  f ina l ly  
s e t t l e ;  the  d e g r e e  of d i s c o l o u r a t i o n  th a t  m a y  r e s u l t  in the  i m m e d i a t e  
a r e a ;  and the  m o s t  d e s i r a b l e  m e th o d  of and lo c a t io n  fo r  in t ro d u c in g  the  
ash  in to  the  ocean .  In th is  s e c t io n ,  the  m o d e s  of t r a n s p o r t  of the  a sh  
and the  r e s u l t s  of l a b o r a t o r y  and f ie ld  t e s t s  u n d e r t a k e n  to i n v e s t ig a t e  
t h e m  a r e  d iscussed . .

5. 1 T u r b i d i t y  C u r r e n t  F o r m a t i o n

5. 11 G e n e r a l

When,  u n d e r  the  ac t io n  of g r a v i ty ,  one f lu id  f lows o v e r ,  u n d e r ,  o r  
th ro u g h  a f lu id  of d i f f e r e n t  d e n s i ty ,  the  r e s u l t a n t  flow i s  known as  a d e n 
s i t y  amr r e n t .  W hen  the  f lowing f lu id a c h i e v e s  i t s  d e n s i t y  d i f f e r e n c e  by 
v i r t u e  of m a t e r i a l  in s u s p e n s io n ,  the  flow is  m o r e  p r o p e r l y  c a l l e d  a 
t u r b id i ty  c u r r e n t .  T u r b i d  u n d e r f lo w s  in l a k e s  hav e  b e e n  o b s e r v e d  fo r  
m a n y  y e a r s  (H ow ard ,  1953). S i l t - l a d e n  r i v e r  w a t e r s ,  s o m e  d i s t a n c e  
a f t e r  t h e i r  e n t r y  in to a l ak e ,  of ten  p lunge  quite  s h a r p l y  to the  b o t to m  
and t h e r e a f t e r  flow along the  f lo o r  of the  l a k e  as  a t u r b i d i t y  c u r r e n t .  
T u r b i d  u n d e r f lo w s  in l a k e s  have  b e en  fo l lowed  f o r  m o r e  th a n  100 m i l e s  
(Bel l ,  1942),  and c o n c e n t r a t i o n s  as  low as 800 p a r t s  p e r  m i l l i o n  have  
b e e n  m e a s u r e d  (Howard ,  1953). M o re  r e c e n t l y ,  c e r t a i n  m a r i n e
p h e n o m e n a ,  s u c h  as  the  b r e a k i n g  of t r a n s o c e a n i c  c a b l e s  and the  fo rm a t io n  
of a b y s s a l  p la in s  on the  s e a  f lo o r ,  have  b e e n  e x p la in ed  by  the  h y p o th e s i s  
of m u d  s lu m p s  fo l lowed  b y s tu rb id i ty  c u r r e n t s  f lowing on the  o c e a n  bed  
( Johnson ,  1963).

T u r b i d i t y  c u r r e n t s  of the  f i n e r  a sh  p a r t i c l e s  have  b e e n  o b s e r v e d  
in the  c o m p a r i t i v e l y  s t i l l  w a t e r  of a s h  ponds  ( F o s t e r  and A rg u e ,  1960).
In th is  c a s e ,  it  w as  not  c o n s i d e r e d  th a t  th e y  had  a m a r k e d  in f lu e n c e  on 
the  d e p o s i t io n  p a t t e r n  and the  b i g g e s t  p r o p o r t i o n  of the  a s h  d i s c h a r g e d  
f r o m  the  p ip e l in e  s e t t l e d  out qu ick ly  as  a d e l t a  at  the  p ipe  ou t le t .  D ur ing  
the  e a r l y  t e s t s  into o c e a n  d i s p o s a l ,  i t b e c a m e  ek id en t  t h a t  w hen  a s h  is  
d i s c h a r g e d  into w a t e r  in w hich  w a v e s  a r e  p r e s e n t ,  a  m u c h  s t r o n g e r  
t u r b i d i t y  c u r r e n t  o c c u r s  ( P la t e  1). T h i s  is  due to  the  f a c t  th a t  th e  
w a v e s  c a u s e  the  a s h  to  be  s t i r r e d  up  at the  b e d  and at l e a s t  p a r t i a l l y  
p r e v e n t  s e t t l e m e n t .
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P la t e  1: Ash T u rb id i ty  C u r r e n t
with W a v e s .

P l a t e  2: T i l t ing  Wave F lu m e
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T h e r e  a r e  m a n y  obvious  a d v an tag es  if  the  a s h  inflow f r o m  th e  p ipe l ine  
c an  be  m a i n t a i n e d  as a d e n s i ty  u n d e r f lo w  along the  o c e a n  bed: d i s c o l o u r a t i o n  
wi l l  be a m i n i m u m  and rhe a s h  wil l  be  t r a n s p o r t e d  q u ick ly  down the  n a t u r a l  
o f f s h o re  s lope  in to  d eep  w a te r .  In th i s  s e c t io n  the  w o r k  so  f a r  c a r r i e d  out 
to s tu d y  t h e s e  e f fec ts  is d i s c u s s e d  B e c a u s e  of the  d i f f icu l ty  of r e p r o d u c in g  
t u r b i d i t y  c u r r e n t s  to s c a l e  in  the l a b o r a t o r y ,  t e s t s  hav e  so  f a r  b e e n  c o n 
f ined to a s e m i - q u a l i t a t i v e  s tu d y  in  two d i m e n s i o n s .  In a c tu a l  p r a c t i c e ,  the 
r o l e  of the t u r b i d i t y  c u r r e n t  in th e  o c e a n  w i l l  be  c o m p l i c a t e d  by  a v a r i e t y  
of f a c t o r s  s u ch  as  l a t e r a l  s p r e a d ,  w ave  e f f e c t s ,  o ce an  c u r r e n t s  and s e a  
b e d  to p o g ra p h y ]  A dd i t iona l  f ie ld  and l a b o r a t o r y  t e s t s  a r e  p lan n e d  to s tudy  
t h e s e  a s p e c t s  and t h e s e  w i l l  be  r e p o r t e d  on at a l a t e r  da te .

5 .12  T h e o r y

If a h e a v y  fluid is i m m e r s e d  in a l i g h t e r  f lu id ,  t h e r e  w i l l  be an a p p a re n t  
l o s s  of w e igh t  due to i t s  s u b m e r g e n c e ,  and the  e f fec t iv e  s p e c i f i c  wr e igh t  
g o v e rn in g  the  m o v e m e n t  u n d e r  g r a v i t y  of the  h e a v i e r  f lu id  w i l l  be  eq u a l  to 
the  d i f f e r e n c e  b e tw e e n  the  s p e c i f i c  w eigh ts  of the  twm f lu id s .

Tha t  is ^
A t  = T - X  =  p g  -  p i ' (24)

w h e r e  AT = e f fec t ive  s p e c i f i c  weigh t  of h e av y  f lu id
T  = spec  lfic w eigh t  of h e a v y  f lu id  

- s p e c i f i c  weigh t  of l i g h t e r  f lu id

and g* = g y°=A-

H ence  the  f lu id  w i l l  r e s p o n d  to g r a v i t a t i o n a l  e f f e c t s ,  s u c h  as  flow down 
a s lo p e ,  in m u c h  the  s a m e  w av  as  does  f r e e  s u r f a c e  flow, bu t  w i th  a lowre r  
a c c e l e r a t i o n .

If the  dep th  of the  o v e r ly in g  f lu id  i s  l a r g e  and s h e a r  s t r e s s e s  at the  
i n t e r f a c e  c a n  be  n e g le c te d ,  th en  as a f i r s t  a p p r o x im a t io n ,  m a n y  of the 
eq u a t io n s  g o v e rn in g  flow wi th  a f r e e  s u r f a c e  c a n  be  app l ied  to d e n s i ty  
f lows by r e p l a c i n g  g by  g*.

F o r  e x a m p le ,  if  t h e r e  is  n eg l ig ib le  m ix in g  b e tw e e n  the  two f lu id s ,  then  
the c o m p o n en t  down the  s lo p e  of the  e f fec t iv e  w e igh t  of a l a y e r  of d e n s e r  
f lu id m u s t  be  b a l a n c e d  by  the  f o r c e s  due r o the  f r i c t i o n a l  s h e a r s  at  the  bed  
(£T0) and at the  i n t e r f a c e  i ^  ,.. In th i s  c a s e ,  the  v e lo c i ty  of the  d e n s i ty  
c u r r e n t  c a n  be e x p r e s s e d  by  an equ a t io n  s i m i l a r  to the  C h e z y  eq u a t io n  fo r  
f low with  a f r e e  s u r f a c e :



f - f r ic t io n  factor

= t h e  r a t io  be tw een  the s h e a r  s t r e s s  a t  - the 
i n t e r f a c e  and the s h e a r  s t r e s s  at the 
boundary ,

_ . TJv
F o r  t w o - d im e n s i o n a l  l a m i n a r  flow (4p= l e s s  than  1000) the  value  of 

<30is  found to be  0, 64 (Ippen and H a r l e m a n  1952; and about 0= 4 fo r  t u r b 
u len t  flow ( S t r e e t e r ,  1961) e

The  above eq u a t io n s  a s s u m e  negl ig ib le  mixing at the  i n t e r f a c e  b e 
tween the  two f lu ids .  In the s a m e  way that  the F r o u d e  n u m b e r  is u s e d  
as a c r i t e r i o n  f o r  i n s t a b i l i t y  in f r e e  s u r f a c e  phenomena,  the " d e n s i m e t r i c "■j> jT
F r o u d e  n u m b e r  IF" = J can  be u s e d  to c l a s s i f y  in s tab i l i ty  in s t r a t -

/ I F '1
ified flow. It is  m o r e  c o m m o n ,  h o w ev er ,  to u s e  the R ic h a r d s o n  n u m b e r  
which i s  equa l  to the  r e c i p r o c a l  of the s q u a re  of the d e n s im e t r i c  F r o u d e  
nu m b er :

Ri = g i f  = g h c o s o C
u 2 P F

T w o - d i m e n s io n a l  l a b o r a t o r y  s tu d ie s  (Siyali  1962* have ind ica ted  
tha t  m ix in g  w i l l  o c c u r '  fo r  va lues  of Ri l e s s  than  10, when w aves  fo rm e d  
at the  i n t e r f a c e  s t a r t  to  b r e a k .  T e s t s  on a tw o -d im e n s io n a l  p lum e 
(E l l i so n  and T u r n e r  1959) in d ica te ,  how ever ,  that  such  m ixing  is p r o b 
ably s m a l l  f o r  v a lu e s  of R i  g r e a t e r  than  0, 8, F o r  va lues  of Ri  l e s s  than  
0. 8, t u r b u l e n t  m ix in g  o c c u r s ,  and e n t r a m m e n t  of the l ig h te r  fluid  by the 
d e n s e r  f lu id  b e c o m e s  m o r e  and m o r e  m a r k e d  as Ri  d e c r e a s e s .

T h e  R i c h a r d s o n  n u m b e r  a s s o c i a t e d  with ash  flowing f ro m  a pipel ine  
into the  o c e a n  i s  l ik e ly  to be about 0. 4 at exit  How ever ,  b e c a u s e  of the 
s m a l l  b ed  s lo p e s  in the  n e a r s h o r e  reg ion ,  the n o r m a l  R ic h a r d s o n  n u m b e r  
a s s o c i a t e d  with  the  s lo p e  and ef fec t ive  d en s i ty  of the c u r r e n t  wil l  be 
s u b s t a n t i a l l y  h ig h e r .  C onsequen t ly ,  as the le t  f r o m  the pipe s p r e a d s ,
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the  R i c h a r d s o n  n u m b e r  wi l l  i n c r e a s e  rapid ly ,  and at a s h o r t  d i s t a n c e  f r o m  
the  p ipe ,  wi l l  be m u c h  g r e a t e r  th a n  0. 8, e n t r a i n m e n t  t h e r e a f t e r  b e in g  
neg l ig ib le .

B e c a u s e  of t h e i r  s e d im e n t  load ,  t u r b i d i t y  c u r r e n t s  m a y  b e h a v e  s o m e 
what  d i f f e r e n t ly  f r o m  n o n - s u s p e n s i o n  d e n s i ty  c u r r e n t s .  T he  e f fec t ive  
d e n s i ty  of the  c u r r e n t  c a n  be  r e d u c e d  not only  by  e n t r a i n m e n t  at the 
i n t e r f a c e ,  but a l so  by  d e p o s i t io n  of the  s e d im e n t .  T h e  s e d i m e n t  b e a r 
ing c a p a c i ty  of a t u r b i d i t y  c u r r e n t  d epends  on the  v e lo c i ty  in  a s i m i l a r  
w ay  to th a t  f o r  n o r m a l  r i v e r  f low .  If s e d im e n t  is  . i n t r o d u c e d  f r o m  the 
p ipe  at a s i z e  l a r g e r  th an  th a t  which  the  v e lo c i ty  w i l l  c a r r y  o r  at a c o n 
c e n t r a t i o n  g r e a t e r  th a n  the  b e a r i n g  c a p a c i ty  of the  flow, th e n  d ep o s i t io n  
wi l l  o c c u r ,  w ith  a r e s u l t a n t  d e c r e a s e  in  d en s i ty .  K napp  (1938) h y p o 
t h e s i z e d  th a t  the  m a x i m u m  s iz e  of p a r t i c l e  tha t  c a n  be  c a r r i e d  in s u s 
p e n s io n  is  th a t  w hich  h a s  a s e t t l i n g  v e lo c i ty  (w) eq u a l  to the v e r t i c a l  
c o m p o n en t  of the  c u r r e n t  v e lo c i ty  (U s in  c t) .

J o h n s o n  (1962) h a s  p r o p o s e d  th a t  if  w is  m u ch _ le s s  th a n  U s in  oc 
neg l ig ib le  s e t t l e m e n t  wi l l  o c c u r ,  and the g e n e r a l  t h e o r y  of a n o n 
s u s p e n s i o n  d e n s i ty  c u r r e n t  shou ld  app ly  to a t u r b i d i t y  c u r r e n t .

T h e  th e o r y  d i s c u s s e d  above h as  b e e n  b a s e d  on o b s e r v a t i o n s  of d e n 
s i t y  c u r r e n t s  in two d im e n s io n s .  In the p a r t i c u l a r  c a s e  u n d e r  s tudy,  
l a t e r a l  s p r e a d i n g  of the  a s h  je t  a f t e r  i t  l e a v e s  the  p ip e l in e  w i l l  o c c u r .
T he  ex ten t  of s u c h  l a t e r a l  s p r e a d i n g  wi l l  be r e s t r i c t e d  w h e r e  s e a  bed  
to p o g ra p h y  c a p a b le  of conf in ing  the  flow e x i s t s .  C a n a l i s a t i o n  of th is  
type  c an  be  e x p e c ted  only in a few l o c a l i t i e s ,  and g e n e r a l l y  f o r  r a t h e r  
s h o r t  d i s t a n c e s .  In t h e s e  c i r c u m s t a n c e s ,  the  two d i m e n s i o n a l  t h e o r y
is  a pp l icab le .  F o r  the  m o r e  u s u a l  c i r c u m s t a n c e s  w h e r e  l a t e r a l
s p r e a d i n g  is  not  p h y s ic a l ly i im p e d e d ,  s o m e  id e a  of the  r a t e  of s p r e a d  
c a n  be  f o r m e d  f r o m  d a t a  ob ta ined  by  P e n n e y  and T h o r n h i l l  whi le  i n 
v e s t i g a t in g  th e  c o l l a p s e  of a h o m o g e n e o u s  c o lu m n  of h e a v y  f lu id  in a 
l i g h t e r  m e d i u m  (P e n n ey  and T h o r n h i l l ,  1952). A f te r  a l lowing fo r  the 
p r e s e n c e  of a s u s p e n s i o n  of d i s c r e t e  p a r t i c l e s  r a t h e r  th an  a h o m o 
g en eo u s  h e a v y  f lu id  and m a k in g  a s s u m p t i o n s  r e g a r d i n g  v a r i a t i o n s  of 
c o n c e n t r a t i o n  w i th in  the  co lu m n ,  J o h n s o n  (1962) d e r i v e s  f r o m  P e n n e y  
and T h o r n h i l l ’s d a ta  an e x p r e s s i o n  f o r  the  ve lo c i ty ,  U , of t r a v e l  of 
d i s t u r b a n c e s  which  m o v e  o u tw a rd  at the  b o t to m  and in w a r d  at the  top  
f r o m  the  s id e s  of the  co lum n:

U s (27)
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If the  c o lu m n  is  a s s u m e d  to have  in i t ia l ly  a width of 21 and height  of h, 
the  t i m e  t a k e n  f o r  an in w a rd  m oving  d i s tu rb a n c e  to r e a c h  the c e n t r e  l ine  
of the  c o lu m n  is  g iven  as  __L F r o m  P e n n e y  and T h o r n h i l l ' s  data ,

s  21the  h e igh t  of the  c o lu m n  a f t e r  t im e  —  is r e d u c e d  to 0. 42h, and a f te r

41 . s
t im e  yj— to 0. 18h, while  the  b r e a d t h  at the b a se  has  i n c r e a s e d  to 61

s
and 101 r e s p e c t i v e l y .  Appl ica t ion  of th e se  r e s u l t s  to a tu rb id i ty  
c u r r e n t  with  an in i t i a l  c o n c e n t r a t io n  of about 40% by weight and an i n 
i t i a l  t h i c k n e s s  of a few fee t  flowing down a s lope of the  o r d e r  of 1:10 

y ie ld s  a f ig u re  of about 30° to 40° fo r  the included angle of s p r e a d  of 
the flow. By the  t im e  the  flow r e a c h e s  the m o r e  gent ly  s loping a r e a s  
o f f sh o re ,  the  c o n c e n t r a t i o n  of p a r t i c l e s  is c o n s id e ra b ly  reduced ,  
l a r g e l y  b e c a u s e  of dep o s i t io n  dur ing  l a t e r a l  sp read ing ;  and the c o m b in 
at ion of s l ig h t  s lope  and s m a l l  d ens i ty  ex c e s s  c a u s e s  a m a r k e d  d e c r e a s e  
in the  r a t e  of f o r w a r d  p r o g r e s s  of the tu rb id i ty  c u r r e n t .  The r a t e  of 
s id ew ay s  s p r e a d i n g  wil l  a l so  be d e c r e a s e d ,  but  the r a t io  of l a t e r a l  
s p r e a d i n g  to  f o r w a r d  p r o g r e s s  m a y  wel l  i n c r e a s e ,  giving e f fec t ive ly  
l a r g e r  ang les  of s p r e a d  of the flow.

5. 13 E f f e c t  of W aves

W av es  in the ocean  wi l l  af fect  the flow of a tu rb id i ty  c u r r e n t  in 
s e v e r a l  w ay s ,  two i m p o r t a n t  modify ing  fo rc e s  due to waves  being m a s s  
t r a n s p o r t  and tu rb u le n c e .

T he  m a s s  t r a n s p o r t  a s s o c i a t e d  with the wave can  be expec ted  to 
act  e i t h e r  with o r  ag a in s t  the tu rb id i ty  c u r r e n t  flow depending on the 
p ro f i l e  of m a s s  t r a n s p o r t  and the  th ick n e ss  of the tu rb id i ty  c u r r e n t .
F o r  sha l low  w a t e r  w a v e s ,  m a s s  t r a n s p o r t  v e r y  c lo se  to the bed is in 
the d i r e c t i o n  of p ro p a g a t io n  of the  waves  and hence  g e n e r a l ly  to w ard s  
the s h o r e .  T h e  tu rb id i ty  c u r r e n t  flowing downhill  away f r o m  the s h o re  
is  t h e r e f o r e  h in d e r e d  v e r y  c lo se  to the bed by m a s s  t r a n s p o r t .  How
e v e r ,  the  m a s s  t r a n s p o r t  changes  to the opposi te  d i r e c t io n  at a s m a l l  
he igh t  above the  bed  c o m p a r e d  with the expec ted  th ick n ess  of the t u r 
b id i ty  c u r r e n t ,  and t h e r e a f t e r  r e i n f o r c e s  it.

Q u a l i t a t iv e  o b s e rv a t io n s  in a f lum e have ind ica ted  tha t  waves  up 
to a c e r t a i n  in t e n s i t y  a p p e a r  to c r e a t e  a favourab le  d eg re e  of tu rb u len c e  
f o r  the  m a in t e n a n c e  of m a t e r i a l  in s u sp e n s io n  in the tu rb id i ty  c u r r e n t .  
S ince the  f o r c e  of the  tu rb id i ty  c u r r e n t  is c au sed  by the act ion  of g r a v 
i ty  on the  s u s p e n s i o n  of p a r t i c l e s ,  the tu rb id i ty  c u r r e n t  is enabled  to 
p r o g r e s s  f a r t h e r  u n d e r  su c h  wave ac t ion  than  in s t i l l  w a te r .  With 
s u c h  w a v e s ,  t h e r e  is  a l so  a change  in the c h a r a c t e r  of the i n t e r f a c i a l
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m ix in g  b e tw e e n  the  t u r b i d  l a y e r  and the  o v e r ly in g  w a t e r ,  as  c o m p a r e d  
with  th a t  o b s e r v e d  in the  a b s e n c e  of w a v e s .  The  dep th  of th e  zone of 
i n t e r f a c i a l  m ix in g  b e tw e e n  the t u r b i d  u n d e r f lo w  and the  c l e a r  w a t e r  
above does  not a p p e a r  f r o m  l a b o r a t o r y  t e s t s  to a l t e r ,  bu t  the  l ine  
of d e m a r c a t i o n  b e tw e e n  th is  zone and the  w a t e r  above b e c o m e s  m o r e  
d i s t i n c t  and a p p e a r s  as a s t r a i g h t  i n t e r f a c e .  The  m a c r o s c o p i c  v o r t e x  
c h a r a c t e r i s t i c s  of the zone s e e m  to be  l a r g e l y  d e s t r o y e d  by the  tu rb u le n c e  
induced  by th e  w aves .

W av es  of an in t e n s i t y  s t i l l  h i g h e r  s e e m  ca p a b le  of e f f e c t iv e ly  
d e s t r o y i n g  the  c h a r a c t e r i s t i c s  of the  u n d e r f lo w  and d i s p e r s i n g  the  ash  
t h ro u g h o u t  the  t o t a l  depth  of w a te r .

It shou ld  be  no ted  th a t  in an e x p e r i m e n t a l  w ave  flume,  t u r b u l e n c e  is  
l i m i t e d  to a zone of s m a l l  depth  n e a r  the bed ,  u n l e s s  c u r r e n t s  o th e r  than  
the  p u r e  o s c i l l a t o r y  wave  m o t io n  e x i s t  to p r o m o t e  tu rb u le n c e .  In the 
c a s e  u n d e r  s tudy ,  the  zone of t u rb u le n c e  w as  m o r e  m a r k e d  as  a r e s u l t  
of the  t u r b i d i t y  flow. T h is  w as  p a r t i c u l a r l y  the  c a s e  t o w a r d s  the  nose  
of the  c u r r e n t .

In the  p ro to ty p e ,  e x t r e m e l y  s m a l l  c u r r e n t s  a r e  su f f ic ien t  to p r o m o te  
tu rb u le n c e .  F o r  e x a m p le ,  in a w a t e r  dep th  of 50 fee t ,  a v e lo c i ty  of
0. 003 fee t  p e r  s e c o n d  would  have  a R eyno lds  n u m b e r  of 10, 000, which  
is in  the t u rb u le n t  r a n g e .  Such a v e lo c i ty  w i l l  a lw ays  e x i s t  as  a r e 
su l t  of lo n g s h o r e  o r  m a s s  t r a n s p o r t  c u r r e n t s  and tu r b u le n c e  c a n  be  e x 
p e c te d  to ex tend  th ro u g h o u t  the fu l l  depth.

5. 14 E f f e c t  of C u r r e n t s

As o c e a n  c u r r e n t s  a r e  g e n e r a l l y  d i r e c t e d  alongshore-;  a sh  t u rb id i ty  
c u r r e n t s  would f r e q u e n t ly  be s u b je c te d  to a c r o s s - f l o w .  T h e  s t r e n g t h
of the  m a r i n e  c u r r e n t s  d e c r e a s e s  c lo s e  to the  s e a  bed ,  so  th a t  a 
v a r i a t i o n  of e f fec t  c a n  be  ex p e c ted  w i th in  the  t h i c k n e s s  of the  t u r b i d  
l a y e r .  T u r n in g  of the  t u r b id i ty  c u r r e n t  a lo n g sh o re  would  t h e r e f o r e  
be induced  at d i f f e ren t  r a t e s  th ro u g h o u t  i t s  depth ,  and, in the  p r o c e s s  
of r e - e s t a b l i s h i n g  e q u i l i b r i u m  a f t e r  tu rn in g ,  d i f fus ion  and d i s p e r s i o n  
m a y  be i n c r e a s e d .  T he  tu r b i d  u n d e r f lo w ,  with  i t s  d r iv in g  f o r c e  r e 
duced ,  would  th e n  be  s u b je c t  to the  f o r c e s  t end ing  to  d i s s i p a t e  i t. The  
ef fec t  of o c e an  c u r r e n t s  is  a func t ion  of the  r e l a t i v e  v e lo c i t i e s  of 
c u r r e n t s  and u n d e r f lo w  and q u an t i ta t iv e  e s t i m a t e s  have  not y e t  b e e n  
m a d e .  O n s h o re  and o f f sh o re  c u r r e n t s  would r e s p e c t i v e l y  h i n d e r  o r  
a s s i s t  t u r b i d i t y  c u r r e n t  flow. The  t u r b u le n c e  a s s o c i a t e d  wi th  the 
o c e a n  c u r r e n t s  of a p p r e c i a b l e  v e lo c i ty  m a y  be  su f f ic ien t  to d i f fuse  the  
a sh  s u s p e n s i o n  t h ro u g h  a g r e a t e r  v o lu m e  of w a t e r  and thus  r e d u c e  the  
e f f icacy  of the t u rb id i ty  c u r r e n t  to t r a n s p o r t  m a t e r i a l .



5- 15 E f f e c t s  of T e m p e r a t u r e  and Sal in i ty  D i f fe re n c e s

T h e  dens i ty :  d i f f e r e n c e  r e s p o n s i b l e  fo r  the flow of the tu rb id i ty  
c u r r e n t  i s  o c c a s io n e d  in the f i r s t  p lace  by the p a r t ic le s  of ash  c a r r i e d  
in s u s p e n s io n .  In i t i a l ly  the c o n c e n t r a t io n  of ash  is so high as to sw a m p  
any d e n s i ty  d i f f e r e n c e s  due to t e m p e r a t u r e ,  sa l in i ty ,  o r  the p r e s e n c e  of 
o th e r  d i s s o l v e d  o r  s u sp e n d e d  m a t e r i a l .  If pumping is c a r r i e d  out at a 
c o n c e n t r a t i o n  of 40% by  weight  fo r  exam ple ,  the in i t ia l  d ens i ty  of the t u r  
b id  u n d e r f lo w  is  1. 25, while  t e m p e r a t u r e  d i f f e r e n c e s  as high as 10° F  
c a u s e  a d e n s i ty  d i f f e r e n c e  of only 0. 005, and even the sa l in i ty  d i f f e ren ce  
be tw e e n  f r e s h  and s e a  w a t e r  c a u s e s  a d ens i ty  d i f fe rence  ofx only 0. 025.

As the  t u r b id i ty  c u r r e n t  d i s s i p a t e s  with depos i t ion  and l a t e r a l  
s p re a d in g ,  the  o th e r  d i f f e r e n c e s  a r e  no lo n g e r  m a s k e d  by the o v e r 
w h e lm in g  i n c r e a s e  of d e n s i ty  c a u sed  by the ash. It m u s t  then  be taken  
into  accoun t  th a t  the  w a t e r  u s e d  fo r  m ak ing  the ash  s l u r r y  wil l  be 
d e r iv e d  f r o m  the  n e a r b y  la k e s .  B e c a u se  of t h e i r  r e l a t iv e ly  sha l low 
depth, t h e r e  w i l l  be o c c a s io n s ,  e s p e c i a l l y  dur ing  the s u m m e r  m on ths ,  
when the  t e m p e r a t u r e  of the  lake  w a te r  wil l  be n a tu r a l ly  h ig h e r  than  tha t  
of the ocean .  T h is  t e m p e r a t u r e  d i f fe ren ce  wil l  be i n c r e a s e d  f u r t h e r  
by the u s e  of the  lake  fo r  cooling w a t e r  r e - c i r c u l a t i o n .  An e x t r e m e  
t e m p e r a t u r e  d i f f e r e n c e  r e s u l t i n g  f r o m  th e s e  phenom ena  has  b ee n  e s 
t im a te d  at 10°F .  As r e g a r d s  sa l in i ty ,  the l akes  a r e  connec ted  to 
the ocean ,  and, with the  b a la n c e  of inflow and evapora t ion ,  n o r m a l ly  
m a in t a in  a s a l in i ty  akin to that  of s e a  w a te r .  However  in t im e s  of 
h igh f r e s h  flow, the  s a l in i ty  m a y  be m a r k e d ly  r educed .  Supposing tha t  
a sh  is  i n t r o d u c e d  in a flow of z e r o  sa l in i ty  at a t e m p e r a t u r e  10 F  
w a r m e r  than  the  ocean ,  then  it  is obvious tha t  a tu rb id i ty  c u r r e n t  would 
no lo n g e r  be p o s s ib l e  once the c o n c e n t r a t io n  of ash  had d e c r e a s e d  below 
3%,c o r r e s p o n d i n g  to  th a t  r e q u i r e d  to c a u se  a d ens i ty  of about 1. 03. T h i s  
is 3fi, 000 p. p. m.  In fac t ,  l a b o r a t o r y  te s t in g  has  r e v e a l e d  tha t  a f te r  
the c o n c e n t r a t i o n  has  d ro p p ed  below th is  m in im u m ,  the ashy  w a te r  
r i s e s  a lm o s t  v e r t i c a l l y  and t h e r e a f t e r  p ro c e e d s  as an overf low above 
the m o r e  d e n s e  s a l t  w a te r .

5. 16 L a b o r a t o r y  T e s t s  of T u r b id i ty  C u r r e n t s  

5. 161 In t ro d u c t io n

E x a c t  s c a l in g  of t u rb id i ty  c u r r e n t s  is not p o ss ib le ,  owing to the 
conf l ic t ing  r e q u i r e m e n t s  of the  s ca l in g  law s  fo r  the m an y  p henom ena  
involved.  In p a r t i c u l a r ,  if the  s a m e  s e d im e n t  is u s e d  in the l a b o r a t o r y  
as in the  p ro to ty p e ,  r e p r o d u c t i o n  of the  s e d im e n t  c a r r y i n g  cap ac i ty  of 
the flow is  not  p o s s ib le .  In addit ion,  b e c a u s e  waves  a r e  n e c e s s a r y  
fo r  the  m a in t e n a n c e  of an a sh  tu rb id i ty  c u r r e n t  in the p a r t i c u l a r  c a se
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u n d e r  s tudy ,  r e p r o d u c t i o n  would be r e q u i r e d  of the  ef fec t  of th e  w av es  
not only on the  s e d im e n t  but  a l so  on the  flow of the  t u r b i d i t y  c u r r e n t .  
T h e s e  f a c t o r s  a r e  not  c o m p a t ib l e  w ith  eac h  o t h e r  f o r  s c a l e  m o d e l l in g  
in the  l a b o r a t o r y .  F o r  t h e s e  r e a s o n s ,  l a b o r a t o r y  t e s t s  c a r r i e d  out to 
s tu d y  tu rb id i ty  c u r r e n t s  have  of n e c e s s i t y  b e e n  s e m i - q u a l i t a t i v e .

In g e n e r a l ,  t e s t  cond i t ions  have  a im e d  at r e p r o d u c i n g ,  at  the  pipe  
ou t le t ,  R i c h a r d s o n  n u m b e r s  of the  s a m e  o r d e r  of m a g n i tu d e  as  tha t  
p r o p o s e d  f o r  the  p ro to ty p e .  T e s t s  have  b e e n  p e r f o r m e d  fo r  a
v a r i e t y  of wave  cond i t ions .  If the  e f fe c t s  of l a t e r a l  s p r e a d  and r e 
d uc t ion  of d e n s i ty  r e s u l t i n g  f r o m  d e p o s i t io n  w i th in  the  t u r b i d i t y  c u r r e n t  
a r e  n e g le c te d ,  e q u iv a le n c e  of R i c h a r d s o n  n u m b e r s  sh o u ld  e n s u r e  s i m 
i l a r i t y  of i n t e r f a c i a l  m ix ing .

It m u s t  be e m p h a s i z e d  h o w e v e r ,  tha t ,  b e c a u s e  of the  r e a s o n s  s t a t e d  
above,  the r e s u l t s r o f  the  t w o - d im e n s i o n a l  f lu m e  t e s t s  c a r r i e d  out to 
da te  shou ld  be c o n s i d e r e d  only as in d ic a t iv e  of what  w i l l  h a p p en  in the 
p ro to ty p e .  T h e  r e s u l t s  of the  f ie ld  t e s t s  d i s c u s s e d  in s e c t io n  5. 17 
have  s u p p o r t e d  m a n y  of the  l a b o r a t o r y  rfesults;  but ad d i t io n a l  t h r e e -  
d im e n s io n a l  t e s t s ,  both  in  the l a b o r a t o r y  and the  f ie ld ,  would  be  r e 
q u i re d  b e f o r e  q u an t i t a t iv e  p r e d i c t i o n  of the  b e h a v io u r  of a s h  t u rb id i ty  
c u r r e n t s  could  be  ob ta ined .  T he  i m p o r t a n c e  of t h e s e  t e s t s  canno t  be 
o v e r - e m p h a s i z e d .  If the  m a j o r  p o r t io n  of the a s h  flow c a n  be  m a i n 
t a in e d  as  a d e n s i ty  u n d e r f lo w  along the  o c e a n  bed ,  w a t e r  d i s c o l o u r a t i o n  
can  be  m i n i m i z e d  and a sh  c a n  be  r a p i d ly  t r a n s p o r t e d  away f r o m  the  
n e a r s h o r e  r eg io n .

5. 162 D e s c r i p t i o n  of T e s t s

All t e s t s  w e r e  c a r r i e d  out in a 2 f e e t  by  2 f ee t  t i l t in g  w ave  f lum e  
120 fee t  long ( P la t e  2). A s h - w a t e r  m i x t u r e s  w e r e  in t ro d u c e d  th ro u g h  
a p ipe  s e t  in the f lo o r  of the  flume, and a l lowed  to s p r e a d  as  a  t h r e e -  
d im e n s io n a l  j e t  u n t i l  co n ta in ed  by the  w a l l s  of the  f lu m e .  T e s t s  have
b e e n  ru n  with  the  f lo o r  h o r i z o n ta l  and at v a r i o u s  s lo p e s .  W av e s  r a n g 
ing f r o m  l e s s  th a n  ha l f  the  h e igh t  r e q u i r e d  to  e n t r a i n  s e t t l e d  a s h  to 
tw ice  tha t  he igh t  have  b e e n  u s e d ,  as  w e l l  as  u n d i s t u r b e d '  s t i l l  w a te r .
The  a sh  s l u r r y  h a s  b e e n  in t ro d u c e d  th ro u g h  v a r i o u s  s i z e s  of p ipe  at 
v a r i o u s  v e lo c i t i e s  and c o n c e n t r a t i o n s .  F o r  the  f ina l  s e r i e s  of t e s t s  
in which  s o m e  m e a s u r e m e n t s  have  b e e n  t a k e n  fo r  c o m p a r a t i v e  p u r 
p o s e s ,  the  a s h  w as  in t ro d u c e d  th ro u g h  a ^ inch  pipe at a c o n c e n t r a t i o n  
of 40% by w eigh t  ( r a t io  of a sh  weigh t  to weight  of a s h - w a t e r  m ix tu re )  
and a v e lo c i ty  of about  1 foot p e r  s eco n d .  T h u s ,  the  c o n c e n t r a t i o n  
and pipe ex i t  R i c h a r d s o n  n u m b e r  of about  0. 4 e x p e c te d  f o r  the  p r o 
to type  have  b e e n  r e p r o d u c e d .
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5. 163 A sh  T u r b id i ty  C u r r e n t s  in S t i l l  W a te r

W hen  a sh  s u s p e n s i o n  w as  in t ro d u c e d  into s t i l l  w a t e r  in a s lop ing  
f lu m e ,  the  m a j o r  p o r t io n  of the ash  s e t t l e d  out quickly  as a mound i m m 
e d ia te ly  a d ja c e n t  to  the  pipe outlet .  D o w n s t r e a m  of the mound a w eak  
t u r b i d i t y  c u r r e n t  w as  ev ident  which  f lowed down the bed  s lope  at a slow 
v e lo c i ty  f o r  about  30 fee t  f r o m  the pipe outlet .  It w as  ev ident  tha t  no 
s u b s t a n t i a l  t r a n s p o r t  of ash  by tu rb id i ty  c u r r e n t s /w o u ld  o cc u r  in s t i l l  
w a t e r .

5. 16 4 A sh  T u r b i d i t y  C u r r e n t s  with  W aves

W hen  the  a sh  s l u r r y  w as  d i s c h a rg e d  into the wave f lum e with  a 
s lop ing  b ed  in w h ich  sha l low  w a t e r  w aves  w e r e  p r e s e n t ,  a m a r k e d  i n 
c r e a s e  in the  p e r s i s t e n c e  and c a r r y i n g  pow er  of the tu rb id i ty  c u r r e n t  
w as  ev iden t .  The  p e r io d ic  m o t ion  p ro d u ced  by the w aves  at the  bed  
and the  r e s u l t i n g  t u rb u le n c e  t ended  to m a in ta in  a g r e a t e r  p r o p o r t io n  of 
the  a s h  in s u s p e n s io n ,  thus  al lowing a s t r o n g e r  d en s i ty  underf low  to 
o c c u r  th a n  w a s  the  c a s e  w ith  s t i l l  w a te r .

In a l l  t e s t s ,  the  t u r b id i ty  c u r r e n t  f lowed down the  full  length  of the  
f lum e u n t i l  r e f l e c t e d  by  the  wave  paddle at the f a r  end, the ve loc i ty  of 
t r a v e l  of th e  n o se  b e ing  of the  o r d e r  of 0. 1 fee t  p e r  second.

T he  n o se  of the  tu rb id i ty c u r r e n t  w as  e x t r e m e l y  tu rb u le n t  and 
c o n s i d e r a b l e  e n t r a i n m e n t  o c c u r r e d  in th is  reg ion .  Behind  the nose ,  
t h e r e  w a s  a d e n s e  l a y e r  of a sh  s u sp e n s io n  s e v e r a l  inches  deep.  Th is  
l a y e r  h ad  a v e r y  s h a r p  i n t e r f a c e ,  above which  a lo w er  c o n c e n t r a t io n  and 
i r r e g u l a r  a sh  c loud  o c c u r r e d  th roughou t  a lm o s t  the  full  w a t e r  depth. 
W h e th e r  th i s  c loud r e s u l t e d  f r o m  the  ash  e n t r a in e d  at the  nose  as the 
turbidity^  c u r r e n t  m o v ed  down the f lum e o r  w h e th e r  it w as  due to  m ixing  
at th e  i n t e r f a c e ,  w as  d if f icu l t  to o b s e rv e .  B e c a u se  of the high 
R i c h a r d s o n  n u m b e r s  f r o m  a s h o r t  d i s tan ce  d o w n s t r e a m  of the  pipe o u t 
le t ,  it  i s  doubtfu l  w h e t h e r  e n t r a i n m e n t  could o cc u r  as a r e s u l t  of the 
tu rb u le n t  m ix in g  g e n e r a t e d  by the  tu rb id i ty  c u r r e n t .  W h e th e r  the w aves  
t h e m s e l v e s  w e r e  p ro d u c in g  s o m e  m ixing  at the in t e r f a c e  could not be 
d e t e r m i n e d  w i th  c e r t a in ty .

D u r in g  the  t e s t s ,  s o m e  d ep o s i t io n  of the ash  in s u sp e n s io n  o c c u r r e d  
a long the  f lu m e ,  in d ica t in g  th a t  e i t h e r  the s e d im e n t  load  w as  g r e a t e r  
th an  th e  s e d i m e n t  b e a r i n g  c a p a c i ty  of the s t r e a m  o r  e l s e  the ve loc i ty  
w a s  in su f f ic ie n t  to  t r a n s p o r t  the  c o a r s e  f r a c t i o n  of the ash.
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In su f f ic ien t  m e a s u r e m e  n ts  w e r e  t a k e n  to  def ine  the  d i f f e r e n c e s  b e 
tw e e n  t u r b i d  u n d e r f lo w s  on h o r i z o n ta l  b e d s  and th o s e  on s lo p in g  b e d s .  
V i s u a l  o b s e r v a t i o n  could  not def ine  a d i f f e r e n c e  w i th in  the  r a n g e  of s lo p e s  
and o v e r  the  l eng th  of f lu m e  u s e d .  It w a s  no ted  th a t  t u r b i d i t y  c u r r e n t s  
s u c c e s s f u l l y  n e g o t i a t e d  m a r k e d  c h a n g e s  of s lo p e  w i thou t  lo s in g  t h e i r  
c h a r a c t e r i s t i c  f o rm .

S u b s t a n t i a l  r e d u c t i o n  of the  R i c h a r d s o n  n u m b e r  at the  ex i t  f r o m  the  
d i s c h a r g e  p ipe ,  e i t h e r  by  i n c r e a s e  of the  ex i t  v e lo c i ty  o r  d e c r e a s e  of pipe 
d i a m e t e r ,  s e e m e d  to  i n c r e a s e  the  am o u n t  of e n t r a i n m e n t  w i th in  th e  f i r s t  
few fee t  d o w n s t r e a m  of the  p ipe ,  thus  r e d u c i n g  th e  a s h  c o n c e n t r a t i o n .  
F r e q u e n t l y  w i th  th e  s m a l l e r  p ip es  a m o r e  s lo w ly  m o v in g  t u r b i d i t y  
c u r r e n t  r e s u l t e d ,  as  the  R i c h a r d s o n  n u m b e r  at ex i t  w a s  d e c r e a s e d .
T h i s  r e s u l t e d  f r o m  i n c r e a s e d  e n t r a i n m e n t  i m m e d i a t e l y  d o w n s t r e a m  of 
the  p ipe  exi t .  F o r  the  l a r g e r  pipe d i a m e t e r s  at s i m i l a r  R i c h a r d s o n  
n u m b e r s  the  s a m e  e f fec t  w as  not i m m e d i a t e l y  obv ious ,  a l though  the  
dep th  of the  d e n s i ty  l a y e r  w as  i n c r e a s e d ,  in d ica t in g  i n c r e a s e d  e n t r a i n 
m e n t  at the  exi t .  F o r  c o n s ta n t  a sh  d i s c h a r g e  in  th e  p r o to ty p e ,  h igh  exi t  
v e lo c i t i e s  would  no doubt e n c o u r a g e  e n t r a i n m e n t  n e a r  the  p ipe  ex i t ,  thus  
r e d u c i n g  th e  d'hiving f o r c e  a v a i l a b le  to  the  t u r b i d i t y  c u r r e n t .

T e s t s  w e r e  c a r r i e d  out to c h e c k  the  b e h a v i o u r  of a s l u r r y  of a s h  in 
f r e s h  w a t e r  in t ro d u c e d  in to  a f lu m e  of s a l i n e  w a t e r .  I n t r o d u c e d  at a 
low R i c h a r d s o n  n u m b e r ,  the  inflow r a p i d ly  e n t r a i n e d  s a l i n e  w a t e r  n e a r  
the  p ipe  ex i t ,  and the  u n d e r f lo w  w ith  i ts  v e lo c i ty  th u s  r e d u c e d  did not 
p e r s i s t  m o r e  th a n  about  10 f ee t  b e f o r e  d e p o s i t i o n  r o b b e d  it  of m o s t  of 
i t s  a sh ,  and the  a s h - f r e s h  w a t e r  m i x t u r e  r o s e  as  a v e r t i c a l  c u r r e n t  and 
t h e r e a f t e r  f lowed on top  of the  s a l i n e  w a t e r  as  an over f low .  In t ro d u c e d  
at a h i g h e r  R i c h a r d s o n  n u m b e r ,  the  inflow e n t r a i n e d  l e s s  and c a r r i e d  on 
fo r  m o r e  t h a n  30 fee t  b e f o r e  show ing  any t e n d e n c y  to  r i s e .  T h e s e  
t e s t s  w e r e  c a r r i e d  out u n d e r  w o r s e  co n d i t io n s  t h a n  cou ld  be  e x p e r i e n c e d  
in  the  p r o to ty p e ,  the  inflow b e in g  eq u iv a len t  to  10°F  w a r m e r  th a n  the  
f lu m e  w a t e r  and a d e n s i ty  d i f f e r e n c e  e q u a l  to  the  fu l l  d i f f e r e n c e  b e tw e e n  
f r e s h  and s e a  w a t e r  b e in g  m a in ta in e d .  H o w e v e r ,  t h e y  show th a t ,  in 
the  p r o to ty p e ,  e n t r y  cond i t ions  cou ld  s o m e t i m e s  d e t e r m i n e  the  ex ten t  
of p r o g r e s s i o n  of a t u r b i d i t y  c u r r e n t ,  and the  p ipe ex i t  n e e d s  to  be  d e 
s ig n e d  and lo c a t e d  w i th  due c o n s i d e r a t i o n  g iv en  to  the  e f fec t s  of s a l i n i t y  
d i f f e r e n c e s .

As h a s  b e e n  noted* t h e r e  a p p e a r s  to  be  a l im i t i n g  w av e  be low  w h ich  
the  p r o g r e s s  of a t u r b i d i t y  c u r r e n t  is  a s s i s t e d  by  th e  p r e s e n c e  of w a v e s ,

* S ec t io n  5. 13
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and above w hich  the w aves  tend  to d e s t r o y  the f o r m  of the tu rb id i ty  
c u r r e n t .  No ex ac t  l ine  of d e m a r c a t i o n  has  been  found, bu t ' to  d iffuse  
the  a s h  th ro u g h o u t  the  depth  of the l a b o r a to ry ,  f lume waves  s u b s ta n t i a l ly  
h i g h e r  th an  t h o s e  r e q u i r e d  to e n t r a in  s e t t l e d  ash  a r e  needed.  It could 
t h e r e f o r e  be hoped  th a t  once s e t t l e d  a sh  had  b een  d i s tu rb e d  it would 
f o r m  a t u r b i d i t y  c u r r e n t .  L a b o r a t o r y  t e s t s  s e e m e d  to ind ica te  tha t  
th i s  is  not  the  c a s e ,  fo r  the s a m e  wave tha t  would a s s i s t  the ac t ion  of 
a t u rb id i ty  c u r r e n t  tha t  had  b ee n  fo rm e d  f r o m  a pipe d i s c h a rg e  would 
d if fuse  e n t r a i n e d  ash  th roughou t  the  e n t i r e  w a te r  depth b e fo re  the ash  
c o n c e n t r a t i o n  cou ld  b e c o m e  suff ic ien t  to develop  any a p p rec ia b le  t u r b i d 
i ty  c u r r e n t  ac t ion.  Some s l igh t  ac t ion  m a y  have been  p r e s e n t  within 
the a s h  d i s p e r s i o n  - s u c h  fine d i s c r im in a t io n s  a r e  not e a s i ly  d i s c e rn ib l e  
in a m e d i u m  of a s ty w a te r .

L a b o r a t o r y  t e s t in g  has  t h e r e f o r e  shown tha t  w aves  a s s i s t  tu rb id i ty  
c u r r e n t  ac t ion  though incapab le  of in i t ia t ing  it. O the r  f a c to r s  s e e m  
to be not  i n c o n s i s t e n t  with t h e o r i e s  developed  fo r  s i m i l a r  phenom ena .
A m o r e  c o m p le t e  and quan t i ta t ive  p ic tu re  wil l  be p r e s e n te d  at a l a t e r  
d a t e , b a s e d  on a v a i lab le  knowledge and d a ta  co l lec ted  f r o m  f lum e and 
f ie ld  e x p e r i m e n t s .  Some e s t i m a t e s  of o r d e r  m a y  then  be ava i lab le ,  
which c an  be  c o n f i r m e d  by t h r e e - d i m e n s i o n a l  l a b o r a t o r y  t e s t s  and 
f u r t h e r  f ie ld  e x p e r i m e n t s .

5. 17 F i e l d  O b s e rv a t i o n  of T u r b i d i t y  C u r r e n t s

In c o l l a b o r a t io n  with the  E l e c t r i c i t y  C o m m is s io n ,  two f ie ld  t e s t s  
w e r e  c a r r i e d  out at Wybung Head  in June  and Ju ly  1962. Dur ing  the 
f i r s t  t e s t  500 tons  of a s h  w e r e  dum ped  by a 2 y a r d  g rab  f r o m  a c o l l i e r  
a n c h o re d  a p p r o x im a te ly  100 y a r d s  o f fshore ,  and i ts  u n d e r w a t e r  m o v e 
m e n t  w as  o b s e r v e d  b y  sk in  d iv e r s .  In the second  t e s t  250 tons  of ash  
w e r e  d u m p ed  in a s i m i l a r  m a n n e r  and the u n d e r w a te r  m o v em e n t  of the 
a sh  was  t r a c k e d  by  r a d i o a c t i v e  m e th o d s .

In the  f i r s t  t e s t ,  a d iv e r  r e p o r t e d  " a  2 foot l a y e r  of ash  moving  
along the  b e d  in an o f f sh o re  d i r e c t i o n ” . U nfor tuna te ly ,  no f u r th e r  
r e p o r t s  of th is  a s h  m o v e m e n t  w e r e  obtained .  In the second  t e s t ,  
the  a s h  w as  o b s e r v e d  to  m ove  s e a w a r d  n e a r  the bed  at a ve loc i ty  of 
l e s s  th a n  1 foot p e r  seco n d .  T he  in i t ia l  s p r e a d  of th is  flow i n 
c luded  an angle  of b e tw e e n  60° and 90°,  th is  angle being g ra d u a l ly  r e 
duced  as  th e  a sh  flow p r o g r e s s e d  into d e e p e r  w a te r .  U nfor tuna te ly ,  
b e c a u s e  of l i m i t a t i o n s  on the l eng th  of the  c ab le s  avai lab le  fo r  the 
s c in t i l l a t i o n  c o u n t e r s ,  the  a sh  flow could  be t r a c e d  fo r  only about 4 

m i le  f r o m  the  c o a s t .  T h e s e  o b s e rv a t io n s  would ind ica te  the p r e s e n c e
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of t u r b i d i t y  c u r r e n t s  d u r in g  bo th  f ie ld  t r i a l s ,  a l th o u g h  the  c h a r a c t e r i s t i c s  
of the  t u r b i d i t y  c u r r e n t s  cou ld  not b e  q u a n t i t a t iv e ly  d e t e r m in e d .

In bo th  c a s e s ,  the  o b s e r v a t i o n s  in d ic a te d  th a t  a c o n s i d e r a b l e  q uan t i ty  
of the  d u m p ed  a s h  r e m a i n e d  on the  s e a  b ed  in the  v ic in i ty  of the  c o l l i e r  
u n t i l  l a t e r  r e m o v e d  by w ave  ac t io n  and o c e a n  c u r r e n t s .  W h e t h e r  th is  
r e s u l t e d  f r o m  d i r e c t  d e p o s i t io n  o r  the  fa l l  out f r o m  a d e p o s i t in g  t u r b id i ty  
c u r r e n t  cou ld  not be  d e t e r m in e d ;  but  bo th  ac t io n s  would b e  l ik e ly .  D ur ing  
t h e s e  t e s t s ,  h o w e v e r ,  a s h  w as  d u m p e d  i n t e r m i t t e n t l y  on th e  s e a  s u r f a c e ,  
a m e th o d  which  would  not be as  f a v o u ra b le  fo r  the  in i t i a t io n  of an u n d e r 
flow as would  h o r i z o n ta l  and con t inuous  d i s c h a r g e  f r o m  a p ip e l in e  at the  
s e a  bed.

5. 2 D if fus ion

T u r b u l e n t  m ix in g  of a h igh  o r d e r  is  known to e x i s t  in th e  ocean .  T h is  
m ix in g  is  su f f ic ie n t  to c r e a t e  a l a y e r  of s u b s t a n t i a l l y  u n i f o r m  t e m p e r a t u r e  
and s a l i n i t y  to a dep th  of s o m e  h u n d r e d s  of f e e t  of w a t e r  in s p i t e  of the  
d i f f e r e n t i a l  h e a t in g  c a u s e d  by the  e x p o s u r e  of the  s u r f a c e  l a y e r s .  Many 
f o r c e s  inc lud ing  th o s e  due to w aves  and c u r r e n t s  h e lp  to  m a i n t a i n  ocean ic  
t u rb u le n c e .  F i n e  p a r t i c l e s  of a s h  in  s u s p e n s i o n  c a n  be  e x p e c te d  to diffuse 
u n d e r  the  in f luence  of s u c h  t u rb u le n t  m ix in g  t h ro u g h  a g r e a t  dep th  and o v e r  
a l a r g e  a r e a ,  u n l e s s  o th e r  f o r c e s  s u c h  as  th a t  of the  t u r b i d i t y  c u r r e n t  a r e  
o v e r r id in g .  Such d i f fus ion  would r e s u l t  in r a p i d  d i lu t ion  of an a sh  
su s p e n s io n .

5. 3 A sh  D e p o s i t io n  C lo s e  to O ut le t

T h e  p e r c e n t a g e  of m a t e r i a l  of any g iven  s i z e  tha t  c a n  be  c a r r i e d  i n 
d e f in i te ly  in s u s p e n s i o n  in a t u r b id i ty  c u r r e n t  d ep en d s  on the  v e lo c i ty  of 
flow, the  s i z e  of the  p a r t i c l e s  and the  am oun t  of m a t e r i a l  in s u s p e n s io n .  
R a t h e r  s lo w -f lo w in g  tu r b i d i t y  c u r r e n t s  in l a k e s  do not  s e e m  to Imainta in  
in s u s p e n s io n  m a t e r i a l  above the s i l t  r a n g e  (upper  l i m i t  0. 06 m m ) .  Below 
th i s  l i m i t , v a r y i n g  am o u n ts  of m a t e r i a l  of s m a l l e r  s i z e s  a r e  r e t a in e d .  ./As 
long as  the  s i l t  load  does  not  e x c e e d  th e  c a r r y i n g  c a p a c i ty  of the  c u r r e n t ,  
jrhDst of the  m a t e r i a l  be low  about  0. 02 m m  is  m a in t a in e d  in  s u s p e n s i o n  
f o r  v e r y  g r e a t  d i s t a n c e s .  M o re  p o w e r fu l  t u r b i d i t y  c u r r e n t s  in  the  ocean  
have  b e e n  p o s tu l a t e d  to  m a i n t a i n  in s u s p e n s i o n  m a t e r i a l  up to the  s i z e  of 
s m a l l  g r a v e l  (2 to 6 m m ) .  T h e  c a r r y i n g  p o w e r  of any t u r b i d i t y  c u r r e n t  
i s ,  of c o u r s e ,  l i m i t e d  by i n t e r n a l  f r i c t io n .  At h i g h e r  c o n c e n t r a t i o n s ,  
i n t e r n a l  f r i c t i o n  i n c r e a s e s  to an ex ten t  w h e r e  d e p o s i t io n  of s o m e  p a r t i c l e s  
of any s i z e  o c c u r s .
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It  i s  e x p e c t e d  t h a t  m a n y  of the  c o a r s e r  p a r t i c l e s  of ash ,  and even  
s o m e  of the  f i n e r  p a r t i c l e s ,  wi l l  d ep o s i t  qu ite  c lo se  to the  d i s p o s a l  point  
and w i l l  f o r m  an a s y m m e t r i c  c o n c ic a l  m ound  ju s t  in f ro n t  of the ou t le t  
p ipe ,  and th e  p o s s i b i l i t y  of e v e n tu a l  b lockage  of the out le t  m u s t  be c o n 
s i d e r e d ,  p a r t i c u l a r l y  w hen  the  w aves  a r e  not  s t r o n g  enough to a s s i s t  in 
the  e r o s i o n  of the  m ound.  H o w ev er ,  the mound,  as  it g ro w s  h ig h e r ,
w i l l  be  s u b je c t  to  the  e r o s i v e  f o r c e  of the  s l u r r y  d i s c h a rg in g  f r o m  the  
pipe.  In l a b o r a t o r y  t e s t i n g  the  p ipe  ex i t  h a s  a lways  m a in ta in e d  i t s e l f  
f r e e  of b lo c k a g e ,  in s p i t e  of the  fac t  tha t  p ipe v e lo c i t i e s  lo w e r  than  1 

foot p e r  s e c o n d  hav e  b e e n  u s e d  and m ounds  s e v e r a l  t i m e s  as  high as 
the  p ipe  h av e  a c c u m u la t e d .  It  would t h e r e f o r e  a p p e a r  tha t  obv ia t ing  
pipe o u t le t  b lo c k a g e  is  not  an i n s u r m o u n ta b l e  p ro b le m .

5. 4 E n t r a i n m e n t  of S e t t l ed  A sh  by W aves

Any a s h  th a t  s e t t l e s  on the  b o t to m  of the  ocean ,  e i t h e r  as a m ound  
n e a r  the  p ipe  o u t le t  o r  by d e p o s i t io n  f r o m  the  tu rb id i ty  c u r r e n t ,  w i l l  
t h e r e a f t e r  be  a v a i l a b le  f o r  r e - e n t r a i n m e n t  by  any wave cap ab le  of d i s 
t u rb in g  s e t t l e d  a s h  in  the  r e l e v a n t  w a t e r  depth. It i s  un l ik e ly  tha t  a sh  
so  e n t r a i n e d  c a n  c r e a t e  a l a y e r  of su f f ic ien t  d en s i ty  to f o r m  a t u rb id i ty  
c u r re n t ,  s in c e  i m m e d i a t e l y  e r o s i o n  o c c u r s  the  a sh  s u s p e n s io n  wil l  be d i s 
p e r s e d  b y  the  p r e v a i l i n g  o c e a n  c u r r e n t s .  U n d e r  c e r t a i n  cond i t ions  such  
as m a s s  t r a n s p o r t  o r  o c e a n  c u r r e n t s  d i r e c t e d  to w a rd s  the b each ,  th is  
d i s p e r s i o n  of a sh y  w a t e r  w i l l  t r a v e l  t o w a r d s  the beach .  F o r  the w a te r  
dep th s  u s e d  in l a b o r a t o r y  t e s t s  no tu rb id i ty  flow o c c u r r e d .  R a t h e r ,  the 
a s h  f o r m e d  a c loud  which ,  u n d e r  the ac t ion  of the  w av es ,  even tu a l ly  d i s 
p e r s e d  t h ro u g h o u t  the  to t a l  dep th  of the  w a te r .  The  b r e a k e r  zone 
s e e m e d  to  be  a p a r t i a l l y  e f fec t ive  b a r r i e r  in p r e v e n t in g  any r e a l l y  d en se  
a s h  s u s p e n s i o n  f r o m  t r a v e l l i n g  up  the  beach ,  but  s u s p e n s io n s  of low c o n 
c e n t r a t i o n  w e r e  o b s e r v e d  in  the  l a b o r a t o r y  to t r a v e l  r ig h t  th ro u g h  the  
b r e a k e r  zone and d i s c o l o u r  the  to ta l  vo lum e of w a t e r  l a n d w a rd  of the  
b r e a k e r s .

5. 5 S e l e c t iv e  S o r t in g  of M a t e r i a l  by  W aves

5. 51 W av e  S o r t in g

On none  of the  open  o c e a n  b e a c h e s  of the w o r ld  h as  m a t e r i a l  of s i l t  
s i z e  b e e n  found ( B a s c o m ,  1951; Hoyle and King,  1958). Such m a t e r i a l  
e x i s t s  f a r t h e r  out to s e a ,  as  w e l l  as in m ud  f la t s  along r i v e r  b an k s  and 
in o t h e r  p r o t e c t e d  l o c a l i t i e s .  S ince the  m a t e r i a l  is d e r iv e d  f r o m  the 
s a m e  s o u r c e s  as  th a t  found on b e a c h e s ,  n a m e l y  c li ff  e r o s i o n  and r i v e r  
s e d i m e n t ,  t h e r e  m u s t  be  a n a t u r a l  agency  which  p ro h ib i t s  the d ep o s i t io n  
of f ine  m a t e r i a l  on b e a c h e s .  W a v e s  a r e  m a in ly  r e s p o n s i b l e  fo r  such
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s e l e c t i v e  s o r t i n g  of m a t e r i a l .  T he  in te n s i ty  of th is  s o r t i n g  m a y  be 
gauged  f r o m  the  f ac t  tha t ,  when b e a c h e s  have  b e en  a r t i f i c i a l l y  n o u r i s h e d  
u s in g  m a t e r i a l  w i th  a s i l t  con ten t ,  the s i l t  has  b e e n  r a p id ly  r e m o v e d ,  
lea v in g  only  m a t e r i a l  of s an d  s i z e  on the b e a c h  (Beach  E r o s i o n  B o a rd ,  
1954).

In th e  b r e a k e r  zone,  the  t u rb u le n c e  en g e n d e re d  by the b r e a k in g  wave 
is s u f f i c i e n t  to  th ro w  into  s u s p e n s io n  a l a r g e  v a r i e t y  of m a t e r i a l .  The  
c o a r s e r  m a t e r i a l  s e t t l e s  r a p i d ly  and is  not t r a n s p o r t e d  any g r e a t  d i s t a n c e  
f r o m  the  b r e a k e r  zone.  T h e  f in e r  m a t e r i a l  is r e t a i n e d  in s u s p e n s io n  
and c a r r i e d ,  o f ten  o v e r  g r e a t  d i s t a n c e s ,  u n t i l  it r e a c h e s  an a r e a  with a 
m u c h  r e d u c e d  l e v e l  of tu rb u le n c e  w h e re  it s e t t l e s .  The  deep  ocean  
o f fe r s  s u i t a b l e  con d i t io n s ,  and it  i s  h e r e  tha t  the f in e s t  m a t e r i a l  e v e n t 
u a l ly  f inds  i t s  way.  V e r y  fine m a t e r i a l  t r a n s p o r t e d  la n d w a rd  d u r in g  
the  p a s s a g e  of any one b r e a k i n g  wave wi l l  be r e - e n t r a i n e d  by  su b se q u e n t  
w a v e s ,  u n t i l  ev en tu a l ly  c a r r i e d  s e a w a r d  by  l i t t o r a l  and r i p  c u r r e n t s .  It 
is  on ly  w hen  the  m a t e r i a l  has  s e t t l e d  in deep  w a t e r  beyond the r a n g e  of 
the w a v es  t h a t  i t  is  p e r m a n e n t l y  l o s t  to the  s y s t e m .  T h u s ,  a l though the 
b r e a k i n g  w ave  m a y  in i t i a l ly  send  a p a r t i c l e  e i t h e r  s h o r e w a r d  o r  s e a w a r d ,  
the n e t  m o v e m e n t  of m a t e r i a l  fine enough to be c a r r i e d  in s u s p e n s io n  is  
s e a w a rd .

5. 52 B e a c h  Sands

L o c a l  c o n f i r m a t i o n  of the  h y p o th e s i s  tha t  m a t e r i a l  below a c e r t a i n  
c r i t i c a l  s i z e  does  not  r e m a i n  on b e a c h e s ,  w as  ob ta ined  by s am p l in g  
b e a c h e s  n o r th  and so u th  of Wybung Head. The  b e a c h e s  at C a th e r in e  
Hil l  Bay ,  Moon I s l a n d ,  F r a z e r  P a r k  and the  b e a c h  f r o m  Wybung Head 
sou th  to N o r a h  H e ad  (known as  Budgew oi  Beach)  w e r e  in v e s t ig a ted  by 
Sam pl ing  a long and a c r o s s  the  beach .  No m a t e r i a l  f in e r  than  0. 1 m m  
was  found ( F ig u r e  64). T he  " b l a c k  sa n d s"  found on b e a c h e s  s o m e t i m e s  
c on ta in  u p  to  5 o r  10 % of m a t e r i a l  of g r a in  s iz e  l e s s  than  0. 1 m m ,  but  
t h e s e  p a r t i c l e s  a r e  e q u i - s e t t l i n g  with  n o r m a l  b e ac h  san d s  of m u c h  l a r g e r  
s i z e ,  as  the  s p e c i f i c  g r a v i t y  of the  h ea v y  m i n e r a l s  tha t  f o r m  'b l a c k  sand  
is so  m u c h  h i g h e r  (4. 65 as  a g a in s t  2. 65). F l y  ash,  with i ts  lo w e r  
s p e c i f i c  g r a v i ty ,  would  r e q u i r e  a s i z e  g r e a t e r  than  tha t  of n o r m a l  sand  
b e f o r e  i t  cou ld  r e m a i n  on a b each .

5. 53 B e h a v io u r  of A sh  D u m p ed  on Budgewoi  B ea ch

Two to n s  of f l y - a s h  w e r e  d u m p e d  b e tw e e n  high and low w a te r  on the 
n o r t h e r n  end of B udgew oi  B each .  W e a t h e r  on the  dum p day'  and fo r  a few 
d ays  b e f o r e h a n d  w as  w e s t e r l y ,  fo llowing a s t r o n g  s o u th e r ly  d u r in g  the 
p r e c e d i n g  w eek .  A g e n t le  s o u t h e r l y  s w e l l  was  s t i l l  in ev idence ,  and
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t h e r e  w as  a m a r k e d  n o r t h e r l y  l i t t o r a l  d r i f t  o p p o s i te  the  po in t  of a s h  d e p o s 
i t ion  w i th  a r i p  c u r r e n t  f a r t h e r  n o r th .  T h e  b e a c h  w as  " a c c r e t i n g " , o r  
bu i ld in g  up. P a r t  of the  a s h  w as  d u m p e d  d i r e c t l y  on the  b e a c h ,  f o r m i n g  
a l a y e r  above the  b e a c h  s u r f a c e .  T h is  a s h  w as  i m m e d i a t e l y  s c o u r e d  by 
the  b r e a k i n g  w a v e s  and t r a n s p o r t e d  in s u s p e n s i o n ,  m o v in g  g e n e r a l l y  with  
the  l i t t o r a l  d r i f t  and th e n  to s e a  with  the  r ip .  Such w as  the  r a p i d i t y  of 
r e m o v a l  th a t  w i th in  h a l f  an h o u r  no t r a c e  of a s h  r e m a i n e d  on, o r  c l o s e  to,  
the  b e ac h .

T h e  r e m a i n d e r  of the a s h  w as  d e p o s i t e d  in a t r e n c h  s o m e  10’ x 5 ’ in 
a r e a  and 6" deep ,  so  th a t  the  a sh  s u r f a c e  a f t e r  f i l l ing  w as  f lu s h  wi th  the  
b e a c h .  T h i s  a s h  b e h a v e d  in a m a r k e d l y  d i f f e r e n t  f a s h io n  f r o m  th a t  dum ped  
d i r e c t l y  on the  b e a c h .  U n d e r  the  a c c r e t i n g  co n d i t io n s ,  the  a s h  w as  qu ick ly  
c o v e r e d  with  a l a y e r  of sand .  T h i s  l a y e r  p r o t e c t e d  it f r o m  i m m e d i a t e  
e r o s i o n  by the  w a v e s .  T w e n ty fo u r  h o u r s  l a t e r  the  a s h  was  c o v e r e d  by 
s a n d  to  a dep th  ofT a few feet .  Two w ee k s  l a t e r  the  a r e a  w as  r e - v i s i t e d  
and no t r a c e  of the  a s h  cou ld  be  found. It i s  a s s u m e d  th a t ,  in  the  i n t e r i m ,  
a p e r i o d  of e r o s i o n  had  o c c u r r e d ,  d u r in g  wh ich  the  a s h  w as  a c te d  on b y  the
b r e a k i n g  w a v e s  and t r a n s p o r t e d  to s e a .

5. 6 L o c a t io n  of E v e n tu a l  Ash  D e p o s i t s

5. 61 W ave  E f f e c t s  S e a w a r d  of the  B r e a k e r  Zone

T h e  in f lu en c e  of the  w a v e s  is  not l i m i t e d  to the  b r e a k i n g  zone.  To  
s e a w a r d ,  o c e an  w a v e s  c a u s e  o r b i t a l  w a t e r  m o v e m e n t s  on the  b o t to m  
s t r o n g  enough to m o v e  m a t e r i a l  at  dep th s  up  to h u n d r e d s  of fee t .  The
f o r c e s  ac t ing  on a p a r t i c l e  so  d i s t u r b e d  a r e  the  g r a v i t y  f o r c e  t e nd ing  to
r o l l  the  p a r t i c l e  down the  s lo p e  in  a s e a w a r d  d i r e c t i o n  and th e  o s c i l l a t i n g  
f o r c e  of the  w ave  which  h a s  a ne t  o n s h o r e  d i r e c t io n .  D epend ing  on the  
s lo p e  of the  bed ,  the  c h a r a c t e r i s t i c s  of the  p a r t i c l e  and the  f o r c e  of the 
w ave ,  th e  net  t r a n s p o r t  m a y  be o n s h o r e ,  o f f s h o re  o r  nil .  T h e r e  a r i s e s  
the  c o n c ep t  of a nul l  po in t  f o r  any c o m b in a t io n  of the  above p a r a m e t e r s ,  
c o r r e s p o n d i n g  to no n e t  m o v e m e n t .  T h i s  i s  c h a r a c t e r i s e d  b y  the  dep th  
at w hich  a g iv e n  p a r t i c l e  w i l l  r e m a i n  s t a t i o n a r y  u n d e r  s p e c i f i e d  con d i t io n s  
of s lo p e  and wave.  At g r e a t e r  d ep th s  the  f o r c e  of the  w ave  is  not s u f f 
i c i e n t  to b a l a n c e  the  f o r c e  of g r a v i t y  and the p a r t i c l e  w i l l  m o v e  s e a w a r d ,  
w h i l s t  at  s m a l l e r  dep th s  the  p a r t i c l e s  m o v e  s h o r e w a r d .  If t h i s  w e r e  the 
only  s y s t e m  of f o r c e s  e f fec t ing  o n s h o r e - o f f s h o r e  t r a n s p o r t  of m a t e r i a l ,  
t h e n  a n a t u r a l  s o r t i n g  of the  p a r t i c l e s  would  o c c u r  w i th  a g r a i n  of any 
g iven  d i a m e t e r  b e in g  found at the  po in t  of in c ip ie n t  m o t io n ,  at  the  "null* 
po in t  and at  the  b r e a k e r  zone.  T h e  point  of in c ip ie n t  m o t io n  d e f in e s  
the  m a x i m u m  dep th  at w h ich  w ave  ac t io n  w i l l  m o v e  the  p a r t i c l e .  It 
m u s t  be e m p h a s i z e d ,  h o w e v e r ,  th a t  o t h e r  m e c h a n i s m s  do e x i s t .  In
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p a r t i c u l a r ,  the  l i g h t e r  p a r t i c l e s  a r e  put in to s u s p e n s io n  by tu rb u le n c e  g e n 
e r a t e d  at the  s e a  b ed  and a r e  c a r r i e d  away by the  p r e v a i l in g  c u r r e n t s .  
E x p e r i m e n t a l  e v id en c e  ( Ippenland E a g le s o n ,  1955; T a in sh ,  1962) i n 
d i c a te s  th a t ,  o t h e r  th in g s  be ing  equal ,  the  null  point depth  i n c r e a s e s  with 
d e c r e a s e  of p a r t i c l e  s i z e  and dens i ty .  P a r t i c l e s  of sand  would 
c o m m o n ly  h a v e  nul l  po in ts  in  l e s s  than  100 fee t  of w a t e r  with condi t ions  
of wave  and bed  s lo p e  as  e x p e r i e n c e d  n e a r  Wybung Head, while  p a r t i c l e s  
of s i l t  o r  f ly  a s h  would c o m m o n ly  have  null  poin ts  in depths  g r e a t e r  than  
100 f ee t ,  and po in ts  of inc ip ien t  m o t io n  at dep ths  exceed ing  200 feet .
This  i n d i c a t e s  th a t  s i l t  t r a n s p o r t e d  to the dep ths  of the ocean  r e c e i v e s  
no h e lp  f r o m  th i s  o n s h o r e - o f f s h o r e  s o r t i n g  m e c h a n i s m  un t i l  it has  a l 

r e a d y  a c h ie v e d  a dep th  of s o m e  h u n d re d s  of feet .  In the m e a n t im e ,  it 
m u s t  r e l y  on the  t u r b u l e n c e  of the  wave induced  o s c i l l a t o r y  mot ion ,  which 
th ro w s  it  w e l l  c l e a r  of the  bed  and m a k e s  it ava i lab le  to the s e a w a r d  m a s s  
t r a n s p o r t  c u r r e n t  which  e x i s t s  as and f r o m  so m e  v e r y  s m a l l  d i s ta n c e  
above the  bed .

5. 62 O c e a n  Bed  S am p le s

In an a t t e m p t  to  lo c a te  fine m a t e r i a l  d e r iv e d  f r o m  cliff  e ro s io n ,  
a t t r i t i o n  of s a n d  p a r t i c l e s  in the  b r e a k e r  zone and the co n t r ib u t io n s  of 
s i l t  c a r r y i n g  s t r e a m s ,  an in v e s t ig a t io n  of the o cean  f loo r  s e a w a r d  of 
Wybung H e ad  w as  m ad e .  S a m p le s  tak en  f r o m  depths  up to 35 f a thom s  
(200 feet)  ( F ig u r e  65) show ed  no m a t e r i a l  wi th in  the s i l t  r a n g e  ( F ig u re  
64). M any  of the  s a m p l e s  con ta ined  s u b s t a n t i a l  quan t i t ies  of m a t e r i a l  
c o a r s e r  th a n  b e a c h  sand .  Shel ls  and g r a v e l  c o n s t i tu te d  th is  m a t e r i a l .
It is  p r e s u m e d  to  have  d e r i v e d  f r o m  u n d e r w a t e r  r e e f s ,  s e v e r a l  of which 
a r e  known to  e x i s t  s e a w a r d  of Wybung Head.  S am p les  obta ined  in dep ths  
of the  o r d e r  of 100 f a th o m s  (600 f e e t ) (F ig u re  66) du r ing  c r u i s e s  m ad e  by 
the C. S. I. R. O. off the  e a s t  c o a s t  of New South W ales  w e re  exam ined ,  
and s i l t  s i z e d  m a t e r i a l  w as  found (F ig u r e  64). Some d e c r e a s e  of s iz e  
with i n c r e a s i n g  dep th  w as  a p p a re n t ,  but the n u m b e r  of s a m p l e s  ava i lab le  
was not  s u f f i c i en t  to  w a r r a n t  d e ta i l e d  in v es t ig a t io n  of th is  phenomenon.

5. 63 D e p o s i t io n  of R i v e r  Silt

H y d r o g ra p h ic  m a p s  f o r  the  c o a s t  of New South W ales  ind ica te  the 
n a tu r e  of the  b o t to m  at m a n y  lo ca t io n s .  F i n e  sand  is ind ica ted  along 
the e n t i r e  l en g th  of c o a s t  at  m i n i m u m  dep ths  b e tw een  75 and 100 fa th o m s .  
O f fsh o re  f r o m  the  m o u th s  of m a n y  r i v e r s ,  m ud  is  ind ica ted  in  depths  
u p w a rd s  of 50 f a th o m s .  T h e  fac t  tha t  in d ica t ions  of m ud  a r e  found 
o f f sh o re  of r i v e r  m o u th s  r e i n f o r c e s  the  th eo ry ,  b a s e d  on m in e ra lo g ic  
a n a ly s e s  (L oughnan  and C r a ig ;  1962) tha t  v e r y  l i t t l e  lo n g sh o re  m o v e m e n t
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of m a t e r i a l  t a k e s  p lac e  in t h e s e  w a t e r s .

Som e 20 m i l e s  n o r th  of Wybung Head ,  the  H u n te r  R i v e r  d i s c h a r g e s  
to the  sea .  T h is  r i v e r  c a r r i e s  one of the l a r g e s t  s i l t  b u r d e n s  of a l l  
A u s t r a l i a n  s t r e a m s ,  q u a n t i t i e s  of the  o r d e r  of i0  m i l l i o n  tons  hav ing  
b e e n  d i s c h a r g e d  d u r in g  a few days  of flood. D u r in g  J u ly  1961, s a m p l e s  
f r o m  the o c e a n  f lo o r  w e r e  o b ta ined  ju s t  s e a w a r d  of the  m o u th  and a few 
m i l e s  f a r t h e r  a long S tock ton  B e a c h  ( F ig u r e  67). M any  of t h e s e  
s a m p l e s  co n ta in e d  a p p r e c i a b l e  q u an t i t i e s  of fine m a t e r i a l .  The  s a m p l e  
t a k e n  c l o s e s t  to S tockton  B e a c h  (about \  m i l e  f r o m  the  b e a c h ,  in 10 
f a th o m s  w a t e r  depth) w as  one of the f in e s t .  In sp i t e  of th i s ,  S tockton  
B e a c h  h a s  at a l l  t i m e s  r e m a i n e d  a c l e a n  s a n d y  b e ach .

5. 64 D ep o s i t io n  of Ash

W ith  su ch  a v a r i e t y  of f o r c e s  at w o rk ,  n e a r l y  a l l  of t h e m  s u b je c t  
to v a r i a t i o n s  in t i m e  and s p a c e ,  the m o v e m e n t  of a sh  d i s c h a r g e d  into  
the  o cea n  is l i k e ly  to be c o m p le x  and v a r i a b l e .  In i t ia l ly ,  t u rb id i ty  
c u r r e n t  f o r m a t i o n  m a y  a s s i s t  the  s e a w a r d  p r o g r e s s  of p o r t i o n  of the 
ash.  W av es  and c u r r e n t s  w i l l  a f fec t  the t u r b id i ty  c u r r e n t ,  as  w e l l  as 
l o c a l  to p o g ra p h y ,  but c o n s id e r a b l y  m o r e  d e ta i l e d  s tu d y  in the  f ie ld  and 
the  l a b o r a t o r y  would be r e q u i r e d  b e f o re  the c h a r a c t e r i s t i c s  of s u c h  a 
c u r r e n t  could  be p r e d i c t e d .  Ash which  is not c a r r i e d  away as  a t u r b i d 
i ty  c u r r e n t  wi l l  be  t r a n s p o r t e d  in  s u s p e n s io n  by  the  p r e v a i l i n g  w ave  and 
o cea n  c u r r e n t s  a n d / o r  w i l l  s e t t l e  to the  b o t to m  of the  s e a  bed .  F i e l d  
and l a b o r a t o r y  t e s t s  in d ica te  that, s o m e  s e t t l e m e n t  wi l l  o c c u r  n e a r  the  
pipe ou t le t  u n d e r  m o s t  w e a t h e r  cond i t ions .  Such d ep o s i t io n  w i l l  r e s u l t  
in a m ound  of a sh  which  w i l l  i n c r e a s e  in h e igh t  and a r e a l  ex ten t ,  u n t i l  
the  a v e r a g e  r a t e  of t r a n s p o r t  out of the a r e a  as  a r e s u l t  of e r o s i o n  by  
w aves  and c u r r e n t s  is equa l  to the r a t e  of a s h  supp ly  to the  a r e a .
B e c a u s e  of the  e x t r e m e l y  s m a l l  angle  of r e p o s e  of s u b m e r g e d  f ly ash ,  
the  b ed  d e p o s i t s  a r e  l ik e ly  to ex tend  o v e r  a l a r g e  a r e a  of the  o ce a n  
f lo o r  b e f o r e  any s u b s t a n t i a l  change  in depth  o c c u r s .  No d a t a  a r e  
a v a i lab le  on w h ich  to b a s e  an e s t i m a t e  of the  l ik e ly  ex ten t  of th is  
d epos i t .  It should  be no ted  h o w e v e r ,  tha t ,  as in the  c a s e  of s i l t  
d i s c h a r g e d  f r o m  the  H u n te r  R i v e r ,  the n e a r s h o r e  r e g i o n  and in p a r 
t i c u l a r  the  b r e a k e r  zone wil l  f o r m  an e f fec t ive  b a r r i e r  a g a in s t  bed  
d e p o s i t s  of a s h  ex tend ing  into the  r e g io n  of the  b e a c h e s .  W i th in  the 
b r e a k e r  zone t u r b u le n c e  e n g e n d e r e d  by the  b r e a k i n g  w av es  w i l l  m a i n 
t a in  the l igh t  a sh  p a r t i c l e s  in su sp e n s io n ,  enab l ing  l i t t o r a l  and r i p  
c u r r e n t s  to  m ove  t h e m  s e a w a r d .  T he  ash  in  s u s p e n s i o n  w hich  is  
t r a n s p o r t e d  by the ocean  c u r r e n t s  m a y  be  e x p e c te d  to d i f fuse  o v e r  a 
c o n s id e r a b l e  a r e a  as  a r e s u l t  of t u r b u le n t  m ix ing .  U n d e r  c e r t a i n
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c o n d i t io n s  s o m e  of the  s u s p e n s i o n  w i l l  be  c a r r i e d  t o w a r d s  th e  beach ;  
but ,  f o r  th e  r e a s o n s  d e s c r i b e d  above ,  s e t t l e m e n t  w i th in  th is  r e g i o n  is  
u n l ik e ly  to  o c c u r .  In th e  long t e r m ,  the  a c t io n  of w av e s  and o c e a n  
c u r r e n t s  w i l l  t r a n s p o r t  th e  f l y - a s h ,  as  the  f ine  s i l t s  to  w h ich  i t  is  akin ,  
in to  d ep th s  of s e v e r a l  h u n d r e d s  of fee t .  W ith  i t s  l o w e r  s p e c i f i c  
g r a v i ty ,  th e  a s h  w i l l  no doubt  be  e v e n tu a l ly  c a r r i e d  ev e n  f a r t h e r  to s e a  
th a n  s i l t  of s i m i l a r  s i z e s .
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6. CONCLUSIONS •

T h e  ana ly t ic  and e x p e r i m e n t a l  i n v e s t ig a t io n s  d e ta i l e d  in the fo reg o in g  
p a g e s  l e a d  to  the  fo llowing p o s tu l a t e s  f o r  the b e h a v io u r  of a sh  d i s c h a r g e d  
f r o m  an o c e a n  outfa ll:

(1) P u r e  f ly -a sh  of s i z e  g r a d in g  and s p ec i f i c  g r a v i ty  s i m i l a r  to th a t  p r o 
du ced  at qtower s t a t i o n s  a l r e a d y  in p ro d u c t io n  in New South W ales  c a n  be 
d i s c h a r g e d  in to the  P a c i f i c  O cean  c lo s e  to Wybung H ead  w i th o u t - c a u s in g , 
po l lu t ion  of the  n e a r b y  b e a c h e s .  Some of the  a sh  so  d i s c h a r g e d  wi l l  
flow s e a w a r d  a long th e  b ed  of the  o c ea n  as a t u r b id i ty  c u r r e n t ,  w h i l s t  
s o m e  w i l l  be  t a k e n  into  s u s p e n s i o n  and t r a n s p o r t e d  by  the  p r e v a i l in g  
o c e a n  and w ave  c u r r e n t s .  If t h e s e  two t r a n s p o r t i n g  m e d i a  do not r e 
m o v e  m a t e r i a l  f r o m  the  a r e a  at a r a t e  equa l  to the r a t e  of supply ,  th en  
d e p o s i t io n  wi l l  o c c u r  on the  o c e a n  bed ,  i n c r e a s i n g  the  a r e a  of a sh  s u b je c t  
to wave  a t t a c k  u n t i l  a s t a t e  of e q u i l i b r i u m  b e tw e e n  su p p ly  and r e - e n t r a i n -  
m e n t  by  wave  ac t io n  is r e a c h e d .  N a t u r a l  s o r t i n g  m e c h a n i s m s  p r e 
va i l ing  in the  n e a r s h o r e  r e g i o n s ,  and in  p a r t i c u l a r  in the  b r e a k e r  zone,  
w i l l  p r e v e n t  the  b e d  d e p o s i t s  f r o m  p e n e t r a t i n g  in to the s u r f  zone.

T h e  a s h  w hich  is  r e - e n t r a i n e d  f r o m  the bed  d e p o s i t s  and which  i s  
t a k e n  in to  s u s p e n s i o n  at the  d i s c h a r g e  point wi l l  p ro d u c e  s o m e  d i s c o l o u r 
a t ion  of the  w a t e r .  B e c a u s e  of the  r a p i d  d i lu t ion  of th is  s u s p e n s i o n  as 
a r e s u l t  of the h igh  t u r b u l e n t  d i f fus ion  in the  ocean ,  it is c o n s id e r e d  tha t  
the  d e g r e e  of d i s c o l o u r a t i o n  wi l l  r a p id ly  d e c r e a s e  with  i n c r e a s i n g  d i s 
t a n c e  f r o m  the  d i s c h a r g e  point  and would not  be a e s t h e t i c a l l y  ob jec t io n ab le ,  
w h i l s t  m a t e r i a l  which  is  c a r r i e d  in to  the s u r f  zone would be  of s u c h  low 
c o n c e n t r a t i o n  th a t  i t  would not be n o t ic e ab le  to the  c a s u a l  o b s e r v e r .

A f te r  c o m p le t io n  of o p e ra t io n s  of the p o w e r  s t a t io n s  supp ly ing  the 
a sh  to the  a r e a ,  a l l  the  m a t e r i a l  w i l l  in the long t e r m  be  t r a n s p o r t e d  
w e l l  o f f s h o re  as  a r e s u l t  of the  ac t ion  of w aves  and c u r r e n t s  on l igh t  
m a t e r i a l  of th i s  n a tu re .

F u r t h e r  w o r k  is  r e q u i r e d  to r e f in e  the s tudy  and to fix the m o s t  
d e s i r a b l e  lo c a t io n  and m e th o d  of in t ro d u c t io n  of the  ash  into  the  ocean .
If a l a r g e  p r o p o r t i o n  of the  a sh  can  be  c a r r i e d  as a t u rb id i ty  flow, then  
the  e x te n t  of m a r k e d  d i s c o lo u r a t io n  m a y  be r e d u c e d .  In addi t ion,  it 
m a y  be  d e s i r a b l e  to  ex tend  the p ipe l ine  f o r  s o m e  d i s t a n c e  into the  s e a  
in o r d e r  to  r e d u c e  d e l e t e r i o u s  e f fec ts  due to su ch  n e a r s h o r e  p h e n o m e n a  
a s  w av e  r e f l e c t io n .
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F u r t h e r  c o n c lu s io n s  r e l a t e d  to sp ec i f ic  a s p e c t s  of the  i n v e s t ig a t io n
are :

(2) T he  f o r m a t i o n  of a t u r b i d i t y  c u r r e n t  c a r r y i n g  p a r t  of the  a sh  to 
s e a  is p ro b a b le .  M o re  analyt ic ,  l a b o r a t o r y  and f ie ld  s tu d i e s  a r e  
r e q u i r e d  to def ine  what  quan t i ty  of a s h  can  be t r a n s p o r t e d  in  th is  
m a n n e r .  If the  p ipe  ou t le t  can  be lo c a te d  so th a t  the  flow c a n  be  c a n 
a l i s e d  b e tw e e n  r e e f s ,  s u c h  a t u r b id i ty  c u r r e n t  m a y  be e x p e c te d  to c a r r y  
m a t e r i a l  to a m u c h  g r e a t e r  d i s t a n c e  f r o m  the  ou tfa l l  th an  if u n r e s t r i c t e d  
l a t e r a l  s p r e a d i n g  canno t  be avoided.

T u r b u l e n c e  induced  by  w ave ac t ion  and c u r r e n t s  o v e r  o c e a n  dep ths  
of s o m e  h u n d r e d s  of fee t  wi l l  m i t i g a t e  ag a in s t  d e p o s i t io n  w i th in  the 
t u r b id i ty  c u r r e n t  and w i l l  m a i n t a i n  in s u s p e n s i o n  m u c h  m a t e r i a l  which  
would be d e p o s i t e d  in c a l m  w a te r .  In sp i te  of th i s ,  any t u r b i d i t y  
c u r r e n t  f o r m e d  w i l l  s t i l l  be  of the  d ep o s i t in g  type ,  the  l a r g e r  p a r t i c l e s  
s e t t l i n g  out f i r s t  and the  p a r t i c l e  s i z e  d e c r e a s i n g  wi th  i n c r e a s i n g  d i s 
t a n c e  f r o m  the  ou t le t  as the  v e lo c i ty  is  r e d u c e d  in i t i a l ly  by  e n t r a i n m e n t  
and th en  by  d e p o s i t io n  and l a t e r a l  s p r e a d i n g  P a r t i c l e s  l a r g e r  th an  
about  0. 05 m m ,  wh ich  m a y  c o m p r i s e  up  to  50% of the  ash ,  wi l l  be  d e 
p o s i t e d  v e r y  c lo s e  to the  outfa l l ,  s in ce  t u r b i d i t y  c u r r e n t s  with  v e l o c 
i t i e s  of the  o r d e r  of one foot p e r  s e c o n d  canno t  c a r r y  m a t e r i a l  of 
t h e s e  s i z e s  any a p p r e c i a b l e  d i s t a n c e .

T u r b u le n c e ,  e s p e c i a l l y  tha t  induced  by  h eav y  wave ac t ion ,  m a y  
s o m e t i m e s  be  su f f ic ien t  to d if fuse  the  a sh  th ro u g h o u t  the  whole  w a t e r  
depth  and d e s t r o y  the  t u r b id i ty  c u r r e n t  act.ion,

C o a s t a l  c u r r e n t s ,  which  n e a r l y  a lw ays  flow a lo n g s h o r e ,  wi l l  t u r n  
a s e a w a r d  f lowing tu r b i d i t y  c u r r e n t  t o w a r d s  the  l o n g s h o r e  d i r e c t io n ,  
th e  ex ten t  of the  tu r n in g  b e in g  a func t ion  of the  r a t i o  of the s t r e n g t h s  
of the  m a r i n e  c u r r e n t  and the u nde r f low ,

(3) R e - e n t r a i n m e n t  of m a t e r i a l  d e p o s i t e d  on the  o cea n  b ed  w i l l  o c c u r  
d u r in g  p e r i o d s  w hen  w ave  ac t ion  is  s t r o n g  enough to d i s t u r b  th i s  - 
s e t t l e d  ash.  It h a s  b e e n  e s t i m a t e d  tha t  fo r  about 70% of the  to ta l  
t im e ,  fo r  e x a m p le ,  w av es  wil l  e n t r a i n  ash  s e t t l e d  in 100 f e e t  of 
w a t e r ,  and fo r  60% of the  t i m e  in 2 00 feet, of w a t e r ,  E x t r e m e
va lue  a n a ly s i s  i n d i c a t e s  tha t  a sh  m a y  r e m a i n  u n d i s t u r b e d  on the  
o c e a n  b ed  in 100 f ee t  of w a t e r  f o r  as long as  15 days  once in  10 y e a r s ,  
and in 2 00 f e e t  of w a t e r  f o r  as long as  2 5 days  once  in 10 y e a r s .
Ash  r e - e n t r a i n e d  by  w av es  is  u n l ik e ly  to p r o d u c e  s t r o n g  t u r b i d i t y  
c u r r e n t  act ion.  F lo re  p ro b a b ly  it w i l l  be  sw ep t  away by  th e  v a r i o u s
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m a r i n e  c u r r e n t s  b e f o r e  s u f f i c i en t  c o n c e n t r a t i o n  is  b u i l t  up  to p r o p a g a t e  
an  u n d e r f lo w .  T h e s e  m a r i n e  c u r r e n t s ,  a l though  not  s t r o n g  enough to 
e n t r a i n  s e t t l e d  ash ,  w i l l  l a r g e l y  d e t e r m i n e  the  s u b s e q u e n t  m o v e m e n t  of 
a s h  a f t e r  i t  h a s  b e e n  s t i r r e d  up  by  the w aves .

(4). Ash,  c a r r i e d  in s u s p e n s i o n  o t h e r  th an  as  a t u r b i d i t y  c u r r e n t ,  w i l l  
be  t r a n s p o r t e d  by  the  p r e d o m in a n t  o ce an  c u r r e n t s  in the  a r e a .  Ash  
s t i l l  in  s u s p e n s i o n  s e v e r a l  m i l e s  f r o m  s h o r e  w i l l  no doubt be caugh t  
up  in the  d o m in a n t  s o u t h e r l y  s t r e a m  th a t  is  the  l a n d w a r d  l i m i t  of the  
E a s t  A u s t r a l i a n  C o a s t  C u r r e n t .  C l o s e r  to s h o r e ,  p r e v a i l i n g  c u r r e n t s  
a r e  g e n e r a l l y  s u ch  as  to d i r e c t  any a sh y  s u s p e n s i o n  a lo n g s h o r e ,  e i t h e r  
n o r t h e r l y  o r  s o u t h e r l y  d epend ing  on the  c o m b in a t io n  and r e l a t i v e  
s t r e n g t h  of s u c h  f a c t o r s  as  s w e l l ,  l o c a l  w e a t h e r  and i n s h o r e  p e n e t r a t i o n  
of the  E a s t  A u s t r a l i a n  C o a s t  C u r r e n t .  Only  u n d e r  r a r e l y  o c c u r r i n g  
c o m b in a t io n s  of t h e s e  p h e n o m e n a  w i l l  c o a s t a l  c u r r e n t s  be  d i r e c t e d  
o n s h o r e  o r  o f f s h o re .

W hen  c o a s t a l  c u r r e n t s  a r e  d i r e c t e d  o n s h o r e ,  a s h  m a y  be  c a r r i e d  
in to  the  b r e a k e r  zone,  bu t  th i s  a s h  w i l l  be r e t u r n e d  s e a w a r d  by  l i t t 
o r a l  and r i p c u r r e n t s .

(5). B e c a u s e  of s e l e c t i v e  s o r t i n g  of m a t e r i a l  by  the  f o r c e s  of the  s e a ,  
d i s c h a r g e d  a s h  m a y  be  e x p e c te d  to f ind i t s  w ay  to a r e a s  w h e r e  s i m i l a r  
f ine  m a t e r i a l  is  d e p o s i t e d .  V e r y  f ine s a n d  and s i l t  c r e a t e d  b y  c l i f f  
and  s h o r e l i n e  e r o s i o n  and th a t  p r o d u c e d  b y  a t t r i t i o n  of l a r g e r  s a n d  
p a r t i c l e s  in the  t u r b u l e n c e  of the b r e a k e r  zone s e t t l e s  in  the  o c e a n  
s o m e  m i l e s  f r o m  s h o r e  in  w a t e r  d ep th s  of a few h u n d r e d  fee t  and 
g r e a t e r .  GUrsory  o b s e r v a t i o n  of h y d r o g r a p h i c  c h a r t s  of the  New South 
W a le s  C o a s t  c o n f i r m s  t h i s ,  as  w e l l  as a n a ly s i s  of s a m p l e s  c o l l e c t e d  
f r o m  the  o c e a n  f lo o r  s p e c i f i c a l l y  f o r  th is  in v e s t ig a t io n .  S e a w a r d  of 
the  m o u th s  of r i v e r s  a long th e  New South W a le s  C o a s t ,  h y d r o g r a p h i c  
c h a r t s  in d i c a t e  " m u d "  in dep th s  e x c ee d in g  300 fee t .  T h i s  in d i c a t e s  
w h e r e  th e  c o a s t a l  r i v e r s  e v e n tu a l ly  d ro p  t h e i r  s i l t  load .  A lso  it  
s u p p o r t s  the  co n ten t io n ,  d e r i v e d  f r o m  m i n e r a i o g i c  a n a ly s i s  of o c ea n  
b e d  s a m p l e s ,  t h a t  v e r y  l i t t l e  lo n g s h o r e  m o v e m e n t  of m a t e r i a l  o c c u r s  
at s u c h  dep th s  in  the open  ocean .

(6) B e c a u s e  of the  s o r t i n g  c a u s e d  in and l a n d w a r d  of the  b r e a k e r  
zone  by  w ave  ac t ion ,  no f ine  m a t e r i a l  is  p e r m i t t e d  to r e m a i n  on 
open  o c e a n  b e a c h e s .  T he  d i f f e r e n t i a l  t r a n s p o r t  of m a t e r i a l  of d i f f 
e r e n t  s i z e s  d e t e r m i n e s  the  m o v e m e n t  of fine m a t e r i a l  e i t h e r  to 
g r e a t  d e p th s  in the  o c e a n  o r  e l s e  to s o m e  m u c h  p r o t e c t e d  l o c a l i t y
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w h e r e  t u r b u l e n c e  is low enough to al low it  to s e t t l e .  On none of the  
open  o c e a n  b e a c h e s  of the  w o r ld  h as  s i l i c a  sand  of s i z e  s m a l l e r  th a n  
1 m m  b e e n  found. T h i s  is above the  s i z e  r a n g e  of f ly - a s h .  F u r t h e r 
m ore ,  a sh  h a s  a lo w er  s p e c i f i c  g r a v i ty  ( 2. 0 as c o m p a r e d  with  2. 65 fo r  
sand) ,  and any a sh  p a r t i c l e  ac ts  and is a c te d  on in a s i m i l a r  way to a 
s a n d  p a r t i c l e  of s m a l l e r  s iz e .  Som e tons  of f l y - a s h  d u m p ed  on the 
b e a c h  in the  v ic in i ty  of the  p r o p o s e d  d i s p o s a l  a r e a  w e r e  r a p id ly  
s c o u r e d  and c a r r i e d  to s e a  as expec ted .
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