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ABSTRACT 

The study of sediment transport generally is very difficult but more so in 
the case of estuaries because: 

- the water movements are continually changing with the rise and fall of 
the tide 

- a wide range of sediment exists on the bed and in suspension 

- certain sediments are not found in some parts leading to unsaturated 
loads in the water. 

In recent years sediment transport models have been developed and used for 
making engineering assessments of the impact of works on the sediment 
regime. At present the full potential of the models cannot be realised 
because of the lack of calibration and verification data, and gaps in our 
understanding of the fundamental sedimentation processes. 

The basic aim of this research was to improve the representation of sand 
transporting processes in computer models. It is relevant to the sand 
transport consequences of civil engineering works on the operation of ports 
and harbours and on environment aspects, and will ultimately benefit the 
industry by helping to minimise maintenance dredging of ports and navigation 
channels. 

The first phase of the project, covered in this report, concentrates on 
finding the best numerical model representation of the exchange of sand 
between the bed and the flow, based on assessments of the available data and 
theoretical analyses. The report also contains descriptions of the 
fundamental physical processes affecting sand transport in estuaries and a 
brief review of existing numerical models of sand transport. 

A sand transport model, based on theoretical and empirical relationships, 
has been tested to verify that it simulates the relevant physical 
processes. It was found that the most appropriate formulation for 
entrainment of sand at the bed was in terms of an entrainment rate. The 
connection between this entrainment rate and the associated sand transport 
law has been considered and it was concluded that strictly only one of these 
should be specified. 

The model was compared with some flume data to test its response to a change 
in the sediment load. It was shown that the model simulation could be 
calibrated by adjusting the settling velocity and vertical diffusivity 
parameters. 

The implications on the suspended load due to the unsteadiness in 
accelerating and decelerating flow and the numerical simulation of these 
effects will be studied in the second phase of the project. It is also 
intended to study the behaviour of mixtures of different sand sizes and 
consider how this might be represented in a computer model. These aspects 
will be described in a later report. 
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1 INTRODUCTION 

1.1 E s t u a r i n e  s e d i m e n t s  
An e s t u a r y  is  a p a r t l y  e n c l o s e d  body of t i d a l  w a t e r  
where r i v e r  w a t e r  i s  mixed w i t h  and  d i l u t e d  by s e a  
w a t e r .  I n  a  g e n e r a l  s e n s e  t h e  e s t u a r i n e  env i ronmen t  
i s  d e f i n e d  by s a l i n i t y  b o u n d a r i e s  r a t h e r  t han  by 
g e o g r a p h i c a l  o n e s ,  b u t  a l t h o u g h  t h e  s a l i n i t y  has  
i n f l u e n c e  on t h e  c l a y  s ed imen t  f r a c t i o n s  i t  i s  t h e  
c u r r e n t s  g e n e r a t e d  by t h e  t i d a l  volume f l o w i n g  i n  and 
o u t  of t h e  e s t u a r y  which  domina te  t h e  aovement  and  
d i s  t r i ' o u t i o n  of s e d i m e n t s .  The s e d i m e n t s  t h e m s e l v e s  
may have o r i g i n a t e d  from n a t u r a l  e r o s i o n  i n l a n d  o r  
f rom seawards .  They c o n s i s t  of m a t e r i a l s  r a n g i n g  
from t h e  f i n e s t  c l a y  p a r t i c l e s  t o  c o a r s e  s and  and  
g r a v e l s .  A c o n v e n i e n t  c l a s s i f i c a t i o n  of s e d i m e n t s  
a s e s  a g e o m e t r i c  s c a l e  of s i z e s .  

mm p h i  units 

Very c o a r s e  sand  1 . 0  - 2.0 
C o a r s e  s and  0.5 - 1.0  
Xedium sand  0.25 - 0.5 
F i n e  s and  0.125 - 0.25 
Very f i n e  s a n d  0.064 - 0.125 

C o a r s e  s i l t  0.332 - 0.064 
i4edium s i l t  0.016 - 0.032 
F i n e  s i l t  0.008 - 0.016 
Very f i n e  s i l t  0.004 - 0.008 

C o a r s e  c l a y  0.002 - 0.004 
Medium c l a y  0 .001  - 0.002 

TABLE 1 SEDIMENT G I A D I N G S  

A s i g n i f i c a n t  f e a t u r e  of e s t u a r i e s  i s  t h e  wide  r a n g e  
of s ed imen t  s i z e s  found i n  them. T h e s e  s e d i m e n t s  are 
s i f t e d  and s o r t e d  by t h e  t i d a l  c u r r e n t s .  

I n  t h e  main c h a n n e l s  bed s t r e s s e s  a r e  u s u a l l y  t o o  
h i g h  t o  a l l o w  t h e  f i n e r  m a t e r i a l s  t o  a c c u m u l a t e  
a l t h o u g h  t h e y  nay  s e t t l e  t e m p o r a r i l y  a t  s l a c k  w a t e r .  
an17  c o a r s e  sand  and ; r a v e l  c a n  e x i s t  a s  permanent  
d e p o s i t s  i n  t h e s e  h i g h  e n e r g y  r e g i o n s .  Along t h e  
s h a l l o w  marg ins  of t h e  e s t u a r y ,  and f u r t h e r  d p s t r e a m ,  
t h e  t i d a l  c u r r e n t s  a r e  t o o  weak t o  move t h e  s and  and  
e i t h e r  no  sand  i s  t r a n s p o r t e d  t h e r e  o r  i t  is cove red  
by s i l t  o r  c l a y  t o  p roduce  c h a r a c t e r i s t i c  mud f l a t s .  
These  mud f l a t s  a r e  c o l o n i s e d  by v a r i o u s  forms of 
mar ine  l i f e  and become t h e  f e e d i n g  g rounds  of b i r d s .  
I f  c o n d i t i o n s  a r e  s u i t a b l e  t h e  l e v e l  of t h e  mud f l a t s  
r i s e s  and e v e n t u a l l y  a s a l t  marsh d e v e l o p s .  



1 . 2  K e s e a r c h  O b j e c t i v e s  
The s t u d y  of s ed imen t  t r a n s p o r t  g e n e r a l l y  is v e r y  
d i f f i c u l t  b u t  more s o  i n  t h e  c a s e  of e s t u a r i e s  
b e c a u s e  

- t h e  w a t e r  movements a r e  c o n t i n u a l l y  c h a n g i n g  
g i t h  the r i s e  of t h e  t i d e  

- a  wide  r a n g e  of s e d i m e n t s  e x i s t  on t h e  bed and  i n  
s u s p e n s i o n  

- c e r t a i n  s e d i m e n t s  a r e  n o t  found  i n  some p a r t s  
l e a d i n g  t o  u n s a t u r a t e d  l o a d s  i n  t h e  w a t e r  

I n  r e c e n t  y e a r s  s e d i m e n t  t r a n s p o r t  models  h a v e  been  
d e v e l o p e d  and  used  f o r  inaking e n g i n e e r i n g  a s s e s s m e n t s  
of t h e  impac t  of works on t h e  s e d i m e n t  reg ime.  A t  
p r e s e n t  t h e  f u l l  p o t e n t i a l  o f  t h e  models  c a n n o t  b e  
r e a l i s e d  b e c a u s e  of t h e  l a c k  of  c a l i b r a t i o n  and  
v e r i f i c a t i o n  d a t a ,  and g a p s  i n  o u r  u n d e r s t a n d i n g  of 
t h e  fundamen ta l  s e d i m e n t a t i o n  p r o c e s s e s .  

The b a s i c  a i m  of t h i s  r e s e a r c h  was t o  improve  t h e  
r e p r e s e n t a t i o n  of sand  t r a n s p o r t i n g  p r o c e s s e s  i n  
computer  models  which i n v o l v e d  some work t o  g a i n  a 
b e t t e r  u n d e r s t a n d i n g  of t h e  u n d e r l y i n g  p h y s i c s .  

The f i r s t  phase  of t h e  p r o j e c t ,  c o v e r e d  i n  t h i s  
r e p o r t ,  c o n c e n t r a t e s  on f i n d i n g  t h e  b e s t  n u m e r i c a l  
model r e p r e s e n t a t i o n  of t h e  exchange  of  s a n d  be tween  
t h e  bed and t h e  f l o w ,  b a s e d  on a s s e s s m e n t s  of  t h e  
a v a i l a b l e  d a t a  and t h e o r e t i c a l  a n a l y s e s .  The r e p o r t  
a l s o  c o n t a i n s  d e s c r i p t i o n s  of t h e  f u n d a m e n t a l  
p h y s i c a l  p r o c e s s e s  a f f e c t i n g  sand  t r a n s p o r t  i n  
e s t u a r i e s  and a b r i e f  r e v i e w  of  e x i s t i n g  n u m e r i c a l  
models  of s and  t r a n s p o r t .  

The i m p l i c a t i o n s  on t h e  suspended  l o a d  due  t o  t h e  
u n s t e a d i n e s s  i n  a c c e l e r a t i n g  and  d e c e l e r a t i n g  f l o w  
and t h e  n u m e r i c a l  s i m u l a t i o n  of  t h e s e  e f f e c t s  w i l l  b e  
s t u d i e d  i n  t h e  second phase  of t h e  p r o j e c t .  I t  i s  
a l s o  i n t e n d e d  t o  s t u d y  t h e  b e h a v i o u r  of  m i x t u r e s  of  
d i f f e r e n t  s and  s i z e s  and c o n s i d e r  how t h i s  might  b e  
r e p r e s e n t e d  i n  a  computer  ~ n o d e l .  These  a s p e c t s  w i l l  
b e  d e s c r i b e d  i n  a  l a te r  r e p o r t .  

2 POTENTIAL LOAD 
MODELS 

The s i n p l e s t  t y p e  of s e d i m e n t  t r a n s p o r t  model i s  
e s s e n t i a l l y  a s i n g l e  e q u a t i o n  r e p r e s e n t i n g  
c o n s e r v a t i o n  of bed m a t e r i a l .  



wherc! 'l (kg/m2) i s  t h e  q u a n t i t y  of s e d i n e n t  on t h e  
bed and Ts ( k g / s e c / a  w i d t h )  is  a  p r e s c r i b e d  sand  
t r a n s p o r t  fo rmula .  The b a s i c  assumptiorl  f o r  t h i s  
t y p e  of model i s  t h a t  t h e  f l o ~  i s  s a t u r a t e d  w i t h  
s e d i m e n t ,  which means t h a t  t h e  £104 i s  c a r r y i n g  t h e  
rnaxirnum sand  t r a n s p o r t  t h a t  can b e  m a i n t a i n e d  Eor t h e  
g i v e n  h y d r a u l i c  and sed i lnen ta ry  c o n d i t i o n s .  I lnder  
s a t u r a t e d  c o n d i t i o n s  t h e  t r a a s p o r t  can  be c a l c u l a t e d  
f rom one of t h e  rmny sed imen t  t r a n s p o r t  l a u s  t o  be  
found i n  t h e  l i t e r a t u r e .  An a p p r a i s a l  o f  a v a i l a b l e  
methods i s  g i v e n  by van X i  jn  (1984) .  The f l ow 
p a r a m e t e r s  ( w a t e r  d e p t h ,  mean v e l o c i t y  and  s h e a r  
v e l o c i t y )  r e q u i r e d  f o r  t h e  t r a n s p o r t  c a l c u l a t i o n  
c o u l d  be  o b t a i n e d  from measurements  i n  a  p h y s i c a l  
n o d e l  b u t  i t  i s  u s u a l l y  q u i c k e r  and c h e a p e r  t o  
g e n e r a t e  t h i s  d a t a  on a  r e g u l a r  z r i d  from a s e p a r a t e  
n u m e r i c a l  model of w a t e r  movements. 

The s e d i m e n t  c a r r y i n g  c a p a c i t y  of f low i n c r e a s e s  
s i g n i f i c a n t l y  f o r  h i g h  w a t e r  v e l o c i t i e s  - t y p i c a l l y  
i n  p r o p o r t i o n  t o  t h e  f o u r t h  power. T h i s  means t h a t  
t h e  f l ow  w i l l  t e n d  t o  p i c k  up m a t e r i a l  f rom t h e  bed 
when i t  a c c e l e r a t e s  and t o  d e p o s i t  e x c e s s  m a t e r i a l  
when i t  d e c e l e r a t e s .  I f  t h e  f low i s  a lways  s a t u r a t e d  
w i t h  s e d i m e n t  t h e  d i f f e r e n c e  i n  t r a n s p o r t i n g  c a p a c i t y  
must  d e f i n e  t h e  q u a n t i t y  of m a t e r i a l  p i c k e d  up o r  
d e p o s i t e d  on t h e  bed.  T h i s  i s  t h e  b a s i s  f o r  t h e  
p o t e n t i a l  l o a d  model. 

The p o t e n t i a l  l o a d  model i s  n a t u r a l l y  most  s u i t e d  t o  
s i t u a t i o n s  where t h e  bed m a t e r i a l  i s  n a r r o w l y  g r a d e d  
and   here t h e r e  i s  a n  a d e q u a t e  s u p p l y  of e r o d i b l e  
m a t e r i a l  on t h e  bed t o  m a i n t a i n  t h e  s a t u r a t e d  l o a d .  
These  c o n d i t i o n s  a r e  more o f t e n  m e t  i n  r i v e r s  and  i t  
i s  i n  such  s i t u a t i o n s  t h a t  p o t e n t i a l  l o a d  models  have  
been  found most  s u c c e s s f u l .  S e e  f o r  example  Cunge 
and  Yerd reau  ( 1 9 7 3 ) ,  Thomas and  P r a s u h n  (1977)  and  
B e t t e s s  and Whi te  (1979) .  

L e p e t i t  and S a g u e l  (1978)  ex t ended  t h e  m o d e l l i n g  
a p p r o a c h  used  i n  r i v e r  s t u d i e s ,  t o  s i m u l a t e  
2-d imens ional  l o c a l  s c o u r  round a  j e t t y  i n  a s t e a d y  
f low.  The model i s  q u a s i - s t e a d y  and u s e s  a 
p e r t u r b a t i o n  t e c h n i q u e  t o  f e e d  t h e  changes  i n  d e p t h  
b a c k  i n t o  t h e  £104. T r a n s p o r t  i s  c a l c u l a t e d  fr:>rn a 
s a t u r a t e d  bed l o a d  sed imen t  law and  bed changes  
c a l c u l a t e d  f  r o ~ n  t h e  2-d iiaens i o n a l  form of e q u a t i o n  1, 
f o r  c o n s e r v a t i o n  of s e d i m e n t .  The model r e s u l t s  we re  
shown t o  a g r e e  q u a l i t a t i v e l y  w i t h  s c o u r  p a t t e r n s  
measured i n  a mob i l e  bed p h y s i c a l  model.  

The p r e v i o u s l y  ment ioned  models  have  t h e  cornnon 
f e a t u r e  t h a t  t h e  w a t e r  f l o ~  i s  e i t h e r  s t e a d y  o r  
v a r y i n g  v e r y  s l o w l y .  iJnder t h o s e  c i r c ~ l ; n s t a n c z s  t h e  
p o t e n t i a l  l o a d  model can  be a p p l i e d  t o  t o t a l  (bed  
p l u s  suspended)  l o a d s .  I n  e s t u a r i e s ,  cllhere l a g  
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t h e  a c t u a l  sediment load of t h e  approaching 
water  i s  i n s u f f i c i e n t  t o  s a t u r a t e  even t h e  
slower f low; 

3. e r o s i o n  may i n  f a c t  occur  i n  an a r e a  of 
p o t e n t i a l  d e p o s i t i o n  i f  t h e  sediment load  of t h e  
approaching flow i s  very low f o r  example a f t e r  
f lowing over an a r e a  of rock bed. 

I n  o rder  t o  overcome t h e s e  l i m i t a t i o n s  a  d i f f e r e n t  
s o r t  of model i s  r e q u i r e d  based on c o n s e r v a t i o n  
p r i n c i p l e s  which s i m u l a t e s  the  sediment t r a n s p o r t  i n  
terms of a  suspended s o l i d s  c o n c e n t r a t i o n .  The 
e r o s i o n  o r  d e p o s i t i o n  of m a t e r i a l  on t h e  bed can t h e n  
be assumed i n  t h e  model depending on whether t h e  
a c t u a l  load i s  l e s s  o r  g r e a t e r  than t h e  s a t u r a t e d  
load  which would o b t a i n  under s t e a d y ,  uniform flow 
c o n d i t i o n s  a t  t h e  sane v a l u e s  a s  t h e  i n s t a n t a n e o u s  
flow. Under t h e s e  c i rcumstances  t h e  suspended s o l i d s  
c o n c e n t r a t i o n ,  c ,  (kg/m 3, s a t i s f i e s ,  (eg Graf 
(1971) ) 

a ac a ac a a2 = -(D -) + -(D -) + -(D -) 
h x a x  a y y a y  ? E z ? E  

where 

U ,  v ,  W a r e  t h e  v e l o c i t y  components (m/s)  
X ,  y,  z  a r e  space co-ord ina tes ,  w i t h  z v e r t i c a l l y  

upwards (m) 
ws i s  t h e  s e t t l i n g  v e l o c i t y  (mjs)  
t i s  t ime 
D x ,  D y ,  D Z  a r e  d i f f u s i o n  c o e f f i c i e n t s  (m2/s).  

3.1 :.lodels of 
v e r t i c a l  p r o f i l e s  

Xost  s o l u t i o n s  t o  be found i n  t h e  l i t e r a t u r e  a r e  f o r  
s p e c i a l  c a s e s  of t h i s  equa t ion .  The e a r l i e r  
s o l u t i o n s  by S c h n i d t  (1925) and Lane e t  a 1  (1941) ,  
and l a t e r  Hunt (1965) provide i n s i g h t  i n t o  t h e  
v e r t i c a l  s t r u c t u r e  of t h e  suspended s o l i d s  p r o f i l e .  
These assume one-dimensional,  uniform,  s t e a d y  flow 
c o n d i t i o n s  f o r  which equa t ion  2  reduces  t o  

T h i s  equa t ion  r e p r e s e n t s  t h e  e q u i l i b r i u m  p r o f i l e  
ob ta ined  a s  a  ba lance  between s e t t l i n g  and v e r t i c a l  
d i f f u s i o n  due t o  t h e  tu rbu lence .  I t  i s  impor tan t  t o  
a p p r e c i a t e  t h a t  e q u i l i b r i u m  d e f i n e d  i n  t h i s  way does  



n o t  mean s a t u r a t i o n .  I n d e e d  t h e  sed imen t  l o a d  can b e  
i n  e q u i l i b r i u m  i f  t h e  bed i s  n o t  mob i l e ,  even when 
t h e  f low is  n o t  s a t u r a t e d  w i t h  sed imen t .  I n t e g r a t i o n  
w i t h  r e s p e c t  t o  z  and t h e  a p p l i c a t i o n  of a boundary 
c o n d i t i o n  of z e r o  f l u x  of sed imen t  a t  t h e  f r e e  
s u r f a c e  (and i m p l i c i t l y  a l s o  a t  t h e  bed)  y i e l d s  t h e  
govern ing  e q u a t i o n  

T h i s  can be i n t e g r a t e d  f u r t h e r  i f  t h e  v e r t i c a l  
s t r u c t u r e  of t h e  d i f f u s i v i t y  i s  p r e s c r i b e d .  These  
p r o f i l e s  have proved v a l u a b l e  i n  t h e  u n d e r s t a n d i n g  of 
sediment  t r a n s p o r t  b u t  t hey  a r e  n o t  r e l e v a n t  t o  t h e  
u n s t e a d y ,  u n s a t u r a t e d  f low c o n d i t i o n s  which a r e  t h e  
main conce rn  h e r e ,  s o  t h e s e  s p e c i a l  s o l u t i o n s  a r e  n o t  
c o n s i d e r e d  f u r t h e r .  Graf  (1971) i s  a good s o u r c e  of 
a d d i t i o n a l  i n f o r m a t i o n  on t h e s e  s o l u t i o n s .  

3.2 E v o l u t i o n  of 
suspended l o a d  

A c l a s s  of s o l u t i o n s  which have more r e l e v a n c e  t o  
e s t u a r i e s  have been p r e s e n t e d  by K a l i n s k e  ( 1 9 4 0 ) ,  
Dobbins  (1943) ,  Mei (1969) and Lean (1980) ,  f o r  
u n s t e a d y  and un i fo rm o r  s t e a d y  and non-uniform 
c o n d i t i o n s  governed r e s p e c t i v e l y  by t h e  e q u a t i o n s  

ac a a= ac 
- =  -(D -) + W  - 
at a? Z a ?  S a? 

These  e q u a t i o n s  are m a t h e m a t i c a l l y  t h e  same when t h e  
a d v e c t i o n  v e l o c i t y  uo  is  c o n s t a n t .  The f i r s t  
r e p r e s e n t s  a  c o n c e n t r a t i o n  changing w i t h  t ime 
f o l l o w i n g  a change i n  t h e  magni tude  of a u n i f o r m  
f low,  w h i l e  t h e  second r e p r e s e n t s  t h e  c o n c e n t r a t i o n  
changing as a  f u n c t i o n  of p o s i t i o n  as might  occur  f o r  
example when c l e a r  w a t e r  f l o w s  f rom an a r e a  w i t h  an  
i n e r o d i b l e  bed i n t o  an  a r e a  where  e r o s i o n  can  
c o m e n c e .  S o l u t i o n s  of t h e s e  e q u a t i o n s  p r o v i d e  
i n f o r m a t i o n  a b o u t  t h e  t ime o r  d i s t a n c e  of t r a v e l  
r e q u i r e d  f o r  t h e  sed imen t  c o n c e n t r a t i o n  t o  a d a p t  t o  
changes  i n  t h e  f low c o n d i t i o n s .  

The assumpt ion  of c o n s t a n t  eddy d i f f u s i v i t y  p e r m i t s  
a n a l y t i c  s o l u t i o n  of t h e s e  e q u a t i o n s .  The 
d i f f u s i v i t y  no rma l ly  used  i s  



which is t h e  depth  averaged v a l u e  of t h e  p a r a b o l i c  
eddy v i s c o s i t y  

c o n s i s t e n t  w i t h  the  l o g a r i t h m i c  v e l o c i t y  p r o f i l e .  K 

i s  t h e  Von Karman c o n s t a n t .  Apmann and iiumer (1970) 
p resen t  exper imenta l  evidence t h a t  s u p p o r t s  t h i s  
assumption. The exac t  s o l u t i o n s ,  which invo lve  t h e  
use  of Laplace  Transforms, o r  s i m i l a r ,  may be 
expressed i n  t h e  form of i n f i n i t e  s e r i e s .  Mei (1969) 
recognised t h a t  an approximate s o l u t i o n ,  v a l i d  f o r  
smal l  t imes  of d i s t a n c e s  of t r a v e l ,  could  be ob ta ined  
from t h e  expansion of t h e  Laplace  Transform f o r  l a r g e  
v a l u e s  of t h e  t r ans form parameter. Under most 
c o n d i t i o n s  t h i s  expansion i s  v a l i d  f o r  d i s t a n c e s  of 
t h e  o rder  of twenty water  dep ths  o r  t h e  e q u i v a l e n t  i n  
a  t i n e  dependent s i t u a t i o n .  Lean (1980) proposed an 
a l t e r n a t i v e  bed boundary c o n d i t i o n  and t h e  p r e s e n t  
au thor  has reworked :4ei1s s o l u t i o n  f o r  t h i s  case .  
Th is  s o l u t i o n  i s  used i n  t h e  sediment t r a n s p o r t  model 
proposed i n  t h e  nex t  s e c t i o n .  

3 . 3  Boundary c o n d i t i o n s  
The s o l u t i o n  of the  unsteady e q u a t i o n  5 r e q u i r e s  an 
i n i t i a l  c o n d i t i o n  a t  say  t = 0  and boundary c o n d i t i o n  
z = 0  ( t h e  bed) and z = d  ( t h e  f r e e  s u r f a c e ) .  The 
s u r f a c e  boundary i s  c l e a r l y  z e r o  v e r t i c a l  f l u x  of 
sediment v i z  

There a r e  two p o s s i b l e  c o n d i t i o n s  a t  t h e  bed which 
admit a n a l y t i c a l  s o l u t i o n ,  f i r s t l y  one could  assume 
(Mei 1969) t h a t  t h e  c o n c e n t r a t i o n  c ( o , t )  a t  t h e  bed 
responds i n s t a n t a n e o u s l y  t o  t h e  changing flow 
c o n d i t i o n s .  That  i s  

where 

c s ( o , t )  i s  t h e  c o n c e n t r a t i o n  of t h e  e q u i l i b r i u m  
p r o f i l e  a t  t h e  bed when t h e  flow is  

- s a t u r a t e d  w i t h  sediment 
c s ( t )  i s  t h e  dep th  averaged v a l u e  of t h i s  p r o f i l e  

PS = c s ( o ,  t ) / c s ( t )  i s  a  p r o f i l e  f a c t o r  

Th is  i s  a  much more r e a l i s t i c  c o n d i t i o n  than t h a t  
i m p l i c i t  i n  a  p o t e n t i a l  load model which assumes t h a t  
the  f u l l  load  responds i n s t a n t a n e o u s l y .  Xowever, t h e  
c o n d i t i o n  s t i l l  i m p l i e s  an i n f i n i t e  r a t e  of exchange 



of m a t e r i a l  a t  t h e  bed a t  t = 0 ( o r  a t  X = 0 i n  t h e  
non-uniform v e r s i o n ) .  

Lean (1983) assumes t h a t  t h e  r a t e  E ( k g / m 2 / s )  a t  
which m a t e r i a l  i s  e n t r a i n e d  i n t o  t h e  f low i s  t h e  
q u a n t i t y  which r e s p o n d s  most  r e a d i l y  t o  changes  i n  
f low.  I n  t h i s  c a s e  t h e  boundary  c o n d i t i o n  a t  t h e  bed 
would be 

o r ,  f rom e q u a t i o n  4 ,  t h e  n e t  v e r t i c a l  f l u x  FZ 
(kg /m2/ s )  a t  t h e  bed i s  p r e s c r i b e d  a s  

T h i s  p r o v i d e s  an  a l t e r n a t i v e  boundary  c o n d i t i o n  t o  
c o n d i t i o n  10. The a s y m p t o t i c  form of s o l u t i o n s  t o  
e q u a t i o n  5 f o r  i n i t i a l  c o n c e n t r a t i o n  c0 a r e  

f o r  t h e  bed c o n c e n t r a t i o n  boundary  c o n d i t i o n  (Mei) 
and 

f o r  t h e  bed e n t r a i n m e n t  boundary  c o n d i t i o n  ( L e a n ) ,  
where  



These  s o l u t i o n s  a r e  v a l i d  when t 1, i e  f o r  t h e  t i m e  
needed f o r  t h e  w a t e r  t o  f low ove r  a d i s t a n c e  e q u a l  t o  
a b o u t  1 0  t o  100 w a t e r  d e p t h s .  

3.4 Numer ica l  s and  
t r a n s p o r t  models 

Al though t h e  s p e c i a l  s o l u t i o n s  d e s c r i b e d  above 
p r o v i d e  i n s i g h t  i n t o  t h e  sed imen t  t r a n s p o r t  p r o c e s s e s  
t h e y  s t i l l  l a c k  many of t h e  f a c t o r s  which a r e  
i m p o r t a n t  i n  e s t u a r i e s ,  namely 

1. t h e  combina t ion  of non u n i f o r m i t y  w i t h  
u n s t e a d i n e s s  

2. v a r i a b l e  s u p p l y  of e r o d i b l e  m a t e r i a l  

3. l a te ra l  as w e l l  a s  l o n g i t u d i n a l  v a r i a t i o n .  

The i n c l u s i o n  of  t h e s e  f a c t o r s  c o m p l e t e l y  p r e c l u d e s  
of  a n a l y t i c  s o l u t i o n  and l e a d s  t o  t h e  need f o r  
n u m e r i c a l  models. 

The s i m p l e s t  form of n u m e r i c a l  s ed imen t  t r a n s p o r t  
model t a k e s  t h e  form of f i n i t e  d i f f e r e n c e  o r  f i n i t e  
e l emen t  s o l u t i o n s  of t h e  approx ima te  e q u a t i o n s  5 and 
6 .  Apmann and Aumer (1970) and Y a l i n  and F i n l a y s o n  
(1973) p r e s e n t  models  of t h i s  t ype .  The a d v a n t a g e  o f  
s e e k i n g  n u m e r i c a l  s o l u t i o n s  i s  t h a t  more r ea l i s t i c  
eddy d i f f u s i v i t i e s  and v e l o c i t y  p r o f i l e s  can  be  
i n c o r p o r a t e d .  Y a l i n  employs a n  eddy d i f f u s i v i t y  
e q u a l  t o  t h e  p a r a b o l i c  eddy v i s c o s i t y  ( e q  8) 
c o n s i s t e n t  w i t h  t h e  l o g a r i t h m i c  f low p r o f i l e .  The 
model was t e s t e d  a g a i n s t  e x p e r i m e n t a l  measurements  
( F i g  5 ) .  Though t h e  model i s  n o t  immedia t e ly  
r e l e v a n t  t o  e s t u a r i e s  t h e r e  i s  no i n h e r e n t  d i f f i c u l t y  
i n  e x t e n d i n g  t h e  n u m e r i c a l  t e c h n i q u e s  t o  non-uniform, 
u n s t e a d y  c o n d i t i o n s .  

K e r r s e n s  e t  a1 (1979) have deve loped  a m u l t i - l a y e r ,  
l - D  model of  t h i s  t y p e  which a l l o w s  non-uniform 
c r o s s - s e c t i o n s  t o  be c o n s i d e r e d  b u t  i t  h a s  a p p a r e n t l y  
o n l y  been a p p l i e d  under  s t e a d y  f low c o n d i t i o n s .  A 
l o g a r i t h m i c  p r o f i l e  i s  assumed f o r  t h e  v e r t i c a l  
s t r u c t u r e  of t h e  f low. The suspended s o l i d s  
c o n c e n t r a t i o n  i s  computed from t h e  l - d i m e n s i o n a l  fo rm 
o f  t h e  sed imen t  c o n c e n t r a t i o n  e q u a t i o n  2 u s i n g  non- 
un i fo rm v e r t i c a l  g r i d  t o  g i v e  g r e a t e r  a c c u r a c y  n e a r  
t h e  bed. K e r r s e n s  e t  a1 (1979) assumed t h e  t u r b u l e n t  
d i f f u s i v i t y ,  D, t o  e q u a l  t h e  p a r a b o l i c  eddy v i s c o s i t y  
( e q  8) a p p r o p r i a t e  f o r  l o g a r i t h m i c  f low.  The 
boundary c o n d i t i o n  a t  t h e  bed i s  t a k e n  t o  be t h e  
e q u i l i b r i u m  c o n c e n t r a t i o n ,  e q u a t i o n  1 0 ,  which would 
occu r  a t  t h e  i n s t a n t a n e o u s  f low c o n d i t i o n s .  The 
s o l u t i o n  s i m u l a t e s  t h e  t r a n s i e n t  e v o l u t i o n  of t h e  
e q u i l i b r i u m  p r o f i l e  f rom a n o n - e q u i l i b r i u m  c o n d i t i o n .  



The model was t e s t e d  a g a i n s t  i n f i l l  r a t e s  measured i n  
a  g a s  p i p e l i n e  t r e n c h  i n  t h e  Western  S c h e l d t .  T h i s  
model has  been developed f u r t h e r  t o  i n c l u d e  a g i t a t i o n  
by waves (van R i j n  (1985) ) .  

G a l a p p a t t i  and Vredgdenh i l  (1985) approached  t h e  
problem i n  a  d i f f e r e n t  way. They f o r u u l a t e d  t h e i r  
model on a s e r i e s  expans ion  i n  which t h e  v e r t i c a l  
d imension i s  e l i i n i n a t e d  by means of an a s y m p t o t i c  
s o l u t i o n .  The r e s u l t i n g  depth-averaged model was 
t e s t e d  f o r  a  s t e a d y ,  u n i d i r e c t i o n a l  f low c a s e  u s i n g  a 
p r e s c r i b e d  c o n c e n t r a t i o n  f o r  t h e  boundary c o n d i t i o n  
a t  t h e  bed. I t  i s  n o t  c l e a r  whe the r  t h i s  t y p e  of 
boundary c o n d i t i o n  was used  i n  p r e f e r e n c e  o r  d i c t a t e d  
by t h e  n a t u r e  of t h e  method. Al though t h e  model had 
l i m i t e d  a p p l i c a b i l i t y ,  t h e  a u t h o r s  concluded t h a t  t h e  
t e c h n i q u e  i s  a s t e p  towards b r i d g i n g  t h e  gap  between 
2D and 3D models. 

Although none of t h e  models d e s c r i b e d  s o  f a r  have  
been a p p l i e d  t o  r e a l  e s t u a r y  c o n d i t i o n s  t h e r e  i s  no 
t e c h n i c a l  r e a s o n  why t h i s  shou ld  n o t  be done.  The 
main problems p r e v e n t i n g  t h i s  a t  p r e s e n t  seem t o  be 
t h e  h igh  expense  of runn ing  3-dimensional  models  and 
d e f i c i e n c i e s  i n  our  knowledge of sed imen t  t r a n s p o r t  
p r o c e s s e s  i n  e s t u a r i e s .  I n  a n  a t t e m p t  t o  g a i n  an  
u n d e r s t a n d i n g  of t h e  consequences  of u n s a t u r a t e d  f low 
i n  e s t u a r i e s  Yiles e t  a 1  (1980) proposed a 
2-dimensional ,  depth-averaged model. T h i s  t y p e  of 
model r e q u i r e s  s p e c i a l  p r o v i s i o n  t o  t a k e  i n t o  a c c o u n t  
t h e  v e r t i c a l  p r o f i l e  e f f e c t s  of t h e  sed imen t  
c o n c e n t r a t i o n .  

The depth-averaged c o n c e n t r a t i o n  c ( x , y , t )  s a t i s f i e s  
t h e  d e p t h - i n t e g r a t e d  form of e q u a t i o n  2  which may be 
w r i t t e n  

where  

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

D n  i s  t h e  l a t e r a l  ( t u r b u l e n t )  d i f f u s i o n  
c o e f f i c i e n t  

( s , n )  a r e  n a t u r a l  c o - o r d i n a t e s  i n  t h e  d i r e c t i o n  and 
normal t o  t h e  f low 

The pa ramete r s  a and PS a r e  i n t r o d u c e d  t o  a c c o u n t  f o r  



t h e  v e r t i c a l  c o n c e n t r a t i o n  and v e l o c i t y  p r o f i l e s .  
For  example 

d  
a =  J q c d ~  = T'iqcd - 

qcd o  

r e p r e s e n t s  t h e  f a c t o r  r e q u i r e d  t o  r ecover  t h e  t r u e  
t r a n s p o r t  of sediment from t h e  product  of d e p t h  
averaged q u a n t i t i e s ,  where 

L 
q  = (E + 7 is  t h e  h o r i z o n t a l  w a t e r  speed ,  and 
T = t h e  sand t r a n s p o r t  (kg/m w i d t h / s )  

S i n c e  high c o n c e n t r a t i o n s  occur  n e a r  t h e  bed i t  
fo l lows  t h a t  a  l ,  and PS 2 1. 

H i l e s  e t  a 1  (1980) ana lysed  sediment  t r a n s p o r t  
measurements from t h e  Conwy e s t u a r y  i n  terms of a  and 

PS. The mean v a l u e  f o r  a w a s  found t o  be i n  good 
agreement w i t h  t h e o r e t i c a l  v a l u e s  from Sumer (1977) 
and t h e  mean v a l u e  f o r  f3 was i n  good agreement w i t h  
t h e o r e t i c a l  v a l u e s  

from t h e  e x p o n e n t i a l  e q u i l i b r i u m  p r o f i l e  of 
Lane e t  a 1  (1941) f o r  c o n d i t i o n s  t y p i c a l  of t h e  f low 
i n  t h e  Conwy Es tua ry .  

The r e s u l t s  show t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  
s e n s i b l e  p r o f i l e  f a c t o r s  from f i e l d  measurements and,  
a l though ,  t h e  r e l a t i o n s  found a r e  v a l i d  o n l y  f o r  t h e  
Conwy, t h e  t echn iques  involved could  be  a p p l i e d  t o  
any s i t e .  With t h i s  e m p i r i c a l  method of p r e s c r i b i n g  
a  and PS t h i s  model has  t h e  b a s i c  f e a t u r e s  f o r  
s t u d y i n g  sediment t r a n s p o r t  i n  e s t u a r i e s .  I t  has  
advec t ion  by c u r r e n t s ,  d i s p e r s i o n  i n  t h e  d i r e c t i o n  of 
f low due t o  t h e  v e r t i c a l  p r o f i l e  and l a t e r a l  
d i f f u s i o n  by tu rbu lence .  D e p o s i t i o n  o r  e r o s i o n  t a k e s  
p lace  depending a s  t o  whether t h e  i n s t a n t a n e o u s  
sediment load exceeds  o r  f a l l s  s h o r t  of t h e  s a t u r a t e d  
l o a d ,  and, i f  r e q u i r e d ,  e r o s i o n  may be prevented i f  
t h e r e  i s  no sediment of t h e  a p p r o p r i a t e  s i z e  
a v a i l a b l e  on t h e  bed. A s h o r t a g e  of m a t e r i a l  on t h e  
bed would be r e f l e c t e d  i n  a  l o ~  c o n c e n t r a t i o n  of 
suspended s o l i d s  being advected away by t h e  f low. 

McAnally e t  a 1  (1984) fo l low a  s i m i l a r  approach b u t  
they use  a  d i f f e r e n t  f o r m u l a t i o n  f o r  d e p o s i t i o n  and 
e r o s i o n .  The d e p o s i t i o n  r a t e  i s  based on a  
r e p r e s e n t a t i v e  s e t t l i n g  v e l o c i t y  and t h e  e r o s i o n  r a t e  
i n c l u d e s  a  r e sponse  time c o e f f i c i e n t  bu t  no d e t a i l s  
of i t s  form a r e  g iven.  



The most u n s a t i s f a c t o r y  a s p e c t  of t h e s e  models i s  t h e  
u s e  of t h e  s e t t l i n g  v e l o c i t y  a s  t h e  main s c a l i n g  
f a c t o r  f o r  t h e  exchange r a t e  of m a t e r i a l  between t h e  
f low and t h e  bed. A b e t t e r  approximat ion 
can be ob ta ined  from t h e  a n a l y t i c a l  s o l u t i o n s  (14)  o r  
(15) f o r  t r a n s i e n t  c o n d i t i o n s .  The r a t e s  of exchange 
of sediment a t  t h e  bed 

a r e  

f o r  t h e  boundary c o n d i t i o n s  of Mei and Lean 
r e s p e c t i v e l y .  The n a t u r e  of t h e s e  r e l a t i o n s  i s  shown 
i n  F i g  l a  f o r  a  t y p i c a l  f low c o n d i t i o n .  S i n c e  
r e l a t i o n  24 i m p l i e s  an  i n f i n i t e  f l u x  of sediment  a t  t 
= 0 t h e  second fo rmula t ion  is  favoured  i n  t h e  
fo l lowing .  I f  p r e f e r r e d ,  t h e  a n a l y s i s  could  be  
r e p e a t e d  f o r  t h e  o t h e r  case .  

F i g  l a  shows t h a t  t h e  r a t e  of exchange of sediment  a t  
t h e  bed v a r i e s  c o n s i d e r a b l y  over  t imes  of t h e  o r d e r  
of t i m e s t e p s  normal ly  used i n  numer ica l  models. 
Accordingly  i t  is  a d v i s a b l e  t o  i n t e g r a t e  e q u a t i o n  25 
over  a  model t imes tep .  That  is  t h e  v e r t i c a l  f l u x  of 
sediment ,  S S ( 7 ) ,  dur ing  t h e  i n t e r v a l  ( 0 ,  t )  i s  

S ( T )  = w s ~ ( - c ) ( C  - CO) (26)  

where 

W - 2 ( 4  ~ ~ ( 1  + ~ 2 ) e r f c ( ~ )  + e r f ( ~ )  - P( d = BsDz 

i s  t h e  bed exchange s c a l i n g  f a c t o r  t h a t  i n c o r p o r a t e s  
t h e  e f f e c t s  of t h e  v e r t i c a l  s t r u c t u r e  and t h e  l a g  
t ime f o r  t h e  c o n c e n t r a t i o n  p r o f i l e  t o  a d j u s t  t o  t h e  
changing flow c o n d i t i o n s .  The n a t u r e  of @(S)  i s  



shown i n  F i g  l b  f o r  a  t y p i c a l  s ed imen t  f r a c t i o n  and 
t i m e s t e p .  

A new sand t r a n s p o r t  model h a s  been deve loped  by t h e  
a u t h o r  ( Y i l e s  (1981) )  u s i n g  S (  z) g i v e n  i n  e q u a t i o n  26 
t o  r e p l a c e  t h e  s o u r c e / s i n k  term on t h e  r i g h t  hand 
s i d e  of e q u a t i o n  20. T h i s  i s  e q u i v a l e n t  t o  a s s u a i n g  
t h a t  t h e  sed imen t  l o a d  i s  i n  e q u i l i b r i u m  w i t h  t h e  
f l o w ,  which i s  r e a s o n a b l e  provided  t h e  f low i s  s l o w l y  
v a r y i n g  i n  s p a c e  and t ime.  However i t  f o l l o w s  t h a t  
t h e  new method canno t  be  a b s o l u t e l y  p r e c i s e  b e c a u s e  
t h e  t h e o r e t i c a l  s o l u t i o n s  14  and 15 have  a  g r a d u a l  
t r a n s i t i o n  w h i l e  t h e  approx ima te  computa t ion  i s  
c a l c u l a t e d  from t h e  assumed e q u i l i b r i u m  p r o f i l e  a t  
t h e  s t a r t  of each  t i m e s t e p .  Yowever, r e s u l t s  unde r  
u n i f o r m  f low c o n d i t i o n s  shown i n  F i g  l b  i n d i c a t e  t h a t  
t h e  e r r o r  S i nvo lved  a r e  l e s s  t h a n  t h e  d i f f e r e n c e s  
which r e s u l t  from a p p l y i n g  t h e  two a l t e r n a t i v e  
boundary c o n d i t i o n s  1 0  and 12.  

4 ENTRAINMENT 

4.1 E n t r a i n m e n t  r a t e  
Van X i  j n  (Ref 23) has  d e v i s e d  a n o v e l  expe r imen t  f o r  
measu r ing  t h e  e n t r a i n m e n t  r a t e .  A sed imen t  l i f t  
c o n s t r u c t i o n  w a s  d e s i g n e d  whereby t h e  sed imen t  
p a r t i c l e s  c o u l d  be  moved upwards a t  a  c o n s t a n t  r a t e  
t h r o u g h  a c i r c u l a r  open ing  i n  t h e  f lume bottom. The 
upward speed  of t h e  l i f t  c o u l d  be s e t  a t  d i f f e r e n t  
( c o n s t a n t )  v a l u e s  by u s e  of a  mechan ica l  d r i v e  
system. To e s t a b l i s h  a un i fo rm f l o w ,  t h e  f lume  w a s  
equ ipped  w i t h  a f a l s e  f l o o r  which  was g i v e n  a  p r e - s e t  
s l o p e  e q u a l  t o  t h e  e x p e c t e d  w a t e r  s u r f a c e  s l o p e  i n  
e a c h  expe r imen t .  The f a l s e  f l o o r  w a s  cove red  w i t h  
p r e - f a b r i c a t e d  wooden p l a t e s  of which  s e d i m e n t  
p a r t i c l e s  of a s i z e  e q u a l  t o  t h o s e  i n  t h e  s e d i m e n t  
l i f t  were  g lued .  

I n  a l l ,  f i v e  t y p e s  of a l m o s t  u n i f o r m  sand m a t e r i a l  
were used  w i t h  d  v a l u e s  of 130,  190 ,  360,  790 a n d  
1500 p. The f low d e p t h  was a b o u t  0.25m. The f l o w  
v e l o c i t i e s  were v a r i e d  i n  t h e  r a n g e  of 0.5-lm/s. 

The most well-known sed imen t  pick-up f u n c t i o n s ,  a s  
r e p o r t e d  i n  t h e  l i t e r a t u r e ,  were summarised and 
compared w i t h  t h e  e x p e r i m e n t a l  r e s u l t s ,  and a n  
e m p i r i c a l  s ed imen t  pick-up f u n c t i o n  r e p r e s e n t i n g  t h e  
p r e s e n t  e x p e r i m e n t a l  r e s u l t s  was used  t o  compute t h e  
t r a n s p o r t  r a t e  of t h e  bed-load and t h e  suspended l o a d  
p a r t i c l e s .  

The main c o n c l u s i o n s  of t h e  s t u d y  were :  

1. The e x p e r i m e n t a l l y  d e t e r m i n e  pick-up r a t e  f o r  a  
f l a t  bed c o u l d  b e  r e p r e s e n t e d  by a  s i m p l e  



e m p i r i c a l  pick-up f u n c t i o n  f o r  p a r t i c l e s  i n  t h e  
r a n g e  130-1500 p. 

2 .  The p r e d i c t i v e  a b i l i t y  of t h e  t h e o r e t i c a l  p ick-up  
f u n c t i o n s  of E i n s t e i n  and Y a l i n  was r a t h e r  poor;  
t h e  t h e o r y  of D e  R u i t e r  produced  t h e  b e s t  r e s u l t s  
f o r  t h e  l a r g e  p a r t i c l e s  s i z e s  (d > 1000 p) ; 
w h i l e  t h e  t h e o r i e s  of Nagakawa-Tsujimoto and 
Fe rnandez  Luque y i e l d e d  t h e  b e s t  r e s u l t s  f o r  t h e  
s m a l l e r  p a r t i c l e  s i z e s  ( Q00 p). 

3. D e f i n i n g  t h e  bed-load t r a n s p o r t  as t h e  p r o d u c t  o f  
t h e  pick-up r a t e  and t h e  s a l t a t i o n  o r  jump 
l e n g t h ,  t h e  bed-load t r a n s p o r t  was computed f o r  
553  f lume and f i e l d  d a t a ,  r e s u l t i n g  i n  a s c o r e  of 
60% of t h e  p r e d i c t e d  v a l u e s  i n  t h e  r a n g e  0.5 t o  
2 t imes  t h e  measured v a l u e s ;  t h e  bed-load 
f o r m u l a s  of I leyer -Pe ter - r l i i l l e r  and F r i j l i n k  
produced similar r e s u l t s .  

4 .  Applying  t h e  proposed  e m p i r i c a l  s e d i m e n t  p ick-up  
f u n c t i o n  as a  bed-boundary c o n d i t i o n  i n  a 
m a t h e m a t i c a l  model f o r  suspended  sed imen t  
t r a n s p o r t ,  t h e  a d j u s t m e n t  of c o n c e n t r a t i o n  
p r o f i l e s  i n  a un i fo rm f low w i t h o u t  i n i t i a l  
s ed imen t  l o a d  was computed and when compared w i t h  
e x p e r i m e n t a l  r e s u l t s ,  showed a r e a s o n a b l e  
ag reemen t .  

4.2 Boundary c o n d i t i o n s  
a t  t h e  bed 

As d i s c u s s e d  e a r l i e r  p r e s c r i b i n g  t h e  e n t r a i n m e n t  r a t e  
of s ed imen t  f rom t h e  bed i s  c o n s i d e r e d  t o  b e  s u p e r i o r  
t o  s p e c i f y i n g  t h e  n e a r  bed c o n c e n t r a t i o n .  The 
magni tude  of  t h e  s ed imen t  e n t r a i n m e n t  r a t e  E ( k g j u n i t  
a r e a / s e c )  e s s e n t i a l l y  d e t e r m i n e s  t h e  magni tude  of t h e  
a s s o c i a t e d  s e d i m e n t  t r a n s p o r t  Ts (kg/m w i d t h / s e c )  
a n d ,  v i c e  v e r s a ,  t h e  u s e  of  a g i v e n  s e d i m e n t  
t r a n s p o r t  r e l a t i o n s  Ts i m p l i e s  a  c o r r e s p o n d i n g  
e n t r a i n m e n t  E.  T h a t  i s  b o t h  r e l a t i o n s  c a n n o t  be  
p r e s c r i b e d  i n d e p e n d e n t l y  i n  a model.  

F u r t h e r  i n s i g h t  i n t o  t h e  c o n n e c t i o n  between E and  Ts 
can be  o b t a i n e d  by c o n s i d e r i n g  t h e  r e q u i r e m e n t s  of  
v a r i o u s  models .  At p r e s e n t  ou r  l i m i t e d  u n d e r s t a n d i n g  
of t h e  u n d e r l y i n g  p h y s i c s  h a s  r e s u l t e d  i n  two 
b a s i c a l l y  d i f f e r e n t  a p p r o a c h e s  b e i n g  used.  On one  
hand w e  have methods t i e d  t o  s e d i m e n t  t r a n s p o r t  
r e l a t i o n s ,  a s  f r e q u e n t l y  u sed  i n  u n i d i r e c t i o n a l  f l ow  
and i n c r e a s i n g l y  used  i n  e s t u a r i e s  i n  t h e  form of  
p o t e n t i a l  sand  t r a n s p o r t  models .  X o d e l s  f o r m u l a t e d  
i n  t h i s  way do n o t  need  t h e  s e d i m e n t  e n t r a i n m e n t  ra te  
t o  b e  p r e s c r i b e d .  On t h e  c o n t r a r y  t h e  exchange  of 
material a t  t h e  bed i s  o b t a i n e d  e x p l i c i t l y  f rom t h e  
s p a t i a l  v a r i a t i o n s  i n  t r a n s p o r t  by assuming s a t u r a t e d  
f low c o n d i t i o n s  and u s i n g  c o n s e r v a t i o n  of  s e d i m e n t .  



A t  t h e  o t h e r  extreme a model c o n t a i n i n g  a  f u l l  
d e s c r i p t i o n  of t h e  p h y s i c a l  p r o c e s s e s  i n  t h e  v e r t i c a l  
d imension would o n l y  need sediment  e n t r a i n m e n t  and 
s h e a r  s t r e s s  r e l a t i o n s  a t  t h e  bed. No sed imen t  
t r a n s p o r t  r e l a t i o n  would be r e q u i r e d  because  t h e  f low 
and suspended sediment  p r o f i l e s  would be g e n e r a t e d  
from t h e  b a s i c  e q u a t i o n s  and t o g e t h e r  t h e s e  d e f i n e  
t h e  sediment  t r a n s p o r t .  The model of  Ker r sens  e t  a 1  
(Ref 1 3 )  f a l l s  i n t o  t h i s  second c a t e g o r y .  

The depth-averaged model p r e s e n t e d  i n  t h i s  r e p o r t  i s  
i n t e r e s t i n g  i n  t h a t  t h e  a c t u a l  r e l a t i o n  between E  and 
Ts can be d e r i v e d .  Thus from e q u a t i o n s  12 ,  21 and 
2 2  

I t  s h o u l d  be  n o t e d  t h a t  t h i s  r e l a t i o n  a p p l i e s  
e x c l u s i v e l y  t o  t h e  tE9 Sandflow-2D model f o r m u l a t i o n .  
O the r  models have  d i f f e r e n t  r e l a t i o n s  between E and 
Ts and i n  many c a s e s  i t  i s  n o t  p o s s i b l e  t o  e x t r a c t  
t h e  e x a c t  form of i t  from t h e  e q u a t i o n s .  

4.3 C a l i b r a t i o n  of 
s n  t r a i n m e n  t and 
p r o f i l e  e v o l u t i o n  

Computed sand t r a n s p o r t s  w i l l  d i f f e r  even from f l u x e s  
o b s e r v e d  under  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  
b e c a u s e  of approx ima t ions  i n  t h e  models and 
u n c e r t a i n t i e s  i n  t h e  p r e s c r i b e d  e n t r a i n m e n t  r a t e  ( o r  
sand  t r a n s p o r t  r e l a t i o n ) .  The normal  p rocedure  would 
be  t o  a d j u s t  t h e  sediment  e n t r a i n m e n t  r a t e  ( o r  sand 
t r a n s p o r t  r e l a t i o n )  d u r i n g  c a l i b r a t i o n  t o  t u n e  t h e  
model t o  a g r e e  w i t h  obse rved  t r a n s p o r t  r a t e s .  
Ilowever, due t o  u n c e r t a i n t i e s  i n  t h e  form of t h e  
t u r b u l e n t  d i f f u s i v i t y ,  (DZ) and s e t t l i n g  v e l o c i t y  
(ws) r e l a t i o n s  i n  sediment  l o a d e d  f l o w ,  some 
a d j u s t m e n t  of t h e s e  pa ramete r s  w i l l  a l s o  be  n e c e s s a r y  
t o  o b t a i n  r e a l i s t i c  e v o l u t i o n s  of  t e  sed imen t  l o a d  
under  u n s t e a d y  of nonuniform f low c o n d i t i o n s .  

5 SIMULATION OF 
SEDIMENT TRANSPORT 

5  .l E v o l u t i o n  of  
s e d i m e n t  l o a d  

The ma themat i ca l  model r e s u l t s  were  compared w i t h  t h e  
r e s u l t s  of a l a b o r a t o r y  expe r imen t  performed i n  a  
f lume  u i t h  a l e n g t h  of 30n,  a w i d t h  of 0.5m and a 
d e p t h  of 0.7m a t  t h e  D e l f t  H y d r a u l i c s  L a b o r a t o r y  
(de f  6 ) .  The d i s c h a r g e  was measured by a c i r c u l a r  
w e i r .  The mean f low d e p t h  w a s  0.25m and t h e  mean 
f l o w  v e l o c i t y  was 0.67m/s. The bed m a t e r i a l  had a 

5 0  = 230 p and a  d  9 0  = 320 p. The median d i a m e t e r  
of t h e  p a r t i c l e s  i n  suspens ion  was e s t i m a t e d  t o  be 
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I t  was found t h a t  t h e  b e s t  f o r m u l a t i o n  f o r  
e n t r a i n m e n t  of sand a t  t h e  bed was i n  terms of a n  
e n t r a i n m e n t  r a t e .  The c o n n e c t i o n  between t h i s  
e n t r a i n m e n t  r a t e  and t h e  a s s o c i a t e d  sand t r a n s p o r t  
law has been c o n s i d e r e d  and i t  was conc luded  t h a t  
s t r i c t l y  o n l y  one of  t h e s e  shou ld  be  s p e c i f i e d .  
P h y s i c a l l y  t h e  e n t r a i n m e n t  ra te  i s  more fundamenta l  
because  i t  i s  t h i s ,  t o g e t h e r  w i t h  t h e  p h y s i c s  of t h e  
sys t em,  which d e f i n e s  t h e  t r a n s p o r t .  However, s i n c e  
i t  i s  e a s i e r  t o  measure sand t r a n s p o r t ,  t h i s  i s  o f t e n  
p r e s c r i b e d  i n  p r a c t i c a l  problems.  

The model was compared w i t h  some f lume d a t a  t o  t e s t  
i t s  r e s p o n s e  t o  a change i n  t h e  sed imen t  l o a d .  I t  
was shown t h a t  t h e  model s i m u l a t i o n  c o u l d  be 
c a l i b r a t e d  by a d j u s t i n g  t h e  s e t t l i n g  v e l o c i t y  and 
v e r t i c a l  d i f f u s i v i t y  p a r a n e t e r s .  T h i s  p rocedure  i s  
j u s t i f i e d  f o r  p r a c t i c a l  a p p l i c a t i o n s  because  i n  
n a t u r e  t h e s e  pa ramete r s  a r e  n o t  w e l l  d e f i n e d .  F o r  
example t h e r e  i s  no un ique  s e t t l i n g  v e l o c i t y  because  
t h e  suspended l o a d  would c o n t a i n  a  r a n g e  of s e d i m e n t  
s i z e s  and t h e  t r u e  n a t u r e  of t h e  v e r t i c a l  d i f f u s i v i t y  
p r o f i l e  i s  n o t  f u l l y  u n d e r s t o o d .  These  a s p e c t s  w i l l  
b e ' c o n s i d e r e d  f u r t h e r  i n  l a t e r  s t a g e s  of t h e  
p r o j e c t .  
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Ts 
(u ,v ,w)  - - 
( U ,  v  1 
- 
U 

c r i t  

c o n c e n t r a t i o n  of suspended s o l i d s  (kg m 3, 

depth-averaged c o n c e n t r a t i o n  (kg mn- 3, 

i n i t i a l  c o n c e n t r a t i o n  (kg m- 3, 

c o n c e n t r a t i o n  under s a t u r a t e d  c o n d i t i o n s  

depth-averaged s a t u r a t e d  c o n d i t i o n s  

w a t e r  d e p t h  ( m )  

sediment  g r a i n  s i z e  (mm) 

l a t e r a l  d i f f u s i o n  c o e f f i c i e n t  (m S- l )  

l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  ( m  S- ) 

d i f f u s i o n  c o e f f i c i e n t s  i n  3-D a x e s  (m S- l )  

sediment p i ck  up r a t e  (kg  m- S- l )  

n e t  v e r t i c a l  f l u x  of sand (kg m- S- 

a c c e l e r a t i o n  of g r a v i t y  (ms- 2, 

q u a n t i t y  of mobi le  bed m a t e r i a l  (kg m'2) 

c u r r e n t  speed ,  ( T 2  + ~ ~ 1 %  (ms- l )  

d i s c h a r g e  per  u n i t  w i d t h  (m S- l) 

s e t t l i n g  v e l o c i t y  Reyno lds  Number, wSd/IlZ 

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

s o u r c e / s i n k  t e r m  a t  t h e  bed (kg  ih S- l) 

t ime (S) 

sand t r a n s p o r t  (kg m- S- l )  

components of v e l o c i t y  v e c t o r  (ms-l)  

depth-averaged v e l o c i t y  components (ms- l )  

t h r e s h o l d  v e l o c i t y  f o r  sand t r a n s p o r t  (as-  l) 

uni form v e l o c i t y  (ms- l )  

s e t t l i n g  v e l o c i t y  (ms- l )  

c a r t e s i a n  c o - o r d i n a t e s  (m) 

p r o f i l e  pa ramete r ,  ~ u c d z / d u c  

bed exchange f a c t o r  

p r o f i l e  pa ramete r ,  c ( x ,  y , o ,  t ) / c ( x ,  y ,  t )  

Von Karman c o n s t a n t  

eddy v i s c o s i t y  (m S' l)  

s h e a r  v e l o c i t y  (ms'l) 
L 

d i m e n s i o n l e s s  v a r i a b l e ,  d /  (4Dz t )  ' 
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( b )  Bed exchange factor  (B) f o r  0.2mm sand (0,02m/s set t l ing velocity) using Darcy- 
Weisbach f r ic t ion fac to r  = 0.02 

Fig. 1 Sediment exchange r e l a t i o n s  a t  t h e  bed. 



Fig. 2 Computed and measured  evo lu t i ons  o f  sed iment  l o a d  

- 

C 
0 .- 

L C 

O Measured (Ref  6 1 
Computed (Ref 6 1 - - Computed f o r  var ious  HR model 
t imes teps  based on U + = 0 .0477m/s  

- 

I I 

Q 

0 5 10 15 

Time (seconds) 
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Ib)  Sens i t i v i t y  t o  s e t t l i n g  ve loc i ty  and ve r t i ca l  d i f f us ion  

Flume d a t a  and t e s t  condi t ions 

Mean f l o w  d e p t h  0.25111, mean f l ow  ve loc i ty  0 .67m/s  
Pa r t i c l e  d iameters  ( d s o l  230ym b e d  mater ia l ,  200ym suspended 
S e t t l i n g  ve loc i ty  0.022m/s,  w a t e r  t empera tu re  9OC 
Sediment dens i ty  2650kg/m3, f l u i d  dens i t y  1000kg/m3 
Ove ra l l  bed  shear  ve loc i ty  0 .0477m/s  




