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SUMMARY 

The report is a short review of the various types of Mathematical Plodelling 
techniques that are available in the UK to simulate and predict the physical 
dispersal of sewage and trade effluents in tidal waters. The models are 
assessed in terms of their capability to predict the effect of effluents on 
Environmental Quality Standards and Environmental Quality objectives, with 
special reference to mixing zones. The report does not discuss the 
biochemical or biological aspects of the models. 

The main weakness of the types of one-dimensional models of estuaries 
currently used by Water Authorities in the UK is the neglect of suspended 
particulate pollutants. 

There is a need to test and demonstrate the application of 
multi-dimensional, multi-process models to a selected number of estuaries in 
the UK. 
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1 INTRODUCTION 

I n  1984, t h e  Department of t h e  Environment 

commissioned H y d r a u l i c s  Research Ltd  (HR) t o  make a  

s h o r t  review of t h e  v a r i o u s  types  of ma themat ica l  

mode l l ing  t e c h n i q u e s  t h a t  a r e  a v a i l a b l e  i n  t h e  UK t o  

s i m u l a t e  and p r e d i c t  t h e  d i s p e r s a l  of sewage and t r a d e  

e f f l u e n t s  i n  t i d a l  w a t e r s .  The purpose  of t h e  rev iew 

was t o  a s s e s s  the  c a p a b i l i t i e s  and l i m i t a t i o n s  of t h e  

v a r i o u s  types  of models t h a t  a r e  a v a i l a b l e  f o r  

p r e d i c t i n g  t h e  e f f e c t  of e f f l u e n t s  on Environmental  

( w a t e r )  Q u a l i t y  S tandards  and Env i ronmenta l  Q u a l i t y  

O b j e c t i v e s ,  w i t h  s p e c i a l  r e f e r e n c e  t o  mixing zones.  

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

t h e o r i e s  employed i n  t h e  models,  but  t h e r e  was 

i n s u f f i c i e n t  t ime and money t o  p r e s e n t  t h e  d e t a i l e d  

e q u a t i o n s ,  which a r e  cop ied  d i r e c t l y  from o t h e r  

r e p o r t s  i n  t h e  form of append ices .  

The b r i e f  review on ly  c o v e r s  t h e  g e n e r a l  t y p e s  of  

p o l l u t i o n  o r  w a t e r  q u a l i t y  models t h a t  a r e  known by 

t h e  a u t h o r  t o  be c u r r e n t l y  a v a i l a b l e  i n  t h e  UK. I t  

d o e s  n o t  d e a l  w i t h  b iochemical  o r  b i o l o g i c a l  a s p e c t s  

of t h e  models. 

An Environmental  Q u a l i t y  Objective (Ref 1) d e f i n e s  t h e  

d e s i r e d  s t a t e  of a  body of t i d a l  wa te r  i n  terms of i t s  

a q u a t i c  ecology and human h e a l t h .  For  example, 

whe the r  i t  should  be a b l e  t o  s u p p o r t  v a r i o u s  t y p e s  of 

f i s h e r i e s .  Environmental Q u a l i t y  S t a n d a r d s  d e f i n e  t h e  

maxilourn o r  minilnum l e v e l s  of f l o a t i n g ,  d i s s o l v e d ,  

suspended and adsorbed chemical  s u b s t a n c e s  i n  a  t i d a l  

w a t e r  body and i t s  sed iments ,  which a r e  compat ib le  

w i t h  t h e  d e s i r e d  Environmental  Q u a l i t y  O b j e c t i v e s .  

Emiss ion  S t a n d a r d s  a r e  t h e  p e r m i t t e d  c o n c e n t r a t i o n s  of 

t o x i c  chemica l s  i n  sewage and t r a d e  e f f l u e n t s  

d i s c h a r g e d  i n t o  a  body of t i d a l  water .  

One of t h e  main u s e s  of a  p o l l u t i o n  o r  wa te r  q u a l i t y  

model is t o  p r e d i c t  t h e  e f f e c t  of changes i n  t h e  

magni tude and d i s t r i b u t i o n  of d i f f e r e n t  t y p e s  of 



sewage and t r a d e  e f f l u e n t s  on t h e  w a t e r  q u a l i t y  of t h e  

t i d a l  water  body and i t s  ecosystem. The UK has  o v e r  a  

hundred e s t u a r i e s  and thousands  of m i l e s  of c o a s t l i n e .  

I n  t h e  UK t h e r e  a r e  many wide and r e l a t i v e l y  deep 

e s t u a r i e s  formed i n  sunken g l a c i a l  v a l l e y s ,  which a r e  

exposed t o  s t r o n g  t i d a l  mixing due t o  t h e  r e l a t i v e l y  

h i g h  t i d a l  r anges  t h a t  occur  a long  t h e  UK c o a s t .  The 

UK i s  a l s o  surrounded by sha l low s e a s  w i t h  r e l a t i v e l y  

s t r o n g  t i d a l  c u r r e n t s .  The s i z e s  of most of t h e  

l a r g e s t  e s t u a r i e s  i n  t h e  UK a r e  o u t  of p r o p o r t i o n  t o  

t h e  runoff  from t h e i r  e x i s t i n g  catchments .  For 

example,  t h e  f low of t i d a l  water  i n  and o u t  of t h e  

Humber e s t u a r y  exceeds t h e  peak f l u v i a l  f l o o d  

d i s c h a r g e  i n  t h e  M i s s i s s i p p i  r i v e r .  There  a r e  a l s o  2 

l a r g e  number of s m a l l e r  and sha l lower  e s t u a r i e s  which 

have a  r e l a t i v e l y  h i g h e r  annual  f l u v i a l  r u n o f f .  

There  a r e  broadly  two t y p e s  of model 

a )  a n a l y t i c a l  

b )  numerical  

A n a l y t i c a l  models a r e  based on averaged  d i f f e r e n t i a l  

e q u a t i o n s  (Ref 2 )  o r  semi-empir ical  f u n c t i o n s  t h a t  a r c  

s o l v e d  by c l a s s i c a l  a n a l y t i c a l  t e c h n i q u e s ,  which g i v e  

e x a c t  s o l u t i o n s  i n  terms of a  few r e p r e s e n t a t i v e  

v a r i a b l e s .  Numerical models a r e  based on n o n - l i n e a r  

d i f f e r e n t i a l  e q u a t i o n s  which a r e  a p p l i e d  t o  a  g r i d  

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

numer ica l  t echn iques  us ing  computers.  

2 M I X I N G  ZONES 

These  a r e  s e v e r a l  d e f i n i t i o n s  of a  mixing zone. One 

d e s c r i p t i o n  of a  mixing zone is t h a t  i t  i s  t h e  r e g i o n  

of i n t e n s e  mixing between two b o d i e s  of w a t e r  

c o n t a i n i n g  d i f f e r e n t  c o n c e n t r a t i o n s  of a  s u b s t a n c e .  

I n  f a c t ,  t h e  more t u r b u l e n t  body of water  u s u a l l y  

mixes w i t h  and e n t r a i n s  t h e  l e s s  t u r b u l e n t  body of 

wa te r .  The i n i t i a l  d i l u t i o n  of a  t u r b u l e n t  e f f l u e n t  

j e t  is  a  p r o c e s s  of i n t e n s e  mixing and e n t r a i n m e n t  of 



the ambient Elow. However, the area enclosing the 

identifible effluent plume is often termed the mixing 

zone. This is usually only a few kilometers in length 

and a few hundred metres across. 

Another technical description of a mixing zone is the 

body of water within which most of the effluent is 

contained. In this context, the whole of the 

Continental Shelf is a mixing zone for conservative or 

slowly decaying substances such as Caesium 137. 

Particulate pollutants or pollutants adsorbed onto 

particulate matter tend to be contained within 

estuaries by gravitational circulation generated by 

the mixing of river and sea water. Examples of 

different types of tidal receiving waters and effluent 

distributions are shown in Fig 1. A reliable 

pollution model must enclose the whole of the mixing 

zone for all the effluents under consideration, and 

simulate the main physical dispersal processes. 

3 EFFLUENT 

DISCHARGES IN 

COASTAL WATERS 

An effluent plume is the distribution of floating, 

dissolved or suspended matter recently discharged from 

an outfall. The boundary limits of a plume, which 

should be the zone of rapid mixing, is usually defined 

rather approximately in terms of either a relative 

dilution. S = C /C or as an excess concentration over 
0 

and above the background value (C-CB). 

The relative importance of the various physical 

processes governing the rate of mixing and dispersion 

of an effluent in a body of tidal water varies with 

distance from the outfall. It depends upon the 

geometry of the outfall, the buoyancy and rate of 

discharge of the effluent, the pattern of tidal flows 

and wind driven and residual currents and degree of 

stratification in the ambient flow. 



3 . 1  A n a l y t i c a l  

models 

The most common types  of a n a l y t i c a l  model used t o  

d e s c r i b e  a  s i n g l e  e f f l u e n t  j e t  d i scharged  from a  p o r t  

on t h e  seabed,  s e p a r a t e  t h e  mixing p rocess  i n t o  t h r e e  

d i s t i n c t  phases.  

i )  I n i t i a l  d i l u t i o n  

i i )  Buoyant s p r e a d i n g  

i i i )  Advect ion and d i s p e r s i o n .  

3.2 I n i t i a l  D i l u t i o n  

I n i t i a l  d i l u t i o n  i s  t h e  p rocess  by which t h e  t u r b u l e n t  

jet is d i l u t e d  by e n t r a i n i n g  t h e  ambient wa te r  a s  

i t  rises t o  t h e  s u r f a c e .  The main i n c e n t i v e  f o r  

a c h i e v i n g  a  h igh  i n i t i a l  d i l u t i o n  f o r  an e f f l u e n t  

d i s c h a r g e  i s  t o  prevent  t h e  fo rmat ion  of s u r f a c e  

s l i c k s ,  t o  reduce  t h e  c o n c e n t r a t i o n  of harmful  o r  

t o x i c  p o l l u t a n t s  and t o  minimise t h e  buoyancy of t h e  

r e s u l t i n g  plume. 

The minimum i n i t i a l  d i l u t i o n  of a  s i n g l e  jet of 

non-sa l ine  wa te r  from a  s i n g l e  v e r t i c a l  p o r t  (open ing)  

a t  t h e  b o i l  p o i n t  i n  seawater  can be c a l c u l a t e d  f o r  

bo th  a  c o n d i t i o n  of s l a c k  water  (eq 3.1) and w i t h  a  

t i d a l  c ross - f low (eq 3.2) reasonab ly  a c c u r a t e l y  u s i n g  

t h e  semi-empir ical  t h e o r i e s  of ~ e d e r w a l l ( ~ )  and 

( 4 )  Wright . 



Where S = the minimum dilution of the surface 

d = the diameter of the Port (m) 

Z = the depth of water above the outfall (m) 

U .  = jet velocity at the port m/s 
J AP F = U .  / g - .d (Densimetric Froude Number) 

P 4 = 0.026 
P 

Ua = the ambient cross-flow velocity (m/s). 

Q = the discharge through the port (m3/s) 

The constants (for SI units) were fitted by laboratory 

experiments. The formulae fit field data measured at 

outfalls by WRC reasonably well (with slightly 

different values of the coefficients (Ref 5, 

Appendix A), and the Southern Water Authority 

(Refs 6.7). 

The densimetric Froude number should exceed unity for 

dry season flows to avoid seawater and sediment 

intruding into the outfall ports. Wright's research 

showed that the initial dilution is independent of the 

diameter of the outfall port for a wide range of 

conditions. Careful attention has to be taken to see 

that unrealistic levels of turbulence and the effects 

of viscosity do not unduly influence laboratory 

results. In the case of field observations, care has 

to be taken to sample the whole unsteady 

three-dimensional structure of the plume. There is 

scope to improve our understanding of the effect of 

the spacing and orientation of the outfall ports on 

initial dilution. 

Initial dilution of an effluent discharge changes 

continuously as the depth of water and the tidal 

velocities vary during a semi-diurnal tidal cycle. 

The lowest dilutions and highest buoyancy occurs at LW 

slack when the water depth and tidal velocities are at 

a minimum. 



3.3 Buoyant 

spreading 

The methods of modelling the next phase of dispersion 

of the effluent are more varied, approximate and 

controversial. Most models assume that the process of 

initial dilution effectively reduces the buoyancy of 

the diluted plume to negligible values. In this case, 

the plume is fairly rapidly mixed through the water 

column to form a vertically well-mixed plume a short 

distance from the outfall. It is true that it is 

usually not possiblc to identify a plume by measuring 

salinity distributions, especially at the main run of 

the tide. However, the author is of the opinion that 

the above assumption is an over-simplification 

especially during the LW slack period. The slick of 

poorly diluted effluent which is discharged at LW 

slack tends to spread rapidly in a radial direction to 

form a thin surface layer without losing much buoyancy 

or becoming much more dilute. Hyden and Larsen showed 

that the rate of spreading is independent of the 

initial dilution (Ref 8, Appendix B). The half width 

of the plume, b, increases with the 213 power of the 

distance from the outfall, x. 

Such a thin weakly buoyant slug of polluted surface 

water can then be transported by the combined effects 

of wind and tide before it mixes into the main body of 

underlying water. Plumes from outfalls with multiple 

ports will merge. Little is understood about the 

physics of either of these two processes. 

With our present knowledge, one has to estimate either 

the effective initial thickness, h, or the effective 

initial half width, bo, of the plume. The initial 

dilution is then used to estimate the other unknown 

assuming either a top hat (uniform) or Gaussian 

concentration distribution. 



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

phase of buoyant s p r e a d i n g ,  between i n i t i a l  d i l u t i o n  

by en t ra inment  and s p r e a d i n g  by ambient t u r b u l e n c e  a r e  

n o t  w e l l  unders tood ,  e s p e c i a l l y  when t h e r e  i s  more 

t h a n  one plume. But ,  from a  c o n s i d e r a t i o n  of 

c o n t i n u i t y ,  and t h e  a p p l i c a t i o n  of Wr igh t ' s  d i l u t i o n  

e q u a t i o n  one can show t h a t  t h e  p roduc t  of t h e  

e f f e c t i v e  h a l f  width  and t h e  e f f e c t i v e  t h i c k n e s s  of 

t h e  plume, a f t e r  i n i t i a l  d i l u t i o n ,  i s  r e l a t e d  t o  t h e  

d e p t h  of w a t e r ,  2 ,  and t h e  number, n ,  of p o r t s ;  

assuming they a r e  spaced s o  t h a t  t h e  plumes s t a r t  t o  

i n t e r a c t  a t  t h e  water  s u r f a c e .  

The c r o s s - s e c t i o n a l  a r e a  and hence t h e  d i l u t i o n  of a  

combined plume i n c r e a s e s  o r  d e c r e a s e s  approx imate ly  

l i n e a r l y  wi th  t h e  number of o p e r a t i n g  p o r t s .  I f  some 

p o r t s  become blocked t h e  i n i t i a l  d i l u t i o n  becomes 

worse. 

3.4 Advect ion and 

T u r b u l e n t  

D i s p e r s i o n  

A t  t h e  nex t  phase of t h e  d i s p e r s i o n  of a  plume, which 

i s  reached a t  some d i s t a n c e  from t h e  o u t f a l l ,  t h e  

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

ambient tu rbu lence  i n  t h e  t i d a l  s t ream.  The 

c o n c e n t r a t i o n s  of d i s s o l v e d  p o l l u t a n t s  a r e  o f t e n  

assumed t o  t a k e  on a  Gaussian p r o f i l e  i n  both a 

v e r t i c a l  and l a t e r a l  d i r e c t i o n .  The c o n c e n t r a t i o n s  i n  

t h e  plume can be e s t i m a t e d  by s o l v i n g  t h e  a d v e c t i o n  

d i s p e r s i o n  e q u a t i o n s  by a n a l y t i c a l  t echn iques  (Ref 9 )  

i n  terms of x ,  y  and z ;  t h e  d i s t a n c e  measured a l o n g ,  

l a t e r a l l y  and v e r t i c a l l y  from t h e  c e n t r e  l i n e  of t h e  

plume, r e s p e c t i v e l y .  The v a l u e s  of t h e  c o e f f i c i e n t  of 

h o r i z o n t a l ,  K , and v e r t i c a l ,  K d i s p e r s i o n  i n  UK 
Y z '  

w a t e r s  a r e  u s u a l l y  i n  t h e  range 0.5 - 10  m 2 / s  and 

- lo- '  a2/s, r e s p e c t i v e l y .  I f  t h e  plume remains a s  a  



thin buoyant layer, as may occur after slack water, K 
Y 

may be set to zero. If the plume is well-mixed 

through the depth one only needs to consider lateral 

spreading. However, the plume will spread and distort 

in a different fashion if it moves into shallower or 

deeper water. In this case, one has to solve the 

two-dimensional depth averaged equations for the 

conservation of the pollutant using numerical 

techniques. Considering the case where the depths are 

uniform or the plume is a thin layer, then as the 

plume widens larger eddies can cause mixing within it 

so that the value of K will tend to increase with 
Y 

distance from the outfall. 

Conditions often reach a quasi-steady state on the 

main run of the flood and ebb tides. In this case, 

there is a simple analytical solution with constant 

velocities and constant initial dilutions. 

Unfortunately, this is not usually a critical design 

condition because initial dilution is at a maximum. 

In contrast, the slug of poorly diluted effluent 

discharged at slack water tends to form into a 

circular spreading patch moving along the centre line 

of the plume. The distribution of pollution in this 

patch can be estimated by the same type of analytical 

technique as applied to a single spreading patch. 

Such isolated patches of poorly diluted effluent are 

released four times a day, and they are the most 

likely cause of pollution on nearby beaches. 

The changing position of the centre line of a plume in 

a tidal current can be determined directly from float 

track observations in the field or from a physical 

scale model. Alternatively, they can be predicted by 

using a two-dimensional or three-dimensional 

mathematical model. Observations are satisfactory, 

provided you have already one or two preferred sites 

for the outfall. The floats can be set at any level. 

But it is unlikely that the observations will cover 

the full range of critical design conditions as 



r e g a r d s  t i d e  and wind. The use  of a  2-dimensional  

t i d a l m o d e l  a l l o w s  one t o  d e t e r m i n e  t h e  p a t h  o r  t r a c k  

of p a r t i c l e s  of wa te r  from any p o s i t i o n  and any t y p e  

of t i d e .  A 3-dimensional  model can a l s o  be used t o  

p r e d i c t  t h e  e f f e c t  of a  c r o s s  wind on a  plume t r a c k .  

T h i s  can  n o t  be done u s i n g  a  2-dimensional  d e p t h  

averaged  model. 

3.5 Wind e f f e c t  

The most common method of a l l o w i n g  f o r  wind d r i f t  is  

t o  add v e c t o r a l l y  a  c u r r e n t  which i s  u s u a l l y  1-3% of 

t h e  speed of t h e  wind and i n  t h e  same d i r e c t i o n .  T h i s  

method does  n o t  a l l o w  f o r  t h e  Ekman e f f e c t  i n  which 

t h e  d i r e c t i o n  of t h e  d r i f t  v a r i e s  w i t h  d e p t h  below t h e  

s u r f a c e ,  o r  t h e  g e n e r a t i o n  of r e t u r n  f low a t  d e p t h  

where a n  onshore  wind blows i n t o  a  beach ( a  c r i t i c a l  

d e s i g n  c o n d i t i o n ) .  The non- l inea r  i n t e r a c t i o n  of t i d e  

and wind may c a r r y  a  plume o r  s l u g  of poor ly  d i l u t e d  

e f f l u e n t  d i r e c t l y  o n t o  a  nearby beach. But n o n - l i n e a r  

i n t e r a c t i o n s  may a l s o  r a p i d l y  d i s p e r s e  t h e  p o l l u t a n t  

by s h e a r i n g  and mixing t h e  plume i n  t h r e e  d imensions .  

3.6 Other  f a c t o r s  

The c o n c e n t r a t i o n  of p o l l u t a n t s  i n  t h e  mixing zone 

d e f i n e d  by an e f f l u e n t  plume a r e  a l s o  a f f e c t e d  by 

whether  t h e  p o l l u t a n t  is: f l o a t i n g ,  such a s  an  o i l  

s l i c k ;  suspended,  i n  which c a s e  i t  t ends  t o  se t t l e  

i n t o  t h e  lower l a y e r  and p o s s i b l y  even on t o  t h e  bed; 

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

c o l i f o r m s  i n  s u n l i t  s a l i n e  w a t e r s .  O i l  s l i c k s  may 

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

move i n  t h e  d i r e c t i o n  of p r e v a i l i n g  winds. Suspended 

p a r t i c l e s  u s u a l l y  f l o c c u l a t e  i n  s a l t  w a t e r  and may 

e i t h e r  s e t t l e  i n t o  t h e  lower l a y e r s  o r  become p a r t  of 

t h e  suspended l o a d  of t h e  e s t u a r y .  I ts e v e n t u a l  

d i s t r i b u t i o n  i s  then  governed by t h e  t i d a l  c u r r e n t s  

and c i r c u l a t i o n s  w i t h i n  t h e  r e g i o n  a s  a  whole 

(Kef 10) .  The m o r t a l i t y  r a t e s  f o r  c o l i f o r m s  a r e  

p robab ly  t h e  most u n c e r t a i n  f a c t o r  i n  p r e d i c t i n g  t h e  

d i s p e r s i o n  of sewage plumes. 



Ttle a n a l y t i c a l  plume model i s  b e s t  s u i t e d  t o  

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

s m a l l  buoyant plume i n  a  c o a s t a l  r eg ion  of 

approximately  uniform dep th  (Fig  l ( a ) ) .  

3.7 2-dimensional 

in -p lan  numerical  

models 

2-dimensional in-plan numerical  models have been used 

t o  p r e d i c t  t h e  d i s p e r s i o n  and i n t e r a c t i o n  of s e v e r a l  

l a r g e  d i s c h a r g e s  i n  shal low (1-20 m) v e r t i c a l l y  w e l l  

mixed semi-enclosed c o a s t a l  w a t e r s ,  which a r e  wide i n  

r e s p e c t  t o  t h e i r  l e n g t h  (F ig  l ( b ) )  (Appendix C ) .  

The s t u d y  zone i s  covered by e i t h e r  a  uniform o r  a  

n e s t e d  set of v a r i a b l e  g r i d  s i z e s .  The g r i d s  may be 

s q u a r e  a s  used i n  f i n i t e  d i f f e r e n c e  methods o r  

polygons a s  used i n  f i n i t e  e lement  models. The f i n e s t  

g r i d s  a r e  l o c a t e d  s o  a s  t o  cover  t h e  a r e a  su r rounding  

t h e  f o c a l  p o i n t  of i n t e r e s t  such a s  t h e  d i s c h a r g e  

p o i n t  from an o u t f a l l .  I n  t h e  c a s e  of f i n i t e  e lement  

models,  t h e  g r i d  c a n  be chosen t o  e i t h e r  match t h e  

bathymetry  and t h e  c o a s t l i n e ,  t h e  p a t t e r n  of t i d a l  

c u r r e n t s  o r  t h e  shape of t h e  plume but no t  a l l  t h r e e  

a t  once. Whereas f i n i t e  d i f f e r e n c e  models use  uniform 

e l e m e n t s  w i t h i n  each g r i d .  A f i n i t e  element g r i d  

which i s  chosen t o  f i t  t h e  bathymetry is very  u n l i k e l y  

t o  be i d e a l  f o r  r e s o l v i n g  t h e  shape of a  moving 

plume. The g r i d  s i z e  needed t o  r e s o l v e  a  plume is 

u s u a l l y  a n  o r d e r  of magnitude f i n e r  than  t h a t  needed 

t o  r e s o l v e  t h e  t i d a l  c u r r e n t s .  F i n i t e  element models 

t end  t o  be very expens ive  t o  u s e  t o  s i m u l a t e  unsteady 

t i d a l  c u r r e n t  p a t t e r n s .  Ne i the r  type of model is  

s u i t a b l e  f o r  s i m u l a t i n g  wind d r i f t  e f f e c t s .  T h i s  i s  

because  a  depth-averaged model does  n o t  a l l o w  f o r  a  

r e t u r n  f low a t  depth.  R e s u l t s  from a  t i d a l  f low model 

a r e  used t o  d r i v e  a  p o l l u t i o n  model. The p o l l u t i o n  

model may have e x a c t l y  t h e  same g r i d  a s  t h e  flow model 

o r  i t  may u s e  a  f i n e r  g r i d  by i n t e r p o l a t i n g  t h e  flow 

r e s u l t s .  



The p o l l u t i o n  model s o l v e s  t h e  2-dimensiondl  

dep th -ave raged  e q u a t i o n s  f o r  t h e  c o n s e r v a t i o n  of e a c h  

p o l l u t a n t .  Each o u t f a l l  i s  r e p r e s e n t e d  by a  l o a d i n g  

i n t o  a s i n g l e  e l emen t  of  t h e  model. The i n i t i a l  

d i l u t i o n  p r e d i c t e d  by t h i s  t y p e  of model depends  

e n t i r e l y  on  t h e  volume of t h e  o u t f a l l  e l emen t .  T h e r e  

i s  no d i f f i c u l t y  i n  m o d e l l i n g  m o r t a l i t y  o r  t h e  

p r e s c r i b e d  chemica l  i n t e r a c t i o n  of s e v e r a l  d i s s o l v e d  

p o l l u t a n t s  o r  r e - a e r a t i o n  t h r o u g h  t h e  w a t e r  s u r f a c e .  

But t h e  model o n l y  d e a l s  w i t h  depth-averaged v a l u e s .  

The r a t e  of d i s p e r s i o n  of a p o l l u t a n t  which i s  w e l l  

mixed th rough  t h e  d e p t h ,  depends  on b o t h  t h e  r a t e  of 

mix ing  between a d j a c e n t  e l e m e n t s  and on t h e  r e l a t i v e  

movement of d i f f e r e n t  f i l a m e n t s  i n  t h e  f low.  The 

fo rmer  mixing p r o c e s s  i s  p r o b a b l y  most i m p o r t a n t  i n  

t h e  immediate v i c i n i t y  of t h e  o u t f a l l  where t h e  

c o n c e n t r a t i o n  g r a d i e n t s  a r e  h i g h e s t .  The method of  

s o l u t i o n  used  i n  a l l  n u m e r i c a l  models t e n d s  t o  smooth 

t h e  s o l u t i o n  i n  t h e  r e g i o n  of s t e e p  g r a d i e n t s .  The 

d e g r e e  of n u m e r i c a l  smoothing o r  mixing depends  on t h e  

s o l u t i o n  t e c h n i q u e  and t h e  s i z e  of t h e  g r i d .  I n  

g e n e r a l ,  2 - d i n e n s i o n a l  models canno t  be e x p e c t e d  t o  

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

c l o s e  t o  t h e  o u t f a l l .  The f i n e r  t h e  g r i d  t h e  more 

a c c u r a t e  t h e  model. 

The p r o c e s s  of l a t e r a l  t u r b u l e n t  exchange i n  t i d a l  

f l o w s  i s  n o t  w e l l  u n d e r s t o o d .  The most common method 

i s  based on t h e  u s e  of  t h e  concep t  of a c o e f f i c i e n t  of  

l a t e r a l  eddy d i f f u s i v i t y ,  which is  u s u a l l y  assumed t o  

be e q u a l  t o  t h e  c o e f f i c i e n t  of l a c e r a l  eddy v i s c o s i t y  

as used i n  t h e  f l o w  model. The v a l u e  of t h e  

c o e f f i c i e n t  of l a t e r a l  eddy v i s c o s i t y  is n o r m a l l y  

a d j u s t e d  a p p r o x i m a t e l y  by t r i a l  and e r r o r  s o  t h a t  i t  

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

of  e d d i e s  ( u n c o n s t r a i n e d  by t h e  l o c a l  Beometry of  t h e  

c o a s t l i n e )  and t h e  s p e e d  of r o t a t i o n  depends  i n  p a r t  

o n  t h e  r a t e  of  exchange of momentum from t h e  main f l o w  

t o  t h e  eddy.  The c o e f f i c i e n t s  of  l a t e r a l  eddy 



viscosity and diffusivity vary approxiinately in the 

range 1-10 m2/s. They are usually assumed to be 

constant over the area of each grid. 

Another method, employed by the Water Research Centre 

(Appendix D), disperses the pollutant between model 

elements by using random walk techniques (Ref 10). 

This method attempts to simulate the type of random 

motions that occur in turbulent flows. The method 

has embedded in it empirical coefficients which 

control the rate of lateral mixing. The model has the 

advantages of a Lagrangian method in that it is not 

troubled by numerical dispersion effects. Unlike the 

Fickian diffusion methods previously mentioned, the 

random walk method gives a different answer each time 

the model is run. The results of several runs are 

used to establish a statistical average and range of 

variability of pollutant concentrations in the plume. 

More recently, WRC have used the results from the 

single run with a larger number of particles (25,000). 

The model records the location and time of release of 

each particle for a single tidal cycle using a grid 

size of about LOOm. The effect of decaying coliforms 

released on previous tidal cycles is taken into 

account by assuming the pattern of particles is the 

same each tide. The random walk method is more 

expensive to use than the standard diffusion method. 

All 2-dimensional models are expensive methods to use 

to investigate single small isolated plumes when 

compared to the analytical methods; especially if new 

field data is needed to calibrate the flow model. 

2-dimensional depth-averaged numerical models are best 

suited to: 

a) predict the dispersion of single very large 

intermittent or steady discharges of effluents 

into vertically well-mixed turbulent tidal flows 

in enclosed tidal waters. In this case, the 



e f f l u e n t  is r a p i d l y  mixed through t h e  d e p t h  and 

t h e  shape of t h e  plume is o f t e n  h e a v i l y  d i s t o r t e d  

o r  even d i v i d e d  by t h e  p a t t e r n  of unsteady t i d a l  

c u r r e n t s  (Ref 11). 

b) To s i m u l a t e  t h e  cumula t ive  e f f e c t  of a  number of  

l a r g e  d i s c h a r g e s  on wa te r  q u a l i t y  of a  

semi-enclosed body of c o a s t a l  w a t e r  F i g  l ( b )  

Ref 12) .  

2-dimensional  numer ica l  p o l l u t i o n  models a r e  n o t  

s u i t e d  t o  s i m u l a t e  c o n d i t i o n s  i n  which s u r f a c e  wind 

d r i f t  e f f e c t s  a r e  i m p o r t a n t  o r  when t h e  plume remains  

buoyant f o r  a  s i g n i f i c a n t  pe r iod .  

3 .8  3-dimensional  

Numerical models 

3-dimensional  o r  m u l t i - l a y e r  models u s e  t h e  same 

in -p lan  g r i d  a s  t h e  2-dimensional  models. The w a t e r  

body can  be d i v i d e d  i n t o  a  number of unequa l ly  spaced 

l a y e r s .  A t  p r e s e n t ,  H R ' s  3-dimensional  model 

(Appendix E )  c a n  on ly  handle  a  s i n g l e  g r i d  w i t h  abou t  

62 x 62 e l e m e n t s  i n  p l a n  and 4-10 l a y e r s  w i t h i n  each  

e lement .  

The wind e f f e c t  i s  i n t r o d u c e d  s imply by a p p l y i n g  a  

stress t o  t h e  w a t e r  s u r f a c e .  The model c o r r e c t l y  

r eproduces  t h e  e f f e c t  of C o r i o l i s  a t  a l l  d e p t h s  i n  t h e  

f low. It w i l l  s i m u l a t e  t h e  two-layer r e s i d u a l  f low 

p a t t e r n  set up by a n  on-shore wind. A 3-dimensional  

f low model can  a c t u a l l y  reproduce t h e  t r a c k s  of 

p a r t i c l e s  on t h e  s u r f a c e .  

A 3-dimensional  model w i l l  a l s o  c o r r e c t l y  s i m u l a t e  t h e  

v e r t i c a l  and h o r i z o n t a l  s t r u c t u r e  of a  l a r g e  buoyant 

plume. The plumes behave c o r r e c t l y  because  t h e  model 

s i m u l a t e s  t h e  damping of v e r t i c a l  t u r b u l e n t  exchange 

a t  t h e  u n d e r f a c e  of t h e  buoyant plume. A t  p r e s e n t ,  

t h i s  type  of f i n e  g r i d  model is most s u i t e d  t o  

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



( s e t t l i n g )  p o l l u t a n t s  from small t o  medium r i v e r  

o u t f a l l s  i n t o  c o a s t a l  r e g i o n s  (F ig  l ( c ) ) .  I t  is  a l s o  

i d e a l l y  s u i t e d  f o r  s i m u l a t i n g  t h e  ho t  wa te r  plume 

formed by l a r g e  c o a s t a l  power s t a t i o n s  (Ref 1 3 ) .  

4 ESTUARY MODELS 

E s t u a r i e s  a r e  mixing zones.  They r e c e i v e  a v a r i e t y  of  

p o l l u t a n t s  from upland r i v e r s  and from o u t f a l l s  s i t e d  

a l o n g  t h e i r  banks. 

4.1 l -d imens iona l  

models 

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

( F i g  l ( d ) )  and f a i r l y  wel l -mixed over  t h e i r  

c r o s s - s e c t i o n .  T h i s  means t h a t  a l l  v a r i a b l e s  on ly  

v a r y  a s  a f u n c t i o n  of t ime o r  d i s t a n c e  a long t h e  

e s t u a r y  and they  can be t r e a t e d  a s  l -d imensional  

problems. I n  t h a t  c a s e ,  a l l  t h e  c a l c u l a t i o n s  a r e  made 

i n  terms of v a l u e s  averaged over  t h e  c r o s s - s e c t i o n .  

The p r e r e q u i s i t e  of a l -d imensional  wa te r  q u a l i t y  

model i s  a knowledge of t h e  t i d a l  f lows  i n  t h e  

e s t u a r y .  T h i s  may be determined from a c u b a t u r e  u s i n g  

c l o s e l y  spaced t i d a l  l e v e l  o b s e r v a t i o n s  and c r o s s -  

s e c t i o n s  from t h e  e s t u a r y  b u t ,  l -d imensional  

hydro-dynamic models can s i m u l a t e  t i d a l  f lows f o r  a 

much wider  range of t i d a l  and f l u v i a l  f low 

c o n d i t i o n s .  A hydro-dynamic model can a l s o  p r e d i c t  

t h e  e f f e c t  of new e n g i n e e r i n g  works,  such a s  b a r r a g e s ,  

d redg ing  and t h e  r e - d i s t r i b u t i o n  o r  r e d u c t i o n  of 

f l u v i a l  f lows  on wate r  movements i n  a n  e s t u a r y .  

l -d imens iona l  models may be used t o  s i m u l a t e  and 

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

a )  S a l i n i t y  i n t r u s i o n  

b) Oxygen and n u t r i e n t  b a l a n c e  

C )  Heat b a l a n c e  



d) I n t e r - t i d a l  f i x e d  clement anodels w i l l  a l s o  

s imu la t e  mud t r a n s p o r t  ( t u r b i d i t y )  and t h e  

movement of adsorbed and suspended p a r t i c u l a t e  

p o l l u t a n t s .  

Mathematical  models can now handle  branched and looped 

t i d a l  channel  systems. The r e s u l t s  a r e  used t o  s o l v e  

t h e  advec t i ve  d i f f u s i o n  equa t i on  f o r  t he  conse rva t i on  

of p o l l u t a n t s  i n  the  e s tua ry .  There  a r e  t h r e e  methods 

of so lv ing  t h e  conse rva t i on  equa t i ons  us ing  

a )  moving e lements  

b) f i x e d  e lements  

c )  t i d e  averaged models. 

4.2 I -dimensional  

moving e lement  

models 

I n  t h e  moving element method, t he  volume of water  i n  

t h e  t i d a l  channel  is d iv ided  i n t o  e lements  of cons t an t  

volume, which move up and down the  e s t u a r y  wi th  t h e  

t i d e  (Ref 14 and 15) (Appendix P ) .  The model 

c a l c u l a t e s  t h e  c o n c e n t r a t i o n  of p o l l u t a n t s  i n  each 

cons t an t  volume element  a s  a  f u n c t i o n  of time. 

E f f l u e n t s  a r e  added t o  t h e  c o r r e c t  moving element a s  

i t  passes  each o u t f a l l .  The method is extremely 

e l e g a n t  and g ive s  a  very rap id  answer f o r  r e p e a t i n g  

t i d e s  wi th  a s t e a d y  E l u v i a l  d i s cha rge .  

The r e s u l t s  a r e  u s u a l l y  o u t p u t  i n  terms of l ong  term 

average c o n d i t i o n s  a t  h a l f - t i d e .  The method has  been 

used a s  a  p lann ing  t o o l  f o r  t h e  Thames Es tua ry  f o r  

many yea r s  (Ref 16 ) .  

The l o n g i t u d i n a l  mixing between t h e  e lements  i s  

r ep re sen t ed  i n  terms of an  equa l  and o p p o s i t e  exchange 

d i s c h a r g e ,  which is no t  e a s i l y  r e l a t e d  t o  t h e  phys ics  

of mixing p roce s se s  between Eixed e lements  i n  

e s t u a r i e s .  However, moving element models a r e  u s u a l l y  

c a l i b r a t e d  us ing  s a l i n i t y  obse rva t i ons .  The method 



avoids the problea of numerical mixing by spreading 

the effluents between the elements according to their 

position at different phases of the tide. 

The method requires a high level of mathematical skill 

to apply the method to a branched (or looped) channel 

network like the Yorkshire Ouse system (Ref 17), where 

the elements divide and rejoin (travel side by side 

with lateral nixing) at the junctions. The method has 

even been applied to a 2-dimensional in-plan models of 

bays and two layer models of estuaries. However. in 

these cases it assumes that particles of water move 

backwards and forwards along the same paths every 

tidal cycle. Residual circulations have to be imposed 

on the system. 

The main disadvantage of the method is that it 

requires the tidal flows to be processed in a special 

manner, which is not very well suited to analysing 

conditions during unsteady fluvial flows. The other 

drawback is that the method is not well suited to 

calculating the erosion, transport and deposition of 

particular pollutants. 

4.3 1-dimensional 

fixed element 

models 

A fixed element model generally uses the same 

computational grid as the flow model, which divides 

the tidal channel into small elements spaced along its 

length (Ref 18). The volume and rate of flow through 

each element varies during the tidal cycle. The 

pollution model can be driven with either a repeating 

neap-spring tidal cycle of flows with a constant 

fluvial discharge; or it can be run with a changing 

pattern of fluvial flows. The longitudinal mixing is 

treated as a Fickian process with a coefficient of 

effective longitudinal dispersion, which can vary with 

distance along the channel and with the river 

discharge. The mixing process in the model is usually 

calibrated by using salinity observations. 
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A f i x e d  element model t e n d s  t o  consume c o n s i d e r a b l y  

nore  computer time than a  w e l l  set up s t e a d y  s t a t e  

moving element model. Care  has  t o  be t aken  t o  make 

s u r e  t h a t  numerical  d i s p e r s i o n  in t roduced  by t h e  

s o l u t i o n  t echn ique  i s  s m a l l  compared t o  p h y s i c a l  

d i s p e r s i o n  by u s i n g  s m a l l  e lement  l e n g t h s  and t ime 

s t e p s .  The method can hand le  p a r t i c u l a r  p o l l u t a n t s  

(Ref 19,  Appendix G ) ,  which s e t t l e  on t h e  bed a t  s l a c k  

w a t e r ,  and d i s c o n t i n u o u s  f lows  through b a r r a g e s  and 

from s to rm water  o u t f a l l s .  The f i x e d  e lement  model i s  

w e l l  s u i t e d  t o  qu ick  ad-hoc e n g i n e e r i n g  f e a s i b i l i t y  

s t u d i e s  i n v o l v i n g  changes t o  t h e  shape  of a n  e s t u a r y .  

4.4 Tide-averaged 

f i x e d  element - 
models 

P h y s i c a l l y ,  t h e  s i m p l e s t  model is a  t ide-averaged 

f i x e d  element model. I n  t h i s  c a s e ,  t h e  model s o l v e s  

t h e  c o n s e r v a t i o n  e q u a t i o n s  f o r  a  t ide-averaged 

c o n d i t i o n  w i t h  c o n s t a n t  volume f i x e d  e lements  

(Ref 20 ) .  Both t h e  a d v e c t i v e  and d i s p e r s i v e  p r o c e s s e s  

by which t h e  t i d a l  motion s p r e a d s  an e f f l u e n t  over  t h e  

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

model by a  c o e f f i c i e n t  of e f f e c t i v e  l o n g i t u d i n a l  

d i s p e r s i o n .  S a l i n i t y  o b s e r v a t i o n s  a r e  used t o  d e f i n e  

t h e  v a l u e  of t h e  c o e f f i c i e n t s  and t h e  model i s  

c a l i b r a t e d  i n  terms of mixing p r o c e s s e s  by u s i n g  

s a l i n i t y  o b s e r v a t i o n s .  

Tide-averaged f i x e d  e lement  models do no t  p r e d i c t  t h e  

p o s i t i o n  of peaks i n  p o l l u t i o n  c o n c e n t r a t i o n s  t h a t  

occur  a t  h igh  wate r  and low wate r  s l a c k  a s  a c c u r a t e l y  

a s  e i t h e r  t h e  moving element o r  f ixed-element  

i n t e r - t i d a l  models. 



4.5 Seaward boundary 

c o n d i t i o n s  

The p r e s c r i b e d  seaward boundary c o n d i t i o n s  may have a  

s i g n i f i c a n t  i n f l u e n c e  on t h e  r e s u l t s  from a  

1-dimensional model. I d e a l l y ,  t h e  boundary should be 

l o c a t e d  a t  a  s e c t i o n  which is remote from t h e  r e g i o n  

of i n t e r e s t .  I n  t h e  moving element model and t i d e -  

averaged f i x e d  element models, t h e  on ly  means of 

l o s i n g  p o l l u t a n t  t o  t h e  ocean i s  by t h e  agency of t h e  

n e t  r e s i d u a l  f l u v i a l  f low o u t  of t h e  boundary and by 

t u r b u l e n t  mixing between t h e  most seaward e lement  and 

t h e  ocean. This  l a t t e r  term can be l a r g e  even i f  t h e  

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

boundary, because  t h e  c o e f f i c i e n t  of l o n g i t u d i n a l  

mixing ( o r  e q u i v a l e n t  mixing f lows)  i n c r e a s e  r a p i d l y  

a t  t h e  mouth of a n  e s t u a r y  (Ref 21) .  

The boundary c o n d i t i o n s  f o r  a n  i n t e r - t i d a l  f i x e d  

e lement  model a r e  s l i g h t l y  d i f f e r e n t  i n  t h a t  you o n l y  

need t o  p r e s c r i b e  t h e  c o n c e n t r a t i o n  of p o l l u t a n t s  on 

t h e  incoming water  on t h e  f l o o d  t i d e .  T h i s  means t h a t  

t h i s  type  of model can  s i m u l a t e  - but  a l s o  

o v e r e s t i m a t e  - t h e  l o s s  of p o l l u t a n t s  removed from t h e  

mouth a n  e s t u a r y  by longshore  t i d a l  c u r r e n t s .  I n  t h i s  

c a s e ,  only  p a r t  of t h e  wa te r  l e a v i n g  t h e  e s t u a r y  on 

t h e  ebb t i d e  is r e t u r n e d  on t h e  f o l l o w i n g  f l o o d  t i d e .  

A model may always be extended i n t o  che open s e a  t o  

avo id  l o s i n g  p o l l u t a n t s  from t h e  c a l c u l a t i o n  a r e a  a t  

low water .  

4.6 2-dimensional 

in-depth  wid th  

averaged models 

I n  t h i s  type of model, t h e  e s t u a r y  is d i v i d e d  i n t o  

l a y e r s  a s  we l l  a s  e lements  a long  t h e  e s t u a r y .  The 

model can s i m u l a t e  v a r i a t i o n s  i n  p o l l u t a n t  

c o n c e n t r a t i o n s  both  a s  a  f u n c t i o n  of d e p t h  and 

d i s t a n c e  a long  t h e  e s t u a r y .  They a r e  most s u i t e d  t o  

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

c a n a l i s e d  e s t u a r i e s  (Ref 2 3 ) .  



The i n t e r f a c e s  may move up and down with  t h e  r i s i n g  

and F a l l i n g  t i d e  t o  m a i n t a i n  a  f i x e d  number of l a y e r s .  

O r ,  they may be f i x e d  i n  s p a c e  w i t h  t h e  water  l e v e l  

moving up and down through t h e  s u r f a c e  l a y e r s .  I f  t h e  

t i d a l  range i s  s m a l l  compared t o  t h e  d e p t h  t h e  motion 

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

s u r f a c e  l a y e r .  Fixed l a y e r e d  models s i m u l a t e  t h e  

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

v e r t i c a l  mixing more a c c u r a t e l y  t h a n  moving l a y e r  

models. A f i x e d  l a y e r  model i s  p robab ly  more s u i t e d  

t o  s i m u l a t i n g  e s t u a r i e s  w i t h  deep and sha l low a r e a s .  

The p o l l u t i o n  models may be run e i t h e r  i n d e p e n d e n t l y  

(Appendix H )  o r  i n t e r - a c t i v e l y  w i t h  t h e  t i d a l  f low 

model. A l a y e r e d  model i s  i d e a l l y  s u i t e d  f o r  

s i m u l a t i 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 ,  s t r a t i f i c a t i o n  

and t h e  t r a n s p o r t  of p a r t i c u l a t e  p o l l u t a n t s  i n  deep,  

p a r t i a l l y  mixed e s t u a r i e s .  There  i s  less empi r ic i sm 

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

t h e s e  types  of models than  w i t h  1-dimensional a r e a  

averaged models. 

4.7 3-dimensional 

segmented and 

l a y e r e d  models 

T h i s  type of model (Ref 24),(Appeodix I) i s  most 

s u i t e d  t o  s i m u l a t i n g  c o n d i t i o n s  i n  a n  e n c l o s e d  body of  

t i d a l  wa te r ,  which may be d i v i d e d  i n t o  a  r e l a t i v e l y  

s m a l l  number ( say  20) h o r i z o n t a l l y  well-mixed segments 

of uneven bu t  approx imate ly  e q u a l  s i z e  and w i t h  

d i f f e r i n g  wate r  q u a l i t y  o b j e c t i v e s .  

The whole model a r e a  i s  d i v i d e d  i n t o  unevenly spaced 

l a y e r s  which s u b d i v i d e  each segment. The hydro- 

dynamics of t h e  model a r e  more approximate  than  a  

uniform f i n e  g r idded  2-D o r  3-D node l .  But i t  can  

s i m u l a t e  a 3-D g r a v i t a t i o n a l  c i r c u l a t i o n  Erom a 

number of d i f f e r e n t  l a t e r a l  f r e s h w a t e r  in f lows .  T h i s  

type of model may be run i n  a  t ide -averaged  o r  

i n t e r - t i d a l  mode. 



Due to the relatively small number of elements 

(50-150) it is possible to use this type of model to 

simulate the interacting effect of the oxygen balance 

and nutrient balance on the major constituents of the 

marine ecosystem (Appendix I). The model can also 

simulate full seasonal cycles in its tide-averaged 

mode. It is ideally suited for determining the effect 

of emission standards of individual outfalls or groups 

of outfalls on average water quality standards and 

water quality objectives in different zones of an 

estuary or region of semi-enclosed coastal water. 

5 INTERACTION OF 

PEYSICAL AND 

BIOLOGICAL 

PROCESSES 

The water quality and ecosystem of a body of estuarine 

or coastal water is maintained by several interacting 

physical and biological sub-systems as follows; 

(i) hydrodynamics 

(transport, dilution and dispersion of 

pollutants), 

(ii) suspended particulate transport 

(light penetration, transport and settlement of 

particulate and adsorbed pollutants), 

(iii) salt and thermal balance 

(gravitational circulation, vertical mixing, 

biological activity), 

(iv) oxygen and nutrient balance 

(biological activity) 

(v) ecosystem 

(nutrient recycling, oxygen balance, 

bioturbation), 



(vi) toxic pollutd~~~s in heavy metals 

(biological activity). 

HR have developed a series of multi-dimensional models 

incorporating Lhe WRC oxygen balance model and the 

IMER ecosystem model. But they havc not been tesLed 

by comparison with field observations in a UK 

estuary. 

6 DISCUSSION AND 

CONCLUSIONS 

If  a model is to be used to predict the effect of 

changes in thc quality, magnitude and distribution of 

sewage and trade effluents on water quality in tidal 

waters, it must simulate all the processes and 

interactions that are relevant to a particular 

location. Few of the currently available models are 

sufficiently versitile to include all the 

aforementioned sub-systems. 

There are a wide range of analytical and 

multi-dimensional numerical hydrodynamaic models 

available to drive an equally wide range of water 

quality models, which can be applied to simulate and 

predict conditions in UK tidal waters. 

The best type of hydrodynamic to match six common 

types of receiving waters and outfall configuration, 

shown in Fig 1 and given below. 



CHOICE OF MATHEMATICAL MODELS TO SIMULATE DISPERSAL OF 

POLLUTANTS IN COASTAL WATERS 

Type of receiving water and Type of model 

effluent distribution 

(a) Small isolated outfall on an Semi-empirical analytical 

open coast: biodegradable models 

pollutant 

(b) Multiple outfalls in shallow 2-D in-plan numerical 

semi-enclosed vertically well- nodel 

mixed tidal waters with strong (element size 100-5000 m) 

tidal currents. (area 400-100,000 km 2, 

(or whole seas) 

(c) Large isolated buoyant 

discharges into open sea 

(small river outfall 

large power station) 

(d) Multiple outfalls in narrow 

cross-sectionally well mixed 

turbid estuaries 

(e) Multiple outfalls in narrow 

stratified estuaries 

(f) Multiple outfalls in 

deep (10-20 m) weakly 

stratified semi-enclosed 

tidal waters 

3-D fine gridded numerical 

model. 

(element size 10-100 m) 

(area 0.5 - 40 km2) 

1-D numerical (channel) 

model (moving or fixed 

element) (element size 

200-2000 m) (length of 

system 20-250 km) 

2-D in-vertical numerical 

model. 

(5-25 layers) 

(20-50 km of channel) 

3-D segmented and layered 

numerical model. 

(each segment 1-100 km2 

3-6 layers) or 2-D 2-layer 

l~urnerical model. 



An analytical plume model is best suited to evaluaLing 

the distribution of pollutants in single small buoyant 

plume in a coastal region of approximately uniform 

depth. 

There are many different versions of analytical plume 

model depending on the type of flow data and the 

assumptions made by the modeller. The least well 

understood physical processes appears to be the 

buoyant spreading of merging plumes and the transition 

to vertically well mixed conditions with a cross 

wind. 

In the authors opinion, most attention should be given 

to modelling the behaviour of the surface pool of 

poorly diluted effluent which is discharged at slack 

tide. 

All 2-dimensional model are expensive methods to use 

to investigate single small isolated plumes when 

compared to the analytical methods; especially if new 

field data is needed to calibrate the flow model. 

2-dimensional depth-averaged numerical models are well 

suited to predict the dispersion of single very large 

intermittent or steady discharges of effluent as in 

turbulent tidal flows where the effluent is rapidly 

mixed through the depth and the shape of the plume is 

often heavily distorted or even divided by the pattern 

of unsteady tidal currents. 

Such models also well suited to simulate the 

cumulative effect of a number of discharges on the 

water quality of a semi-enclosed body of coastal 

water. 

2-dimensional depth-averaged numerical pollution 

models are not well suited to simulating conditions in 

which surface wind drift effects are important or when 

the plume remains huoyant for a significant period. 



The model g r i d  must be f i n e  enough t o  r e s o l v e  t h e  

s t r u c t u r e  of t h e  plume. At  p r e s e n t  t h e r e  has  been 

i n s u f f i c i e n t  e x p e r i e n c e  wi th  t h e  random walk 

t e c h n i q u e  t o  s a y  whether  i t s  use  makes a  s i g n i f i c a n t  

i~nprovemrn t s  of t h e  r e s u l t s  compared wi th  a  normal 

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

The main u n c e r t a i n t y  i n  most 2-dimensional  models i s  

how t o  d e f i n e  t h e  v a l u e  of t h e  c o e f f i c i e n t  of l a t e r a l  

t u r b u l e n t  d i f f u s i v i t y  a s  a  f u n c t i o n  of known 

hydrodynamic v a r i a b l e s .  

A t  p r e s e n t ,  few of t h e  mul t i -d imensional  models have 

been a p p l i e d  t o  UK e s t u a r i e s .  I n s t e a d ,  moving e lement  

and f i x e d  e lement  v e r s i o n s  of t h e  1-dimensional  oxygen 

ba lance  model a r e  used t o  s i m u l a t e  and p r e d i c t  

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

t h e i r  shape o r  v e r t i c a l  and l a t e r a l  v a r i a t i o n s  i n  

w a t e r  q u a l i t y .  

A weakness of most e x i s t i n g  wa te r  q u a l i t y  models i s  

t h e  n e g l e c t  of suspended p a r t i c u l a t e  p o l l u t a n t s .  

P a r t i c u l a t e  BOD p l a y s  a  major r o l e  i n  s u p p r e s s i n g  

d i s s o l v e d  oxygen l e v e l s  d u r i n g  s p r i n g  t i d e s  i n  many 

e s t u a r i e s .  For  example, t h e  T r e n t ,  i?ersey, Usk and 

p robab ly  even t h e  Thames E s t u a r y .  

The t r a n s p o r t  of p o l l u t e d  p a r t i c u l a t e  m a t t e r  can  

u s u a l l y  on ly  be s i m u l a t e d  i n  a  m u l t i - l a y e r  model, 

which r e s o l v e s  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,  

( excep t  i n  t h e  c a s e  of t h e  t r i b u t a r i e s  t o  t h e  Severn 

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

most r a d i o  a c t i v e  w a s t e s  a r e  c o n t r o l l e d  by the  roud 

t r a n s p o r t  regime. 

The o t h e r  weakness of most w a t e r  q u a l i t y  models i s  t h e  

n e g l e c t  of t h e  i n t e r a c t i o n  between t h e  oxygen, and 

n u t r i e n t  b a l a n c e ,  and t h e  primary p r o d u c t i o n  i n  t h e  

e s t u a r y .  



i iK  have proved that it is technically possible to 

construct and use multi-dimensional models which 

simulate interaction of these processes. 

The hindrance to their application as planning tools 

in the UK is 

(a) Lack of knowledge of the biochemical behaviour 

of particulate matter. 

(b) The lack of examples of the application of the 

new types of models to the UK estuaries. 

(c) The reluctance of Water Authorities to invest 

significant funds in modelling work as compared 

to field monitoring exercises. 

(d) The unsuitability of most Water Authority 

Computers for numerical modelling work. 

(e) The difficulty of Water Authorities employing 

suitably qualified staff for the intermittent 

use of models for planning purposes. 

In the author's opinion, there is a need for; 

(a) A commitment by the Water Authorities to use tne 

latest modelling tecnniques as part of their 

planning studies. 

(b) More laboratory and field data on the 

biochemical behaviour of particulate 

pollutants. 

(c) Trial application and testing of 

multi-dimensional models to a selected number of 

UK estuaries. 

(d) The development and documentation of a reliable 

set of standard types of models incorporating 



p a r t i c u l a t e  p o l l u t a n t s  and s e l e c t e d  p a r t s  of  t h e  

ecosys t em.  

( e )  To f i n d  means of p r o v i d i n g  t h e  Water I n d u s t r y  

a c c e s s  t o  s p e c i a l i s e d  computer  f a c i l i t i e s  w i t h  

e x p e r t  s u p p o r t  s t a f f .  

I f  r e s e a r c h  f u n d s  were a v a i l a b l e ,  HR would be  w i l l i n g  

t o  c o o p e r a t e  w i t h  WRC, I W K  and o n e  of more Water  

A u t h o r i t i e s  t o  a p p l y  some of t h e  new t y p e s  of 

m u l t i - d i m e n s i o n a l  m u l t i - p r o c e s s  models  t o  a few 

s e l e c t e d  UK e s t u a r i e s .  
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APPENDICES. 





APPENDIX A 

SEWAGE DILUTION 

EXTRACT FROM 

WRC PAPER 1984 

Munro, R. Sewage D i l u t i o n  between O u t f a l l  and 

Shore .  Paper p r e s e n t  t o  Symposium on Sea  

O u t f a l l s ,  Exeter  June 1983.  The P u b l i c  Hea l th  

Eng ineer ,  12 A p r i l  1984. 
















































































































































































































