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A t h r e e - d i m e n s i o n a l  n u m e r i c a l  model  o f  w a t e r  f l o w  and  t r a n s p o r t  of o n e  

q u a n t i t y  ( h e a t ,  s a l t ,  mud o r  p o l l u t i o n )  I~as been  d e v e l o p e d  f o r  e s t u a r i e s  o r  

c o a s t a l  w a t e r s  t h a t  u s e s  t h e  ICL DAP. T h i s  model  i n c o r p o r a t e s  e x p l i c i t  

f i n i t e  d i f f e r e n c e s  w i t h i n  e a c h  model  l a y e r  ( a l l  t h e  p o i n t s  i n  a l a y e r  are 

u p d a t e d  s i m u l t a n e o u s l y )  b u t  i m p l i c i t  d i f f e r e n c e s  i n  compu t ing  t h e  v e r t i c a l  

f l o w  s t r u c t u r e  ( t h e  c a l c u l a t i o n  i s  c a r r i e d  o u t  i n  a l l  of  t h e  w a t e r  co lumns  

s i m u l t a n e o u s l y ) .  A  s i m p l e  m i x i n g  l e n g t h  t h e o r y ,  w i t h  t u r b u l e n c e  s u p p r e s s i o n  

d u e  t o  s t r a t i f i c a t i o n  i s  u s e d  t o  model t h e  v e r t i c a l  v a r i a t i o n s .  

The model  i s  a p p l i e d  t o  s i m u l a t e  t h e  d i s t r i b u t i o n  of  s a l t  and  t h e  f l o w  

p a t t e r n s  i n  t h e  S e v e r n  E s t u a r y .  I t  h a s  been  found  t h a t  t h e  g r a v i t a t i o n a l  

c i r c u l a t i o n  v e l o c i t i e s  a r e  v e r y  small.  The r e s i d u a l  g r a v i t a t i o n a l  

c i r c u l a t i o n  d u r i n g  t h e  t i d e  a l s o  ha s  small v a l u e s  compared t o  t h e  p a t t e r n  of 

h o r i z o n t a l  r e s i d u a l  c i r c u l a t i o n s  d u e  t o  t i d a l  a c t i o n .  T h i s  c i r c u l a t i o n  i s  

similar t o  t h a t  o b s e r v e d .  I f  t h e  e f f e c t  of s a l i n i t y  is  a r t i f i c i a l l y  

i n c r e a s e d  a s t r o n g  g r a v i t a t i o n a l  c i r c u l a t i o n  r e s u l t s  c o n f i r m i n g  t h e  p h y s i c a l  

v a l i d i t y  o f  t h e  model .  

T h i s  model  i s  t h e  b a s i c  TIDEFLOW-3D o p t i o n  of  t h e  H y d r a u l i c s  R e s e a r c h  

TIDEWAY s y s t e m  of n u m e r i c a l  models  f o r  a s s e s s i n g  t h e  i m p a c t  of e n g i n e e r i n g  

works on e s t u a r i e s  and  c o a s t a l  w a t e r s .  The model  c a n  b e  r e a d i l y  a d a p t e d  t o  

s t u d y  t h e  movement of h e a t ,  s e d i m e n t  o r  p o l l u t i o n  i n  a n  e s t u a r y  by 

i n c o r p o r a t i n g  t h e  a p p r o p r i a t e  p h y s i c a l  and  c h e m i c a l  p r o c e s s e s .  By u s i n g  t h e  

ICL DAP s u c h  a 3-D model  c a n  be  a  c o s t - e f f e c t i v e  t o o l  f o r  making e n g i n e e r i n g  

j udgemen t s .  The t h e r m a l  v e r s i o n  HEATFLOW-3D h a s  b e e n  a p p l i e d  t o  a power 

s t a t i o n  c o o l i n g  w a t e r  plume t o  p r e d i c t  t h e  p r i m a r y  r e c i r c u l a t i o n .  
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1 INTRODUCTION 

The a c q u i s i t i o n  by H y d r a u l i c s  R e s e a r c h  L i m i t e d  of  a n  

ICL DAP ( D i s t r i b u t e d  A r r a y  P r o c e s s o r )  h a s  made 3-1) 

m o d e l l i n g  of  e s t u a r i e s  a more p r a c t i c a l  t o o l  t h a n  

h i t h e r t o .  G r a v i t a t i o n a l  c i r c u l a t i o n ,  wind i n d u c e d  

f l o w s  and buoyan t  p lumes  c a n  be s i m u l a t e d  i n  t h i s  way. 

The OAP c a n  c a r r y  o u t  e f f e c t i v e l y  t h e  v e r y  l a r g e  

number of c a l c u l a t i o n s  r e q u i r e d  b e c a u s e  i t  c a n  p e r f o r m  

up t o  4096 a r i t h m e t i c a l  o p e r a t i o n s  s i m u l t a n e o u s l y .  

Advan t age  i s  t a k e n  of t h i s  i n  a  3-D model  by u p d a t i n g  

a l l  o f  t h e  p o i n t s  i n  a h o r i z o n t a l  l a y e r  a t  o n c e  and  

t h e n  moving on  t o  a n o t h e r  l a y e r .  

A  DAP F o r t r a n  v e r s i o n  of  t h e  3-D model  d e s c r i b e d  i n  

Ref 1 h a s  been  d e v e l o p e d  t h a t  works i n  t h i s  way. The  

e f f e c t  of v e r t i c a l  s t r a t i f i c a t i o n  o n  t u r b u l e n t  m i x i n g  

i s  i n c l u d e d  s o  t h a t  two- l aye r  s i t u a t i o n s  ( s u c h  a s  

buoyan t  s u r f a c e  p lumes)  c a n  be  m o d e l l e d .  

An a p p l i c a t i o n  t o  t h e  S e v e r n  E s t u a r y  i s  d e s c r i b e d .  

T h e  g r a v i t a t i o n a l  c i r c u l a t i o n  due t o  f r e s h w a t e r  i n f l o w  

f r o m  t h e  R i v e r  S e v e r n  i s  m o d e l l e d .  A11 example  of  t h e  

e f f e c t  of t h e  wind i s  a l s o  g i v e n .  

T h i s  model  i s  t h e  TIDEFLOW-3D o p t i o n  o f  t h e  H y d r a u l i c s  

R e s e a r c h  TIDEWAY s y s t e m  of  n u m e r i c a l  mode l s .  The  

model  c a n  be u s e d  t o  a s s e s s  t h e  i m p a c t  of e n g i n e e r i n g  

works  on  t h e  movement of h e a t ,  s e d i m e n t  o r  p o l l u t i o n  

i n  a n  e s t u a r y  by i n c o r p o r a t i n g  t h e  a p p r o p r i a t e  

p h y s i c a l  and  c h e m i c a l  p r o c e s s e s .  

Tlie t h e r m a l  v e r s i o n  c a l l e d  HEATFLOW-3D h a s  been  

a p p l i e d  t o  a  buoyan t  s u r f a c e  plume. The  deve lopmen t  

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

p r e d i c t  how t h e  r e c i r c u l a t i o n  t e m p e r a t u r e  v a r i e s .  



2 DEVELOPMENT OF 

DAP TREATMENT OF 

3-D NUMERICAL 

MODEL 

The 3-D n u m e r i c a l  model d e s c r i b e d  i n  Ref 1 was 

deve loped  f o r  u s e  on a  s e r i a l  computer .  T h i s  i n v o l v e d  

some c l e a r l y  n o n - p a r a l l e l  c a l c u l a t i o r l s .  For  example,  

t h e  n o n - l i n e a r  a d v e c t i o n  te rms uu e t c  a r e  c a l c u l a t e d  
X 

u s i n g  a n g l e d  d e r i v a t i v e s  (which canno t  be used  on t h e  

DAP) and t h e  sweep th rough  t h e  v e r t i c a l  i s  c a r r i e d  o u t  

f rom bed t o  s u r f a c e  and back f o r  s a l i n i t y  (and v i c e  

v e r s a  f o r  momentul,~)io each  w a t e r  column. The 

t r e a t m e n t  of t h e  uu te rm i n  a 2-U DAP numer i ca l  model 
X 

i s  d e s c r i b e d  i n  Ref 2  and t h e  same t r e a t m e n t  i s  used  

h e r e .  T h i s  means a g a i n  t h a t  some d i f f u s i o n  must be 

i n c l u d e d  i n  t h e  loodel t o  e n s u r e  t h a t  i t  does  no t  blow 

2.1 The f i n i t e  

d i f f e r e n c e  scheme 

used  i n  t h e  

v e r t i c a l  

Each l a y e r  of t h e  3-1) model i s  mapped on t o  t h e  DAP as 

a s e t  of 6 4  by 6 4  m a t r i c e s .  So when t h e  h o r i z o n t a l  

d i f f e r e n c i n g  i s  c a r r i e d  o u t  t h e  computa t ion  p roceeds  

s i m u l t a n e o u s l y  a t  a l l  t h e  c e l l s  i n  a model l a y e r .  

However, when v e r t i c a l  f l u x e s  a r e  computed t h e  

d i f f e r e n t  l a y e r s  a r e  upda ted  one  a f t e r  a n o t h e r .  Fo r  

t h i s  a n  i m p l i c i t  s c h e ~ e  i s  used  and i t  i s  p o s s i b l e  t o  

have  a d o u b l e  sweep from s u r f a c e  t o  bed and back ( o r  

v i c e  v e r s a )  as t h i s  c a l c u l a t i o n  is n o t  c a r r i e d  o u t  i n  

a l l  of t h e  l a y e r s  s i m u l t a n e o u s l y .  A c o m p l i c a t i o n  i s  

t h a t  due  t o  t h e  bed topography d i f f e r e n t  w a t e r  columns 

c o n t a i n  d i f f e r e n t  numbers of c e l l s .  The t e c h n i q u e  t o  

d e a l  w i t h  t h i s  i s  i l l u s t r a t e d  i n  F i g  1. The sweep 

from s u r f a c e  t o  bed i s  c a r r i e d  o u t  i n  a l l  of t h e  w a t e r  

columns s i m u l t a n e o u s l y .  I n  t h e  body of t h e  w a t e r  t h e  

c o e f f i c i e n t s  i n  t h e  t r i d i a g o n a l  i m p l i c i t  e q u a t i o n  f  
UP 

and f  a r e  bo th  c a l c u l a t e d .  I f  a w a t e r  column h a s  
down 

fewer  c e l l s  t han  t h e  t o t a l  number of l a y e r s  t hen  t h e  



bed f r i c t i o n  is computed when t h e  sweep r e a c h e s  t h e  

bed l a y e r  i n s t e a d  of f  and as t h e  sweep p r o c e e d s  
down 

downwards t h a t  column i s  no t  f u r t h e r  a f f e c t e d  (because  

of t h e  u s e  of a l o g i c a l  mask - s e e  Re£ 2 ) .  When t h e  

upward r e t u r n  sweep o c c u r s  t h e  c a l c u l a t l o ~ l  i n  t h e  

w a t e r  column of i n t e r e s t  resumes when t h e  sweep g e t s  

t o  t h e  l e v e l  of t h e  bed c e l l  and t h e  r e t u r n  t o  t h e  

s u r f a c e  i s  then  a s  u s u a l .  I n  t h i s  way t h e  sweep c a n  

be c a r r i e d  o u t  i n  a l l  of tile w a t e r  columns 

s i m u l t a n e o u s l y  d e s p i t e  t h e i r  c o n t a i n i n g  d i f f e r e n t  

numbers of c e l l s .  

2 . 2  The t r e a t m e n t  of 

t h e  s u r f a c e  

moving th rough  

t h e  g r i d  

I n  c a s e s  where t h e  f low is s t r a t i f i e d  n e a r  t o  t h e  

s u r f a c e  and t h e  f low i n  t h e  lower  p a r t  of t h e  w a t e r  

column i s  n e a r l y  uni form ( f o r  example when m o d e l l i n g  a  

buoyant  plume) i t  may be u s e f u l  t o  pu t  s e v e r a l  model 

l a y e r s  c l o s e  t o  t h e  s u r f a c e  w i t h  one o r  more t h i c k e r  

l a y e r s  below. However, t h i s  c a u s e s  a  problem i f  t h e  

s u r f a c e  moves up and down w i t h  t h e  t i d e  s o  t h a t  i t  

moves th rough  t h e  model g r i d .  The t r e a t m e n t  of t h i s  

a s p e c t  i s  shown i n  F i g  2 .  

The boundary e l e v a t i o n  i s  used  t o  d e c i d e  which s h o u l d  

be  t h e  s u r f a c e  l a y e r  i n  t h e  model. The s u r f a c e  l a y e r  

i s  t a k e n  t o  be t h e  same everywhere  s o  t h a t  i f  t h e r e  i s  

a  l a r g e  s u r f a c e  g r a d i e n t  i n  t h e  model t h i s  t r e a t m e n t  

w i l l  n o t  work w e l l .  I f  t h e  s u r f a c e  is r i s i n g  s o  t h a t  

t h e  model s u r f a c e  l a y e r  becomes v e r y  t h i c k  i t  is 

n e c e s s a r y  t o  s p l i t  t h e  s u r f a c e  l a y e r  i n t o  two t h i n n e r  

l a y e r s .  The v e l o c i t i e s  and c o n c e n t r a t i o n s  i n  t h e  two 

l a y e r s  a r e  t a k e n  t o  be  t h e  same as i n  t h e  o r i g i n a l  one  

l a y e r .  The model w i l l  t hen  r e l a x  t o  a v e r t i c a l  

p r o f i l e  w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  i n  t h e  t o p  two 

l a y e r s .  I n  o r d e r  not  t o  u s e  t o o  many l a y e r s  a t  h i g h  

w a t e r  (and  then  t o  w a s t e  them a t  low w a t e r ) ,  when t h e  



t o p  l a y e r  i s  s p l i t  i n t o  two t h e  bo t tom l a y e r  i s  a l s o  

assumed t o  a b s o r b  t h e  n e x t  l a y e r  up. The 

c o n c e n t r a t i o n  i n  t h e  r e s u l t i n g  t h i c k e r  bed l a y e r  is 

t h e  w e i g h t e d  mean of  t h e  o r i g i n a l  two bo t tom l a y e r s .  

I f  t h e  v e r t i c a l  d i s c r e t i s a t i o n  i s  c a r e f u l l y  c h o s e n  t h e  

two bo t t om l a y e r s  may have  n e a r l y  t h e  same 

c o n c e n t r a t i o n  b e f o r e  t h e y  a r e  mixed t o g e t h e r  ( i f  t h e  

t he rn l a l  plume i s  c o n f i n e d  t o  t h e  t o p  few l a y e r s ) .  

When t h e  w a t e r  s u r f a c e  f a l l s  t h e  two t o p  l a y e r s  w i l l  

merge and  t h e  bo t tom l a y e r  s p l i t  i n  two. T h i s  method 

h a s  been  found  s u c c e s s f u l  i n  s i m u l a t i n g  a buoyan t  

s u r f a c e  plume. 

3 PRELIMINARY 

SIMULATION OF THE 

SEVERN ESTUARY 

I n  o r d e r  t o  o b t a i n  i n i t i a l  c o n d i t i o n s  on f l o w  and s a l t  

d i s t r i b u t i o n  f o r  a 3-D model of  t h e  S e v e r n  e s t u a r y ,  

2-D models  were r u n  f i r s t  t o  a  r e p e a t i n g  s t a t e .  As 

t h e r e  is v e r y  l i t t l e  v e r t i c a l  s t r a t i f i c a t i o n  ( a b o u t  

O. lO/oo  s a l i n i t y  d i f f e r e n c e  be tween  bed a n d  s u r f a c e )  i n  

t h e  S e v e r n  E s t u a r y  t h e  2-0 f l o w  model s h o u l d  g i v e  a  

good r e p r e s e n t a t i o n  of  t h e  d e p t h  i n t e g r a t e d  f l o w  and 

h o r i z o n t a l  r e s i d u a l  c i r c u l a t i o n  on  t o p  of wh ich  must  

be  added  t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  due  t o  

f r e s h w a t e r  i n f l o w .  T h i s  c i r c u l a t i o n  s h o u l d  t a k e  a  

s t a n d a r d  p a t t e r n  of a n  i n f l o w  i n  t h e  l o w e r  p a r t  of  t h e  

water column and  a n  o u t f l o w  i n  t h e  u p p e r  p a r t .  The 

c i r c u l a t i o n s  g e n e r a t e d  u s u a l l y  have  a  d i s c h a r g e  which  

is a n  o r d e r  of magn i t ude  l a r g e r  t h a n  t h e  f r e s h w a t e r  

f l o w  t h a t  b r i n g s  them i n t o  e x i s t e n c e .  T h i s  means t h a t  

one  c a n  e s t i m a t e  t h e  e x p e c t e d  e f f e c t ,  a l t h o u g h  i t  may 

be  l a r g e r  i n  v e r y  w e l l  mixed s i t u a t i o n s  s u c h  as t h e  

S e v e r n  E s t u a r y .  Wi th  a  t o t a l  f r e s h w a t e r  i n f l o w  o f  

400 cumecs t h e  e x p e c t e d  d i s c h a r g e  i n  t h e  g r a v i t a t i o n a l  

c i r c u l a t i o n  would be of  t h e  o r d e r  of  4000 cumecs. I f  

t h i s  i s  d i s t r i b u t e d  o v e r  a n  e s t u a r y  w i d t h  of  50km i n  

t h e  u p p e r  10m of t h e  water t h e  e x p e c t e d  r e s i d u a l  

v e l o c i t y  i s  of t h e  o r d e r  of O . O l m / s .  The r e s i d u a l  

v e l o c i t y  may be l a r g e r  i f  i t  i s  c o n f i n e d  t o  o n l y  a  

p a r t  of t h e  w i d t h  of t h e  e s t u a r y .  However,  p r e v i o u s  

4  



s t u d i e s  of d e p t h  i n t e g r a t e d  f low i n  t h e  Seve rn  E s t u a r y  

and B r i s t o l  Channel  (Ref 3 )  show r e s i d u a l  v e l o c i t i e s  

of t h e  o r d e r  of 0.05m/s which is a n  o r d e r  of magnitude 

l a r g e r  t h a n  t h e  expec ted  g r a v i t a t i o n a l  c i r c u l a t i o n .  

T h i s  means t h a t  even p a t t e r n s  of t i d e  ave raged  

r e s i d u a l  f l o w  i n  t h e  s u r f a c e  and o t h e r  l a y e r s  t l l rough 

t h e  d e p t h  w i l l  n o t  show c l e a r l y  t h e  g r a v i t a t i o n a l  

c i r c u l a t i o n  r e q u i r e d .  I n  o r d e r  t o  h i g h l i g h t  t h e  

e f f e c t  of g r a v i t a t i o n a l  c i r c u l a t i o n ,  a r u n  has  a l s o  

been c a r r i e d  o u t  w i t h  a  l a r g e r  than  a c t u a l  d e n s i t y  o f  

s a l t .  

3 .1  I n i t i a l  

c o n d i t i o n s  

The 2-D f low model used was t h a t  d e s c r i b e d  i n  Ref 2. 

T h i s  model i s  t h e  TIDEFLOW-2D o p t i o n  of t h e  TIDEWAY 

s y s t e m  . The t i d e  used was a mean t i d e  w i t h  boundary 

e l e v a t i o n s  t a k e n  from t h e  ma themat i ca l  model of t h e  

Seve rn  E s t u a r y  and B r i s t o l  Channel  (Kef 4 ) .  The model 

i n c l u d e d  400 cumecs f r e s h w a t e r  i n f l o w  a t  t h e  landward  

end (assumed t o  be coming from t h e  R i v e r  Seve rn ) .  

The g r i d s i z e  of t h e  model is 1500m and a t i m e s t e p  o f  

4 3  s e c s  was used.  The model was run  f o r  s e v e r a l  t i d e s  

u n t i l  a r e p e a t i n g  f low was e s t a b l i s h e d .  The r e s u l t i n g  

r e s i d u a l  f l o w  p a t t e r n  i s  shown i n  F i g  3. The r e s i d u a l  

v e l o c i t i e s  a g r e e  t o  o r d e r  of magni tude  w i t h  t h o s e  i n  

Ref 3. The r e s i d u a l  c u r r e n t  p a t t e r n  i s  e x t r e m e l y  

c o m p l i c a t e d  because  of t h e  s h a p e  and topography of t h e  

e s t u a r y .  R e s i d u a l  g y r e s  a p p e a r  n e a r  t o  s h a r p  bends i n  

t h e  c o a s t l i n e  and o t h e r s  a r e  a s s o c i a t e d  w i t h  changes  

i n  bed s h a p e ,  c o r n e r s  i n  c h a n n e l s ,  e t c .  

The d i s c h a r g e s  and l e v e l s  f rom t h e  r e p e a t i n g  t i d e  were  

s t o r e d  s o  t h a t  a DAP 2-D sa l t  t r a n s p o r t  model (Kef 2) 

c o u l d  be r u n  u s i n g  t h e  r e s u l t s .  At t h i s  s t a g e ,  

c l e a r l y ,  t h e  e f f e c t  of t h e  s a l t  d i s t r i b u t i o n  011 t h e  

e s t u a r y  f l o w  i s  i g n o r e d .  The s a l t  t r a n s p o r t  model was 

r u n  s t a r t i n g  f rom f u l l y  s a l i n e  c o n d i t i o n s  th roughou t  

t h e  e s t u a r y  and 400 cumecs of f r e s h w a t e r  coming from 



t h e  R i v e r  Seve rn .  Upstream d i f f e r e n c i n g  was u sed  and  

i t  was found t h a t  t h e  E l u s h i n g  time oE t h e  e s t u a r y  was 

v e r y  long .  A r e p e a t i n g  p a t t e r n  of s a l i n i t i e s  was 

e s t a b l i s h e d  a f t e r  a b o u t  300 t i d e s  ( F i g  4 ) .  As 

u p s t r e a m  d i f f e r e n c e s  were used  i t  is known t h a t  t h e y  

add n u m e r i c a l  dampening t o  t h e  t r u e  s o l u t i o n  (Ref 5 ) .  

The r e s u l t i n g  s a l t  d i s t r i b u t i o n  i s  a d v e c t e d  t o  and f r o  

w i t h  t h e  t i d e ,  t h e  i s o h a l i n e s  move a b o u t  20km w i t h  t h e  

t i d a l  e x c u r s i o n .  At t h e  s eaward  end a  c o n s t a n t  

s a l i n i t y  was assumed,  t h i s  is c l e a r l y  wrong i n  view oE 

t h e  r e s u l t s  o b t a i n e d  ( F i g  4 )  as a s i z e a b l e  a r e a  of 

c o n s t a n t  s a l i n i t y  a p p e a r s  a t  h i g h  w a t e r .  The s a l i n i t y  

g r a d i e n t  i n  t h e  e s t u a r y  is however i n  r e a s o n a b l e  

ag reemen t  w i t h  t h a t  found  o b s e r v a t i o n a l l y  (Ref 6 ) .  

T h i s  s a l i n i t y  g r a d i e n t  s h o u l d  be  a b l e  t o  g e n e r a t e  a  

r e a l i s t i c  g r a v i t a t i o n a l  c i r c u l a t i o n  p a t t e r n  w i t h i n  t h e  

e s t u a r y  when u s e d  as a n  i n i t i a l  c o n d i t i o n  f o r  a 

t h r e e - d i m e n s i o n a l  model s i m u l a t i o n .  

3 . 2  3-D model 

s i m u l a t i o n  

The s t a r t i n g  c o n d i t i o n  f o r  t h e  3-U s i ~ n u l a t i o n  is t a k e n  

t o  be  t h a t  t h e  e l e v a t i o n  i s  a s  i n  t h e  end f i l e  o f  t h e  

2-D f l o w  model ,  t h e  v e l o c i t i e s  a r e  a l s o  t a k e n  f rom t h e  

end  f i l e ,  b u t  f o r  t h e  3-D model t h e y  a r e  t a k e n  

i n i t i a l l y  t o  be i n d e p e n d e n t  of d e p t h  ( a  v e l o c i t y  

p r o f i l e  v e r y  soon  d e v e l o p s ) .  The i n i t i a l  c o n d i t i o n  

was t a k e n  f rom t h e  2-D t r a n s p o r t  model and  a g a i n  t h e  

s t a r t i n g  c o n d i t i o n  has  s a l i n i t y  i n d e p e n d e n t  of d e p t h .  

The boundary  c o n d i t i o n s  a t  t h e  s eaward  end  of t h e  3-D 

model a r e  a s  b e f o r e ,  t h e  imposed e l e v a t i o n  v a l u e s  and  

a c o n s t a n t  s a l i n i t y  i n  a l l  of t h e  l a y e r s .  

The model h a s  f i v e  l a y e r s  and  a  c o n s t a n t  l a y e r  d e p t h  

of 5m ( e x c e p t  f o r  t h e  bo t tom l a y e r ) .  T h i s  means t h a t  

i n  t h e  t o p  p a r t  of t h e  e s t u a r y  t h e r e  i s  s t i l l  o n l y  one  

l a y e r  b u t  o v e r  much of t h e  e s t u a r y  t h e r e  a r e  f i v e  

l a y e r s .  



F i g  5 shows t h e  t i d a l  r e s i d u a l  v e l o c i t i e s  i n  t h e  t o p ,  

m i d d l e  and bot tom l a y e r s  of t h e  model.  The 

c i r c u l a t i o n  is s t i l l  dominated  by t h e  mo t ions  shown i n  

F i g  3 b u t  some e f f e c t  of a g r a v i t a t i o n a l  c i r c u l a t i o n  

c a n  be  s e e n  w i t h  landward v e l o c i t i e s  becoming l a r g e r  

i n  t h e  l ower  l a y e r s  w h i l e  t h e  seaward  v e l o c i t i e s  

d e c r e a s e .  

Tile r e s i d u a l  c i r c u l a t i o n  i s  found  t o  be  c o n s i s t e n t  

w i t h  t h e  r e s u l t s  of U n c l e s  and  J o r d a n  (Ref 8)  a t  t h e i r  

s t a t i o n s  A and  B (marked on F i g  5 ) .  They found a 

seaward  f l o w  a t  a l l  d e p t h s  e x c e p t  v e r y  n e a r  t h e  bed a t  

p o s i t i o n  A w i t h  a ~naximum r e s i d u a l  v e l o c i t y  of a b o u t  

20 cm/s.  A t  B t h e  f l ow  i s  landward  a t  a l l  d e p t h s  

i n c r e a s i n g  downwards, t h e  maximum r e s i d u a l  speed  b e i n g  

a b o u t  6 cmls.  

The water l e v e l s  i n  t h e  u p p e r  p a r t  of t h e  e s t u a r y  a r e  

a l s o  a b o u t  1 0  cm h i g h e r  a t  h i g h  w a t e r  t h a n  i n  t h e  

d e p t h  i n t e r g r a t e d    no del where t h e  s a l i n i t y  g r a d i e n t  i s  

i g n o r e d .  T h i s  does  no t  p e r t u r b  t h e  s a l t  d i s t r i b u t i o n  

v e r y  g r e a t l y  (shown i n  F i g  6 a f t e r  one t i d e  of  t h e  3-D 

s i u u l a t i o n ) .  

I n  o r d e r  t o  see t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  wore 

c l e a r l y  t h e    no del was a l s o  r u n  w i t h  a n  e f f e c t i v e  

d e n s i t y  of s a l t  f i v e  t i m e s  g r e a t e r  t h a n  t h e  c o r r e c t  

v a l u e .  T h i s  e n h a n c e s  t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  a s  

c a n  be s e e n  i n  t h e  r e s i d u a l  v e l o c i t i e s  i n  F i g  7. I n  

t h i s  c a s e  a l s o  t h e r e  i s  a  l a r g e r  s a l i n i t y  d i f f e r e n c e  

be tween t h e  model l a y e r s  as t h e  R i c h a r d s o n  number i s  

i n c r e a s e d .  

When t h e  c o r r e c t  d e n s i t y  of s a l t  i s  i n c l u d e d  as i n  

F i g  5 t h e  weaker  g r a v i t a t i o n a l  c i r c u l a t i o n  i s  

d i f f i c u l t  t o  see because  of  t h e  s t r o n g  r e s i d u a l  

c u r r e n t s  r e s u l t i n g  f  rorn t i d a l  a c t i o n .  



3 . 3  T e s t  i n c l u d i n g  

t h e  e f f e c t  of a  

wind 

The 3-L, Severn  E s t u a r y  model was a l s o  run  w i t h  a  wind 

of 15m/s f rom tlie West.  The r e s u l t i n g  r e s i d u a l  

v e l o c i t i e s  a r e  shown i n  F i g  8. Again t h e  p a t t e r n  of 

h o r i z o n t a l  r e s i d u a l  c i r c u l a t i o n s  due t o  t i d a l  a c t i o n  

i s  i m p o r t a n t  bu t  super imposed on t h i s  is a  h o r i z o n t a l  

p a t t e r n  of e d d i e s  due t o  t h e  wind. These e d d i e s  a r e  

caused  by t h e  same p r o c e s s  a s  t h o s e  shown i n  Kef 1, 

i . e .  t h e  wind h a s  a  g r e a t e r  e f f e c t  where t h e  w a t e r  i s  

s h a l l o w  t h a n  where i t  is deep  s o  a f low s t a r t s  down 

wind i n  t h e  s h a l l o w  a r e a s  and r e t u r n i n g  i n  t h e  d e e p e r  

a r e a s .  T h i s  i s  on t o p  of t h e  v e r t i c a l  c i r c u l a t i o n  

(downwind a t  t h e  s u r f a c e ,  r e t u r n  c u r r e n t  n e a r  t o  t h e  

bed) .  

4 APPLICATIONTOA 

THERMAL PLUME 

The 3-D L,AP model h a s  been  a p p l i e d  t o  a  t h e r m a l  plume 

f rom a  proposed power s t a t i o n  (Ref 7 ) .  I n  t h i s  

a p p l i c a t i o n  i t  was found ( s e e  F i g  8) t h a t  t h e  plume 

remains  a lways  c l o s e  t o  t h e  s u r f a c e  as  i s  obse rved  i n  

plumes f rom o p e r a t i n g  power s t a t i o n s .  

A t e s t  was a l s o  c a r r i e d  o u t  w i t h  a  much i n c r e a s e d  

v e r t i c a l  mixing  ( such  as would be t y p i c a l  of a  

non-buoyant f l ow)  and t h i s  had a  g r e a t  e f f e c t  on t h e  

plume both  c a u s i n g  i t  t o  mix th rough  t h e  d e p t h  and 

p r e v e n t i n g  i t  f rom moving v e r y  f a r  o f f s h o r e .  

The plume was found t o  a g r e e  w e l l  w i t h  a s i m p l e  

e x i s t i n g  s t e a d y  s t a g e  i n t e g r a l  j e t  model a t  maximum 

c u r r e n t  (when t h e  plume becomes n e a r l y  s t e a d y ) .  

However, i n  t h e  a p p l i c a t i o n  i t  was p o s s i b l e  t u  model 

t h e  plume development i n  t ime  w i t h  a n  uns t eady  t i d a l  

c u r r e n t  and a l s o  i n  t h e  p r e s e n c e  of a n  onshore  wind. 



5 CONCLUSIONS 

A  DAP v e r s i o n  of  t h e  3-D n u m e r i c a l  model o f  f l ow  i n  

e s t u a r i e s  h a s  been  d e v e l o p e d .  I t  ha s  been a p p l i e d  t o  

t h e  S e v e r n  E s t u a r y  where  i t  h a s  been  found  t h a t  

r e s i d u a l  v e l o c i t i e s  due  t o  g r a v i t a t i o n a l  c i r c u l a t i o n  

a r e  v e r y  small. Because  of t h i s  t h e  model was a l s o  

r u n  w i t h  a n  a r t i f i c i a l l y  i n c r e a s e d  d e n s i t y  of s a l t  i n  

o r d e r  t o  o b t a i n  a s t r o n g e r  r e s i d u a l  c i r c u l a t i o n .  A 

s t r o n g e r  s t r a t i f i c a t i o n  was a l s u  found  i n  t h i s  c a s e .  

The t h r e e  d i m e n s i o n a l  n u m e r i c a l  model  p r e l i ~ n i n a r i l y  

a p p l i e d  h e r e  t o  t h e  S e v e r n  E s t u a r y  h a s  been  shown t o  

be c a p a b l e  of  r e p r o d u c i n g  t h e  t h r e e  d i m e n s i o n a l  f l o w  

a s s o c i a t e d  w i t h  t h e  s a l i n i t y  d i s t r i b u t i o n  and  i n  

p a r t i c u l a r  t h e  r e s i d u a l  g r a v i t a t i o n a l  c i r c u l a t i o n .  

T h i s  is a v e r y  i m p o r t a n t  e f f e c t  as i t  i n f l u e n c e s  t h e  

movement of  mud i n  t h e  e s t u a r y .  As mud a l s o  a f f e c t s  

t h e  d e n s i t y  of t h e  w a t e r  t h a t  c a r r i e s  i t  a 3-D model  

i n c o r p o r a t i n g  b o t h  s a l t  and  mud s h o u l d  be d e v e l o p e d .  

T h i s  3-0 n u m e r i c a l  model c a n  b e  u sed  e f f e c t i v e l y  i n  

p r a c t i c a l  c a s e s  b e c a u s e  of  t h e  p o s s i b i l i t y  of d o i n g  

many s i m u l t a n e o u s  c a l c u l a t i o n s .  The S e v e r n  E s t u a r y  

model  t o o k  a b o u t  60ms p e r  t i m e s t e p  p e r  l a y e r  s o  t h a t  a 

whole  t i d e  was computed i n  j u s t  5% m i n u t e s .  T h i s  

r e p r e s e n t s  a g r e a t  i n c r e a s e  i n  s p e e d  r e l a t i v e  t o  a 

s e r i a l  c o m p u t a t i o n .  
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