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ABSTRACT

July 1991

The work described in this report is part of a larger programne ained at
updating estuary regime processes. The ultimate aim of which is to produce
a tool which will enable a predi-ction to be nade of long term estuary
behaviour and evolution due to engineering works, climate change, drainage,
water abstraction, disposal of pol lutants etc.

The best hope for long term modelling probably lies in a different type of
model from those which are currently used which is not so spatially preclse
but better able to represent the factors which govern long term changes.

fhe regime model developed in this study is based upon the dLscovery of a
friction velocity based stress parameter; the maximum of which appears to be
constant over most of the length of an estuary but which varies according to
the amount of freshwater flow in the upper t,idal reaehes.

This basic tidal volume model has been run and compared with field data for
the Thames, Parrettt, Conwy and Nene Estuaries. As a result the
applicabil i ty of a regime model to these estuaries has been assessed. The
model has been successfully used to predlct the depth profile of the Thames,
starting with only the tidal range at the mouth, the freshwater flow and the
hypothesis of the constancy of maximum stress.
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I. INTRODUCTION

1.1 Background

The work described in this report is part of a larger

prograrnme ained at updating understanding of estuary

regime processes. The ultimate aim is to produce a

tool which will enable the prediction to be made of

Iong term estuary behaviour and evolution due to

engineering works, climate change, drainage, water

abstract ion, disposal of  pol lutants etc.

Major engineering works such as the reclamation of

intert idal  f lats,  can have far-reaching effects which

may include changes to the established pattern of

banks and channels, sedimentation in existing

navigation channels, and patterns of dispersion from

estuary outfal ls.  De-stabi l isat ion of sedimenL

deposits may undermine existing structures founded on

them, and an increase in channel sedimentation may

threaten the cornrnercial viability of port and shipping

bus inesses .

The work has attempted to provide information on the

factors which determine the size and shape of an

estuary together with knowledge of the criteria which

will enable a judgement to be made on whether a given

est,uary is in regime or whether it is stil l undergoing

evolut ionary change.

The best hope for long term modelling probably lies in

a different type of model from those which are

current ly used which is not so spat ial ly precise but

better able to represent the factors which govern long

term changes.

The regime model developed in this study is based upon

the discovery of a fr ict ion veloci ty based stress



parameEer;

over most

according

the upper

the maximum of which appears to be constant

of the length of an estuary but which varies

to the amount of freshwater river flow in

t ida l  reaches .

L .2  Ob jec t ives

1.3 Programrne

The primary objective of the research into estuary

regime is to provide engineers with an improved nethod

of predicting the long term evolutionary effects of

significant engineering changes in estuaries. This

object ive is to be met by:-

( i )  Reviewing exist ing avai lable data on estuaries

and selecting a number for in- depth analysis.

( i i )  Attempting a classi f icat ion of estuaries by

physical  processes.

( i i i )  Attempting to formulate the physical  Processes

involved and model their interaction using

microcomputer programnes .

A br ief  out l ine for the

g iven be low: -

(a) Review of estuary

sediment transport

programme of this research is

including

(b) Ident i f icat ion of the main factors inf luencing

the regime st,ate

(c) Attempt to produce a system for the

c lass i f i ca t ion  o f  es tuar ies  by  phys ica l

p rocesses

regime theory

processes



(d) Review of the application of mathematical models

to estuary regime

(e) Review of existing available data on estuaries

and selection of a nurnber for in depth analysis

(f) Formulation of a simple micro computer based

regime model

(g) Comparison of regime model with field

observations from selected estuaries

(h) Attempt to use regime model to predict long term

evolut, ion of an estuary prof i le.

I tems (a)-(c) and (d) have been reported previously in

References 1 and 2 respect ively.

L .4  C lass i f i ca t ion  o f

estuaries by physical

p rocesses

A review of the literature has revealed many proposed

systems for the classi f icat ion and character isat ion of

estuaries and the l ist  below gives some indicat ion of

the range of parameters used in this exercise;-

( i )  sal ini ty sLructure

(ii) width and depth

( i i i )  dominat ion of ei ther r iver or t ide

( iv) t idal  range (high, low or intermediate)

(v) topography or geomorphology.

Of those l isted, sal ini ty structure and topography

have t.raditionally been the most widely used.

Classi f icat ion by sal ini ty structure is based on the

degree of mixing of fresh and salt water. Thus the

dist inct ions are drawn among the fol lowing:



( i )  highly strat i f ied or sal t  wedge

(i i )  part ial ly mixed

(i i i )  wel l  mixed or vert ical ly homogeneous.

Classification by topography has been described by

Dyer (Ref 3) and others.

Hansen and Rattray (Ref 4) reported on new dimensions

in esLuary classi f icat ion. As a result  of  theoret ical

studies, a new two- parameter system of estuarine

classi f icat ion was proposed, based on circulat ion and

stratificati.on changes which were associated with

variations in salinity and including the relevant

estuary dynamics.

Previous work by the same authors (Ref 5) demonstrated

that the development of stratification and

gravitational convection in estuaries was dependent on

two dimensionless parameters. The significance of

these parameters, involving both strat i f icat ion and

circulat ion, for the determinat ion of the part i t ion of

the sal t  f lux in relat ion to discharge'  convect ion

(gravi tat ional)  and di f fusion was clear ly shown to be

re levant .

The authors concluded that,  subject to certain

reservat ions, the classi f icat ion in terms of

strat i f icat ion and circulat ion of estuaries was val id.

From plots of strat i f icat ion against c irculat ion for a

range of estuaries, seven types of estuary were

ident i f ied.

Prandle (Ref 6) reported on the sal ini ty regimes and

the vertical structure of residual flows in narrow



tidal estuaries. This work demonstrated that the

degree of stratification was related to the product of

two parameters; one of these was dependent on

veloeity structure and the other on the ratio of the

residual velocity to the amplitude of the tidal

veloci ty.

The classification of well mixed bays and estuaries

has been described by Aubrey (Ref 7) in the

consideration of hydrodynamic controls on sediment

transport. The classification was in terms of flood

or ebb tide flow dominance in the context of tidal
f ^ e ^ ;  - ^r v r  l r r r t s , .

In the consideration of mathematical models applied to

estuaries, with part icular reference to cohesive

sediment transport, Rodger and Odd (Ref B) have

def ined three di f ferent estuary typess

(i)  Canal ised, being "a body of water narrow with

respect to length which moves under the

influence of external tidal forces and fluvial

f  l -owst r .

( i i )  Outfal l  of  a r iver,  def ined as ' ra meeting place

of freshvater and saltwater which gives rise to

a variety of irnportant phenomena such as

strat i f icat ion and gravi tat ional c irculat ion".

(ii i) Deep estuary, "is one in which mean depths are

in excess of about 10m and the tidal range to

mean depth rat io is less than about 0.4".

Some of the systems referred to above elassi fy

estuaries (ie assign them to a particular group on the

basis of quant i tat ive data) or character ise estuaries

by describi-ng their distinctive features in a

qual i tat ive manner. In a1most al l  cases the



1.5  Repor t  s t ruc tu re

classification is done using a limited number of the

processes or parameters involved. Broadly speaking

there are four main headings associated with the

physical  propert ies of estuaries:

( i )  geometr ical  propert ies

( i i )  f lu id propert ies

( i i i )  sediment propert ies

( iv) t idal  ef fects

Within each of these main headings there are between

six and twelve other variables.

Dennis (Ref 1) outlines an approach for classifying

estuaries by physical processes by considering the

possible effect of  each variable and trying to

identify their relative importance with respect to the

regime state. To this end, each of the processes

involved was 'quantified' by assigning to eaeh of them

what was generally accepted as being the appropriate

fundamental equation. The next stage of the work will

be to consider individual estuaries with a view to

quant i fy ing the processes referred to,  using f ie ld

data. The object of  this exercise would be to bui ld

up a data base for each estuary as part of a knowledge

based (expert) system which it is hoped will enable

each estuary to be ident i f ied by a ' f ingerpr intr .  As

a major part of this work a judgement will need to be

made on the relative importance of the processes

contr ibut ing to the regime state.

The basic theory behind the regime model is presented

in Chapter 2. This includes discussion of the

approximations that are made to develop the one

dimensional tidal volume model, of the geometric

approximation for the cross section and of the



derivat ion of the bottom stress parameter.  In

Chapter 3 model results are presented and discussed

for five cases; an ideal estuary and one dimensional

representations of the Thames, Conwy, Parrett, and Nene

Estuaries. In Chapter 4 the developnent of an

analytical model to predict the long term evolution of

an estuary is presented. Conclusions and

recommendations for further work are given in

Chapter 5.



2 ,

2. r

REGIME MODEL

Eguations governing

motion in an estuary

While the dynamics of an estuary include nany

important three dimensional effects, arising from

factors such as flow reversal and the diffusion of

suspended mater ial ,  i t  is possible to develop one

dimensional equations which provide a framework in

which the dynamics can be sinply considered and which

provide a ' f i rst  approximationr of the effects

observed. The derivation of these equations are shown

below to highlight the approximations nade and to

detai l  the physical  processes.

Since the f low is predominately horizontal ,  a

Cartesian coordinate system is adopted with the x-y

plane horizontal  and the z-plane vert ical .  The

x-direct ion is paral lel  with the channel direct ion,

while the y-direction is perpendicular to this. The

full continuity and momentum equations orpressing the

conservaLion of mass and momentum arei

*9  *  v . (ou)  =  o
dt '

'|
+ :V .o+F

A =
v

- l
=  : V p

P

A r r-;-:- + u.V u
d t

where

p  ( I ,  t )

g ( 5 , t )

p ( I , t )

o  ( x , L )

F

density

veloci ty

pressure

Newtonian stress,

viscosity

body force

associated with



In this situation, the body force term includes

gravi tat ional and coriol is aceelerat ion.

E=g+2Cxg
First  of  a1l ,  make the assumption of

incompressibi l i ty.  This simpl i f ies the mass

continuity equation:

Dp
f f = 0  h e n c e V . g - 0

The flow situat,ion is turbulent and so the velocity

and pressure f ie lds have to be ' t ime smoothed',  by

considering a basic evolving field, with random

fluctuations about it, ie denote the velocity and

pressure  f ie lds  as :

g + g ' a n d p + p '

Then the governing equations expressing the

conservation of mass and momentum read:

v.u=o

o u l r

ar  +  gv .g  =  -  
o  

Oo * ;  O .g  -  g ' .Vg '+  E

- l  I=  : V p  '  :  v . ( o  +  r )  +  Fp -  p  =

where ! = Reynolds stress, due to turbulent,

f luctuat ions = -p u'u '

The Boussinesq approximation is made which ignores the

density fluctuation in the inertial terms and

considers it only in the gravitational term.

The 'hydrostat ic balance'  approximation is also made:

vert ical  accelerat ions of f lu id part ic les are much

smal-Ier than the gravi t .at ional accelerat ion. There is

said to exist  a hydrostat ic balance between the



vertical pressure gradient and the gravitational

accelerat ion and al l  vert ical  veloci t ies are

negligible in the vertical momentum equation. The

non-dimensional measure for this i "  *  ((1,  together
E n

with !  <<f ( ie low frequency motion, vhere T is the
g L

tirne scale of the motion) .

Final ly,  the Newtonian stress is negl igible in

eomparison to the Reynolds stress and can be ignored.

l r I

And the only significant components of the Reynolds

stress tensor are those expressing vert ical  shear.

xz
,, b -*"

"L * t *

. o
a 6  -  ?

3 z

o
- T

3 z

henceforth, denote ," ,  = ," , = T

Q = -

0u
ar

Ev
a t -

Where O =

and r, =

u3u v3u w3u
ax-  ay*  az

uOv ,  vEv wOv
av  

-  
ay '  az

- Q v = -

* Q u = -

' I  
A n

- + - o

p a z  o

Paz

la
paz

lqP
pax

19P
pav

2rr ls in@ (the cor iol is parameter)

angular veloci ty of earth, O = lat i tude

To simplify this problem we consider the equations

averaged over a channel cross section and concentrate

on the evolution of the variables along the channel.

This reduces the system to one dimension where

variables are functions only of the downstream

distance, x.  I t  is usual to regard the channel as
'straight ' ,  compensat. ing for bends and 3-dinensional

circulat ion by the inclusion of an appropriate

f r i c t ion  fac to r .

1 0



Consider then, averaging over a cross-sect ional area

A ( x , t ) :

+
J 

n(x,  t )

where  b(x , t )  i s  the  w id th

is  the  depth  and q(x , t )  i s

e l e v a t i o n .

o f  t h e  c r o s s  s e c t i o n ,  h ( x , t )

the free surface

Taking the cont inui ty equat ion V.u = 0

integrated over depth

J!nf"*  *  r r )  dz = -  J!6 *ra,  = -w(r l )  + w(-h)

but.  the bottom boundary condit ion is u(-h) = 0.
A h

v ( - h ) = 0 , w ( - h ) = - - '
0y

and J_l ""a, 
= el l_l udz - u(q) $l - "r-r.,1 F

J-l"ra, = ti lln vdz - v(n) S 
- 

"t-i'l $

At surface, w(rl)  = H - H H - # #

= 
,9r + u(n) 9! + v(rr) 

H

Hence # Jln"u, * t' Jln"az + fo -(q+h) = o

Now def ine average quant i t ies:

I c f l
|  '  1 1 d 2

n + h  J  - L * * "  t

o

ayd x
(  (n+h )  U )  +

v= 1-
Q+n

(  ( q + h ) V )  +

nO
|  

" v o z

i .  1n+h)  = o

A ( x ,  t )

I l



Integrat ing across channel width from y = 0 to y = B,

not ing that

V = O a t y = O , 8 .

J3 ri((n+h)u)dy + J3 d,(q+h)v)dy + JB $fd ut

* tB (q+h)udy-[(n+h)"H,3 + [(rr+h)v]f + ,lJf tn+r'lay

A R  P ,- t (n+h)  
# f  5  = 0

apply the boundary condit ions, giv ing

E n B '  t . ,  +  j  r B  ( n + h ) d y  =  oa " J o ( n + n J u d y  
+  

a t  J o  ( n + n i (

A ^ R A
Now a.  J ;  1r l+h)ay = 

at  A

^ R  ^ R
and J;  1a+h)udy = J iuae = Au = Q

- -  ao  0A=nHence , i l * a t - v

Consider the dynamic equations and depth integrate;

. 44 , ,  a  , r o  an  ah
J . ar d, = fu (ln udz) - fr u(n) - fr u(-h)

-n
id v ,l . s r_m] - ra r ry  ro r  a tJ

^ n A  A  ^ n  A n  A h
|  -  ( u u ) d z  = ; :  ( t  , , 2 , r r ' \  - : f  u 2 ( - n )  -  -  u 2 ( - h ), _ h 6 *  \ e s / u a  

0 x  
' J _ h *  * - '  

0 x

(s imi lar ly  for  
f  

fuv)  )

D-Dr  f '  os .d"  Dr  =  p ressure  a t  sur face- r l  . _

I ' l  q P  =  f n  z  c r l  ̂ o P  , -  ,  - ^ 3 r 1 . , -
J ,  a *  

-  J  .  U ;  g &  o z  +  g ? A - x ) a z
- n  - n

L2



A n

Then, if 
# 

is independent of depth

. 4 a o . r A n A nJ_n # d" = 
i  e(n+h) '  # *  sp(n+h) #

(s imi lar ly ror 
$)

r n  0 t
J -i l a, 

"x dz = t*(rt) - t*(-h)

where the first term on the right hand side is the

shear stress at surface (due to wind) and the second

term is the shear stress at bed (due to bottom

fr ict ion).  I t  has been argued that

I  t*(n) |  << |  t*(-h) |  (Ref 9) ,  so surface stresses may be

ignored.

Now consider the integral Jl "2a, 
and make the

subst i tut , ion

nr ' l  2 -  B  nr l  
)211 udz=f f iF  l lnuoz

p >1 since

o = "t'_l ," 
- 

# J_l "azl 
zdz = J_l u,az # rJl uazJ 2

hence J!5 ,r2a, = # tJl uazt 2

p is termed the momentum correction co-efficient and

accounts for the variation in velocity throughout the

depth. Henceforth, set B = I  (where max p = 1.05 in

rea l  f lows (Ref  10)  )  .

Reconsidering the dynamie equations together with the

continuity equation.

0 u 0 v aso H.#*#=o

t 3



# . "3i * "# *'# * "rff + # . #, _ o" =-j .qn* . i L'"

# - "# * "# * *.'rff + #.3X, * clu = i #. i3r'"
Then, depth intergrat ing

* i-il udz - S urn) - $ ur-n)

.r k 4 uzdz - f l  u,(n) - p u,r-n)

- i/- i l  uvdz - U* u(n)v(n) F u(-h)v(-h)

1 g*"J !6

- n"f-l vd.z = j rn * h),e ffi + gp (n+h) H 
- tr,-n,

. a n f l 0 n a hano 
a t  Jh  voz  -  

a t  
t tn , '  -  

a t - -v ( -n /

- k l l  uvdz - f l  v(n)u(n) - 
# "(-h)v(-h)

*  L  |  |  v ,dz  -  F  v , (n)  -  P  v , ( -h)
d y  - - n  d y  d x

n
r Lwvl -n

* n .f-l udz = 
] rn+i'l ', ** * ro 1rt+h) 

q* -rrt-tr)

Nov write Total Depth H = h+n

Depth averaged veloc i t ies UH = J- f i "ar ,  where U = U(x, t ) ,

vH  =  J - l "dz ,  where  V  =  V (x , t ) .

and recat- l  that  w(n)  = 9!  + u(q)  9 !  + v(n)  
H

w(-h) = H u(-h) S 
- 

"r-i.rl $

I 4



So the momentum equations read

ftnu + t' tuu,) . M+ (HW) - oHV = *rr, # * ro tl, -t*r-r,l

f rnvl * fo crwl + t'crv,l + oHq = | ug, }! * *o }$ - .",-n,

However the depth integrated continuity equation in

this form gives

a H  a  / ? ? ? r i  A

ar+ax(HU)+ fu( t tv)=0

So substi.tuting for 
ffi and dividing by H gives:

aU UaU VaV -  QV =  1  eH Op an rx ( -h )

ar 'ax-  av  27a-"*gPi l -  H

3V * UaV + VaV + .,,, = I g! qp * gp q-! _ 
tv(-h)

A t  0 x  0 y  2  p d y  0 y  l J

I f  we now consider f low in the axial  direct ion onIy,

such as is predominant ly the case in r ivers, set V=O,

then

au +uau = I g! qp * -^ Qg _ 
rx(-h)

a t  0 x  2  o O x  s Y O x  H

1  o H  A p  E n  r v ( - h )
and CJU = : b:: - + eO :r - -r-j_ -

2  p 0 y  o - 0 y  H

So there is a cross channel pressure gradi.ent due to

the Coriol is ef fect.  I f  the r iver/estuary is

suff ic ient ly narrow this contr ibut ion to the pressure

is  neg l ig ib le .

P ^ ^ - - ^ . ' -  =  0 ( A U P B )
cor1() l1s

P " . , r - ^ . - ' , r -  =  0 ( P g H )
nvoraurac
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For typical Thames data:

Pcor io l i s
= o ( ̂ ,,@,, ) - o, t\o-:%q, = o ( I o - 3 )gn

nyoraul].c

Hence the model equations for depth averaged velocity,

along the axial dlrection are:

aU ,,aU - 1 cH ap -9.! - 
t*(-h)

- - | - t t - = - + C t

a t " 0 x 2 p 0 x o O x H

A l n
and =-s* ( t i , *a191 +f r  =  0

\,Inere

l n nU = 
;ft- Jl6 uaz q = free surface elevation

-h = bed

r1+h = H

p = density,  r*(-h) = bottom stress

The following assumptions have been made in this

derivat ion:

( i )  Newtonian stresses associated with viscosity ((

Reynolds stresses associated with turbulent

veloci ty f luctuat ions.

i e  l g |

(ii) The Bousinessq approximat.ion that density

fluctuations are only included in gravitational

term and ignored in the inertial terms.

t 6



( i i i )  Hydrostat ic balance: the vert ical  momentum

equation is dominated by the balance of the

gravi tat ional accelerat ion by the vert ical

pressure gradient

#.<r,L<<1

( iv)  Neglect surface stress due to wind.

I t * ( n )  |  < <  l r * ( - h )  |

(v) Set,  momentum correct ion coeff ic ient,  B, equal

to unity.

^  n l 1  2 .

F =  J l6u  dz  (F*u*=1 .05 ,  (Re f  10 ) )

1  . .  n  2

t*t '  tJ-iudzJ

(v i)  For axial

(v i i )  Ignore the

f1ow, due

f low,  se t  V=0

pressure gradient set up across

to the cor iol is ef fect:

<<1

(viii) Longitudinal density gradient does not vary

. OUB
1 A

gH

with depth.

A ^
v v

fr indelendent of depth

PI
cor]-o]]-s I

P-.  Inyqrosf,,ar,1c I
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It is possible to recast these governing equati.ons in

terms of variables Q and A, discharge and cross

sectional area respectively, rather than in terms of

the velocity and depth of flow. Amein and Chu

(Ref 11)) argue that i t  is advantageous to do this,

especially when dealing with irregular channels. They

claim that the discharge is a much smoother function

of (x, t)  than the veloci ty.  Between adjacent

sections, the area and average velocity might both

vary significantly, whereas the di.scharge, the product

of the two, varies more smoothly.

Discharge a = J: J!6 udzay = A u

The governing equations are averaged over the width

giving:

AQ AAr + - = I l

3x at

I qQ . f a ,,Q'', = I g! qP
A a t ' A 0 x ' A '  2 p  0 x

.  e O n
+ - J -

Ex

rx( -h)

2 .2 Model l ing the

movement. of

sediment

To complete the set of equations describing the

dynamics of the estuary, i t  is necessary to descr ibe

the sedimenL movement. As usual, a distinction may be

made between 'bed sediment' and suspended sediment.

The former refers to sediment loads in which the

grains ro11 along the bed, with occasional entrainment

into the main fIow. The latter refers to material

which is permanently in suspension, due to the

turbulence of the f1ow. The distinction between the

two is clear enough when different materials with
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widely di f ferent grain sizes are under considerat ion

(for example a silt laden river flowing over a bed of

gravel, /coarse sand).  However,  i f  the two loads are of

a similar nature (for example a silt laden river

f lowing over i ts own si l t ) ,  the dist inct ion becomes

rather arbi trary.  Nevertheless from the point of  v iew

of wishing to descr ibe the dynanics, i t  is useful  to

maintain this di f ference.

2 .2 .1  Bed sed iment  mot ion

Changes in estuary bed levels may be related to

sediment transport  rates by means of a 'mass

cont inui ty '  relat ion, which balances the net rate of

sediment transport  into a region with the increase of

b e d  l e v e l .

Consider  a contro l  vo lume:

P

where

and

.X

'v
z ^

U

D =

longitudinal sediment f Iux,

t ransverse  sed iment  f lux ,

depth of sediment,

rat.e of suspension of sedi-ment

rate of deposit ion of sediment

f rom bed,

to  bed.

F1or,r of sediment into box Ly\zn in time At:

= (e*(x) -9r(x+Ax) )AyAt+(cr(v) -c"(r+Ay) )AxAt

3 q  0 o
= - 

*" 
AxAyAr - -Y AxAyAt
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Balanced by suspension/deposition/increase of depth

t ime At:

6 z n
= p= 

# 
AxAyAt (1-m) - PAxAyAt + DAxAvAt

m =  poros i ty ,  0  <  m <  l ,  D  =  0  i s  non Porous ,  m =  I  i s

Dure constituent fluid.

0 o  0 o  0 z
-- 'I * v . o
Ex 0y + P"( l -m) 5t  

-  P+D = 0

For a river in steady, equilibrium conditions, the

rate of deposition equals the rate of suspension and

so there exists a balance between the incoming

sediment flux and the increase of sediment depth. If

i t  were possible to formulate 'erosive and deposi- t ivel

f luxes as funct ions of the veloci ty f ie ld,  posi t ion

and time vrithin a tidal environment, then this

continuity equation would permit the calculation of

sediment depth. However, the precise form of these

parameters is unknown and the equation remains an

'over r id ing '  p r inc ip le .

2.2.2 Suspended sediment motion

Many deposits consist  of  f ine grained sand (60-300

microns) which is easily entrained fron the bed by

turbulent flow. Since the particles have a relatively

low mass, they are kept in suspension by the turbulent

eddies. This form of sediment transport may comprise

75-95% of the total  sediment load (Ref 9).  When

formulating a mass continuity equation for these fine

part ieles, i t  is necessary to include the di f fusion

induced by the turbulence, since this motion is of a

similar magnitude as the motion induced by advection

with the veloci ty f ieId.
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The diffusion equation:

#-g.vc=v(E.Vc)

I = eddy diffusivity tensor

c = concentrat ion of sediment

, t  = u - , t-_ I

(average veloci ty f ie ld -  fal l  veloci ty of

sediment) .

where

and

This equat ion may be depth integrated, with

appropriate boundary conditions, to form an equation

of the same general-  form as that for the bed load, but

with a di f fusion term included.

2 . 3  S t a b i l i t y  o f

estuarine channels

The stabi l i ty of  any part i -cular channel depends upon

the sediment type to be found at the channel bed, the

transport ing abi l i ty of  t idal  streams and the supply

of sediment from external sources. Consider the

sediment equat ions for mass cont inui ty,  integrated

over the channel cross sect ion and with t ime. The

condit ion for stabi l i ty is that no ehange occurs to

the channel prof i le.  This may be expressed as

f o l l o w s :

Dif ference of sediment f lux into and out of control

volume AxAy.
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=rH*#

In  t ine  t :

[q (x , t )  -q (x+Ax, t )  ]AyAt+  [q '  (y , t )  -q '  (y+Ay, t )  ]AxAt
- [c ( t)  -c ( t+At) J AxAyAt

*#=o

where q = total sediment flux in x-direction

and g'= total sediment flux in y-direction

(both q and q' are independent of time).

Hence, integrating over width y and time interval

l t 1 ,  t r ) :

^ " A n  ^ t z
J*H d.  +J ' [q ' ]d t  + Act  = 0 for  equi l ibr ium

L 1  u 1

where the first term is the flux per unit width, the

second term is the lateral inflow and the third term

is the change in concentration per unit area.

The choice of the time interval with this 'averaging'

is cr j - t icaI.  I t  must be long enough such that al l

major variations of parameters affecting sediment

transport are averaged out. These parameters include

factors such as t idal  condit ions, f reshwater inf lows

and meteorological conditions. To account for the

t idal  condit ions, there is a need to average over a

spring-neap cycle. However freshwater inflows and

meteorological conditions may vary over a much longer

timescale. So although the above equation for an

equi l ibr ium prof i le elegant ly expresses the required

conditions for channel equilibrium, it is doubtful
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whether it can be applied under the required

circumstances to permit averaging to take place.

However, it is possible to consider the equation in a

hypothetical situation where the tidal conditions and

freshwater inflows are constant. Then the time period

required for averaging is just one tidal cycle and the

stabi l i ty cr i ter ia reduces to:

A

; ;  t ta l l  =  0

where t t  l l  denoLes a t idal  average.

This equation is satisfied if the sediment flux is

constant along the estuary, indicating that the bed

shear stress never exceeds the critical value required

to initiate sediment movement. Alternatively, as

argued by  McDowel l  and O 'Connor  (Ref  9 ) ,  i t  i s

sat isf ied i f  the sediment f lux is proport ional Lo the

t idal  veloci ty and the esluary conforms to ' ideal

condit ions'  :  -

(i) constant depth along estuary length

(ii) wj-dth decreases exponentially from estuary

mouth

( i i i )  constant phase lag of t idal  veloci ty behind

water surface elevat ion

(iv) small tidal range compared with channel depth.

(see later case studies for the val idi ty of these

assumpt ions ,  Sec t ions  3 .  1 -3 .5 )  .

The solut ion presented reads:

water elevat ion, r l  = A^cos(ot-kx)
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A^g
veloci ty,  , ,  = -d sin{sin(oa-*-0)

o

width, B = Booqp(-kxcot0)

with mean tidal depth, H, Co, = gH. and Co = o/k

The following is a verification that this solution

satisfies the governing equations.

continuity eguation: H * tt = o

where Q = (H+q)Bu

Q n

An A^8k
-=Y = (H+q; B^exp (-kxcotQ) -X-sinQcos (or-kx-Q)
dx 

"o

As
+ (H+n) Bo"*p (-kxcot0)kcotOf sinQsin(ot-k*-0)

o

- (B^exp (-kxcot0) .AoBsingsin (ot-kx-0) A^ksin(ot-kx)
o - c ^ o

= (H+n) BkAoe (sinqcos (or-kx-Q) +cosQsin(or-kx-{)  )

c
o

* n''S
dx

BeA k
= (H+n) ;-  s in(ot-kx) + Bu Q5' ( , -o 

Ex

= [ - (H+n)e+u  q ! ]  Bq !
C -z Q_n 0x ato a t
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t l r ) "g=Ug=1
N o w  H  ) ) n .  s o  I- . - . '  - -  . - . r '  

C  2  C  2
o o

as C-2 = HE for surface waves on 'deepr waters

Looking at the order of magnitude of these terms

q n r t  o r , , 3 [ )  
=  Q  ( u k )  =  0  ( u )  =  O ( q g )  =  0 ( q )  < <  I

' * a t '  o  c  c 2  H

E-oo
n f

So to f i rst  order the cont inui ty equat ion is sat isf ied

by the proposed solution. Now consider the momentum

equat ion :

0u  uOu s8u
aa 

*  -a"  = -  - t  *  f r i c t ion  te rm

Compar ing order  of  magni tude of  each term:

(su)  _ (e- !g- )  (u8u)  _ (n 'g 'k)
a t  C  '  3 x  C 2  '

o o o

A n )  ( a n )  -  ( 3 u )
(e i l ' -  (qek)  ,  o=kCo so  'a ; '  ' a .

- _ r  ( u 8 u , o u )  ( n g )  _  ( l )  1 1 1ano 
a" /at  

-  
d"  

-  
i l  <( l

2 5



So in this approximation, we neglect the convect ive

term.

3 u
aa 

= -  oAo sinQcos (ot-kx-0)

-

A n

C - = - k A g s i n ( o t - k x )- d x

I f  l i near ised  f r i c t ion  te rm =  fu ,  where  f  i s  a

cons tan t  then:

-kAoBs inOco s ( ot -kx-{ ) =kAos s in ( ot -kx) + f s in0 s i-n ( ot-kx-O )

kAogs in (o t -kx - f )  cosQ =  fs in$s in (o t -kx -Q)

and f=co tQkAog =  cons lan t  as  requ i red .

Hence,  i f  the  f r i c t ion  cons tan t  i s  o f  th is  fo rm,  the

so lu t ion  sa t i -s f ies  the  mode l l ing  hydrodynamic

e q u a t i o n s .

2 . 3 . I  A p p l i c a t i o n  t o  T h a m e s  E s t u a r v

The observat ion in the Thames is that at  the estuary

mouth, the veloci ty and water elevat ion are 3 hours

45 mj-nutes out of phase. The t idal  range at the

entrance is 5.5m and the depth of the estuary, assumed

c o n s t a n t  i s  7 . 9 3 m .

z o



S o :

q q

A  = ' i " = 2 , 7 5 m
o z

u
C  =  ( e H ) ' "  =  8 . 8 2  m / so -

P h a s e  l a g  3 . 7 5  h o u r s  =  
# .  

3 6 0 o  =  1 l 3 o  p h a s e  1 a g

s o Q = 2 3 o

. 2tt/T 2n
c  8 .  8 2  .  3 6 0 0 .  1 2

x = O a t S o u t h e n d

A S
So U- - , -  =  

" -q  
s inQ =  I .2  m/smax u

n

)^x -kcotd
a n d  i f  B  =  B  e - * ' .  a  = ' - " x ' .  =  1 . 9 4 x 1 0 - s m - 1o  ' o = - - T ' =

compared with the observed values s.  = 2.06 x 1O-5m-1

and u*-_- = 1.0m/s. Thus the model renders reasonablymax
accurate data, even though i t  solves a l inearised seL

of equations as weLL as making the other simplifying

assumptions, elucidated above. For the Thames,

downstream of London Bridge it appears that the

assumptions are reasonable.

Further note, the behaviour of the nodel in the limits

of Large and sma11 fr ict ion effects.

( i )  f *0 ,  so  $+11/2 ,  B*Bo across  w id th .

The velocity and surface elevation are in phase

with this linit, as erqpected, and the channel

width is constant across the estuary length.

( i i )  f *w,  so  0+0,  B-0 ,  u -0 .

Fr ict ional ef fects dominate, so al though there

is surface el-evat ion propagat ion along the

z l



estuary length, the fr ict ion effects prevent

the establ ishment of a non zero veloci ty f ie ld.

Thus, the width of the channel dininishes to

zero upstream after an infinitesimal distance.

The above suggests that there is a balance between the

friction and the estuary shape, causing the tidal

propagat ion upstream.

The application of this method to other estuaries is

feasible, but only i f  suff ic ient ly detai led data is

avai lable to aI low the calculat ion of the phase 1ag

between the surface elevation and the flow velocity,

especial ly because cot@ is considered:

Making the Taylor expansion:

co t  (0100)  =  co t0+60cosecz$*O(d0, )

With veloeity readings every 15 minutes i t  is possible

to determine u to within +15 minutes
max

Phase error  0Q =

S o a t Q = 2 2 o ,

.  0 . 93
Wn].Cn 15 ------:---:- X

c o t Q

12.60

,69 ,  =  0 .93
sl -n,  Q

1I

z 4

1 5

I00% -  35% error

2 .4 Tidal Volume

model

In order to simulate the fluctuations in depth and

veloci ty due to the t ide, i t  is necessary to run some

kind of tidal rnodel. The model adopted for use in

this study is a simple calculation involving the
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manipulat ion of t j -dal  volumes, I t  sat isf ies the

continuity equation, but takes no account of the

veloci ty f ie ld al terat ions caused by dissipat ive

forces .

A

r iver  f low (ms ls ) ,  cons tan t

c ross  sec t iona l  a rea

t ida l  c ross  sec t iona l  a rea

average veloci ty

The data required for input to the mode] is:

( i )  prof i le data at prescr ibed downstream

dis tances .  Th is  spec i f ies  the  c ross  sec t . ion

simple geometr ic terms making i t  possible to

caLculat,e cross sect ional area as a funct ion

water depth.

o f

( i i )  t idal  elevat. ions at these downstream locat ions

for an ent i-re t idal  cycle.

( i i i )  the freshvaLer r iver f1ux.

u(x, t )=tdJ"\a"*qt

where a
A (x ,  t )

\ ( x ,  t )

u ( x ,  t )

The eross sect, ionaL area A(x,t)  is pictured as being

composed of a t ime independent low water contr ibut ion,

together with a time dependent tidal component such

tha t :

Tidal  component  (var iable)

Low water  leveI  (constant)

1n
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The advantages of this simple model are:

( i )  that the result ing solut ion for the veloci ty

f ield is potent ial ly an exact solut ion for the

dynanical system. Consider the continuity and

dynamic equations:

aO Bdn  ^  . 0u  Eu  An  t *

a; " 
-af= u ancr 5r * * aI 

= - g ai 
- 

H

These are in effect two equations for two

unknowns, veloci ty u(x, t)  and t idal  elevaLion

n(x , t ) .  I f  the  prescr ibed t ida l  e leva t ions  are

viewed as a solution of the system, then

integration of the continuity equation yields

the  ve loc i ty  f ie ld .

( i i )  I t  is not necessary that al l  e levat ions are

measured with respect to the same daLum, or

indeed that the mean tidal level is constant

^ ' l  ^ * -  + L ^along Lne esEuary.

The disadvantages of the simple model are :

(i) The system is purely one dimensional and so no

account may be taken of secondary circulation.

( i i )  The sect i -ons vlere at distances, t l4pical ly

O(3km), and so i t  is assumed that these

sections are typical of the intervening

reaches.

( i i i )  The use of a geometr ical  representat ion of the

cross sect ion, al though simpl i fy ing

calculat ions, at  t imes does not present an

accura te  por t raya l  i t .
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2.5  Geomet r ic

approximation for

the cross sect ion

In this study three types of cross sect ion are used, a

tr iangular cross sect ion, a trapezoidal cross sect ion

and a trapezoidal cross sect ion with associated mud or

sand banks.

For the case of a trapezoida] channel sect ion with
' m u d  f l a t s t  :

tan9 = m

--LW

Case d-
a

H
c(W, , ,

L W

.l
LW= -;- (w"'+ l^I-J
Z L W D

>  D l

A =  (d r -  D l ) W*+
TJ

n l
---

Lhl

U r
N L

r ; -D )\ * T
( W . , , -  w * J  +  -

L W . b M

,  D I  T- - r 2WB + D 1
** rwr*- wrl  J
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Case d, < Dl

A=dr
dT

% t zw" . 
# 

(wl9[- wB) l

2,6  St ress  Darameter

This may be reduced to a pure trapezoidal cross

sect ion, i f  (dT)mu* a Dl and further reduces to a

tr iangular cross sect ion i f  WB = 0 and (dr)*u* < Dl.

The data required to specify each sect ion is thus,

bottom width, WB, low water width, WLW, lov water

depth, dLW, channel depth, DI and mud f lats gradienL,

m .

The Chezy formula for veloci ty is a semi empir ical

formula based on dimensional analysis (Ref 12):

v
depth average veloci ty ,r  = 

"  
(  RS.)z

and shear stress to = pgRS,

where R is the Hydraul ic radius and 51 is the
' f r i c t ion  s lope ' .  Ho l rever ,  observa t ion  suggested  tha t

the Chezy co-eff ic ient var ied as R1/6, in r ivers

and large channels.  This led to the Manning formula:

- t
u - -

n
^ / r ^ z ' s
5 K
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where n is a character ist ic of  the surface mater ial

( fo r  smooth  mud n  =  0 .O25 s /ml '3 ) .  A  shear  ve loc i ty ,

lJ , is now defined:

x t A U
u  =  ( t  / o ) ' "  =  ( s R S - ) ' "

o '  -  I

The shear velocity has dimensions of velocity, but can

not be equated directly with any real physieal

velocity. Instead it gives an indication of bottom

shear stress and has been used in the formulation of

various sediment transport equations. Consider:

(eRSr)%
u - r

1  q .  L A  2 . 3
L  e  - a a ^

U  _  I K
n

u1*
R1,6  

=  
; , f ;  

t '

So studying this parameter is equivalent to studying

the shear velocity, which in turn is equivalent to

studying y'to, the shear stress exerted by the fluid.

For shal low, l r ide channels (width, l r  and depth, d):

A=wd, P=2d+w with w>>d

v,g
R 1 /  6

where P = the wetted oerimeter.

-  w d  1 A  - l
r ( = ; - - : - - = d ( I  + - )  - = d ( l  -

za+\I w

S o R = d

Hence, study the parameter

?9+o
w r r$12: r

;
d r -
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3. MODEL RESULTS

3.1  Idea l  es tuary

In this chapter the results of five case studies using

the model described in Section 2.4 and representations

of estuary cross sect ion described in Sect ion 2.5 are

presented. The f i rst  case is an ideal ised estuary

then results of nodelling the Thames, Conwy, Parrett

and Nene estuaries are presented.

As a prototype case sLudy an idealised estuary is

considered. The idealisations are made with respect

to the estuary geometry and the propagation of the

water elevation up the esLuary. The estuary is

model led as a tr iangular cross sect ion (see

Sect ion  2 .5 .1 ) ,  w i th  low water  depth  and c ross  sec t ion

specified by exponential functions.

d  =  z . e x p ( 0 . 0 2 7 5 x )

A  =  1 0 . e x p ( 0 . 0 6 2 2 x )
w  =  1 0 . e x p ( 0 . 0 3 4 7 x )

where x=0 at tidal limit and 0 ( x ( 40km.

The tidal elevation from the nean tide level is given

by:

q(x, t )  = f6 s in (T- Q(x) f i t

the tidal period is taken to be 12 hours and the phase

given by:

0(x)  = (1  -  f0  )

where k=w and c = wave speed.
a

c f  .  q  (x ,  t )  =  R(x)  s in (wt -kx)
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So this corresponds

40 km/h, propagating

d i rec t ion)  .

to a surface wave of speed

upstream (the negative x

3 .  1 .  I  R e s u l t s

It can be seen from Figure I that the maximum stress

parameter that occurs through the tidal cycle for a

given downstream distance tends to a constant value

downstream, near the estuary mouth. In this region,

the tidal flux exceeds the river flux and so

increasing the river flux has only a limited

influence. This observation motivates the idea of

studying the stress parameter along estuaries and

testing its constancy. Note that as the river flow

increases, so the upstream end of the estuary becomes

increasingly dominated by i t .

The stress parameter, velocity and depth are shown at

various times through the tidal cycle in Figure 2.

The similarity between Lhe stress parameter and

veloci ty is easi ly seen. This is because there is

Iitt1e dependency on depth, if the depth is doubled

and the veloci ty remains the same, the stress

parameter is only redueed by 11%. The constancy of

the stress parameter along the length of the estuary

can be seen for the t-9 curve. This corresponds to

peak f lood condit ions.

Figure 3a shows the maximum stress parameter that

occurs within the estuary for a given river flow.

Figure 3b shows the location within the estuary at

which the maxi-mum stress occurs. The observation is

that there exists a cr i t ical  r iver f low, g",  
" t  

which

the location of the peak stress parameler switches

from the estuary mouth (q < q") to being Located at

the t idal  l imit  (q > g").  This change coincides with

a change of s ign of the peak stress, indicat ing the

direct ion of f low becomes seaward when the ehange
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3.2 Thames Estuarv

occurs. I t  can also be seen that there is a change of

gradient, resulting from the change of location of the

s E r e s s .

As expected this change is r totalr ,  Lhere are no

intervening positions of peak stress as confirmed in

Figure 4 showing the same graphs for a smaller range

of  r i ver  f lows.

The procedure has been repeated for a number of tidal

ranges ( l inearIy scaled).  The results are presented

in Figure 5. The tidal ranges used somewhat

exaggerate the differences between springs and neaps.

Holrever the observation is that increasing the tidal

range leads to a different constant rstress parameter

envelope' downstream.

The Thames esLuary is studied between its imposed

tidal limit at Teddington Weir and its mouth at

Southend. This cornprises a 100km long tidally

influenced reach, over which many studies have been

carried out. The Thames is regarded as, in some

senses, 8D ' ideal estuary'  as i t  evolves in a regular

manner and exhibits a dynamic norphological

equi l ibr ium.

3 .2 . I  Mode l  inpu t  da ta

The data used for the model of the Thames vras compi-led

from two sources (Ref 13 and 14).  Reference 13 gives

velocity, depth, salinity and suspended sediment

concentrat ions at 13 sect ions along the estuary

measured concurrently throughout an entire tidal

cycle. I t .  comprises four di f ferent f ie ld surveys;

spring and neap tides with hi-gh and lov freshwater

f lows. Furthermore i t  presents t idal  curves and an

analysis of the bed mater ia] .  Readings at each of the
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stat ions were taken at hal f  hour intervals.  This data

set,  therefore, permits the stress parameter to be

calculated during the tidal cycle. The tidal curves

were used to simulate the elevation of the free

sur face .

Reference 14 gives detai ls of  the mean t ide level

(MTL) cross sect ionaL area and MTL width; these are

used in conjunction with the tidal data to run the

tidal volume model. AIso an approximate channel depth

is presented. I t  is di f f icul t  to use the not ion of

channel depth, as i t  wi l l  vary across the cross

sect ion; at  some focat ions the var iat ion is qui te

rap id .

3 . 2 . 2  M o d e l  c r o s s  s e c t i o n s

The mean t ide 1eve1 cross sect i -on area and width are

spec i f ied ,  bu t  no t  the  ac tua l -  c ross  sec t ionaL pro f i le .

I t  is possible to enter a di-gi t ised image of the

ac tua l  c ross-sec t ion  pro f i les ,  bu t  th is  i s  somewhaL

unnecessary as such a level of  accuracy is not sought.

Instead motivated by the cross sect ions shown in

Reference 14 (see Fig 6 a trapezoidal representat ion

o f  t h e  c r o s s  s e c t i o n  i s  u s e d  ( s e e  S e c t i o n  2 . 5 ) .

The evolution of the trapezium shape is governed by

the funct ion:

a  =  a ( x )

--_> [7
(Woolwich) (Gravesend)

A funct ional form of cr(x) is used, such

decreases  aJ-ong the  es tuary .

J I
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a(x )  =  0 .5  ( (  XL -  x ) / x r )%

where Xr= Iength of estuary. This produces reasonable

correspondence between the observed approximate depth

and the calculated depth D. I t  is possible to include

mud/sand banks on either side of the low lrater channel

(see Sect ion 2.5).  Whi le this aI lows the rnodel to be

'tuned', it was found to be unnecessary lcith the

Thames, which was modelled by the generic trapezium

alone and produced reasonable results.

3 .2 .3  F ie ld  observa t ions

The maximum and minimum stress parameters for the 12

different sections are shown in Figures 7 and B for

spring and neap tides during periods of high
3 3

(=93m /s) and low (=14m /s) r iver f low. The

observation is that in each case the maximum stress

parameter remains approximately constant.

Furthermore, this constant is similar for the two

spring t ide cases (Fig 7) and the two neap t ide cases

(Fig B) giving the fol lowing values:

s . ."neap,h igh f low =  0 .7
sr r . .p , lowf  low =  0 .7
s-spr ing ,h igh f low =  0 .95
q
"spr ing ,  lowf low =  0 .  85

It  can be seen (Fig 9) that there is a strong l inear

relationship between the logarithm of the MTL width

and the distance d.ownstream, giving:

WidthMTL = w.exp( x),  with a = 0.0405km
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This compares with a value of 0.04i2km-r determined by

McDowel l  and O 'Connor  (Ref  9 ) .

Simi lar ly there is a strong l inear relat ionship

between the phase and the distance downstream

( F i g  1 0 ) ,  g i v i n g :

P h a s e  Q = 2 . 3 6 2 - O . O 2 6 4 x

where f is in hours and x is in km.

The longitudinal profile of the Thames estuary is

shown in Figure 11. Note that the channel depth shorrn

is the maximum depth noL the averaged depth. It can

be seen that the amplitude of the maximum surface

osci l lat ion (high water to low water on spr ing t ides)

is considerably less than the channel depth except at

the  t ida l  l im i t .

A not ion of  average

int roduced:

depth across the prof i le may be

I4I

i
I
lD
I

I
**"?

Average depth = ( f-<r) D + aD
2

( 1+c[) D
2

(here O<s<Y, so average depth is in the range:

D3D
; " , _z . +

note -  i -n the calculat ion of the stress parameter,

u
-  

d 1 / 6
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d = channel depth

if average depth used I

,  -  1 2 6  =  ( 1 + a )
a n c c  2

= (l+o) d
2

L . 5  L . 6
d

hence  s  =  1 r?  1 t " s  ."av depth '1+d,'  -ch dePth

, )  L . 5  -
and 1 .05  <  (11*o)  < I .Lz  cor resPond ing  to  a  5 -L2%

increase of stess parameter.  (At this stage the

channel depth is used, although this may be eorrected

at a Later stage to average depth).

For comparison with observations the choice of which

depth to use depends upon the location of the observer

across the channel width. If it is assumed that

observations are taken in mid channel, then it is

appropriate to use the maximum channel depth.

Comparison of the observed tidal curves with the

appropriate sinusoidal approximation are shown in

Figures 12 and 13. The sinusoidal approximations are

made by matching the tidal range and time of maximum

elevat ion to the observed curves.

For the downstream sect ions (Fig i3) the sinusoidal

approximation is reasonably aecurate, but this is not

the case upstream. By the tirne the surface

disturbance has propagated to these upstream

locat ions, there are considerable distort ions from the

sinusoidal,  result ing typical ly in a shorter f lood

than ebb tide period. Hence there is a need to employ

the actual tidal curves when running the tidal volume

mode l .

3 . 2 . 4  R e s u l t s

Figures 14 and 15 show the predicted and observed

veloci ty and shear stress parameter at selected

downstream locat ions. I t  can be seen that in general

there is good agreement between the predicted and the
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observed values. At each sect ion, the general  shape

of the predicted curves follows that of the observed.

There are, however, some differences between the two,

especial ly at  the upstream locat ions (see Fig 14).

Here at peak ebb, the veloci t ies and stresses

predicted by the model exceed those observed. This

over predict ion occurs for the f i rst  2-3 sect ions,

whereas thereafter the agreement is much better. At

downstream sections, there is a slight tendency to

underpredict  the veloci ty and stress, this sl ight

difference may be due to the difference between

average and channel depth and the uncertainty of which

to use for the stress calculat ion. (The previous

ca lcu la t ions  o f  Sec t ion  3 .2 .3  wou ld  permi t  a  5 'L2%

increase of the stress parameter).  There is much

scope for tuning with this model, by adjusting the

cross seet, ional prof i le,  which would yield closer

correspondence between predicted and calculated i f

required.

Figure 16 shows the maximum stress parameter along the

estuary for different river flows in the range

(0-133.3m3ls ) .  The max imum va lue  o f  the  s t ress

parameter is constant along the estuary length

(ignoring the first 3 sections which are dominated by

river flow) and the constant value it attains is

independent of the fresh water flow. This bears out

the observation of the value of the maximum stress

parameter depending upon tidal range only

(Figs 7 and B) . At downstream locations, independence

of freshwater f low results from the t idal  f lux far

exceeding the fresh water f1ux, whereas at upstream

locat ions, the two are comparable.

For completeness, graphs are shown in Figure 17 giving

the dependence of the maximum stress parameter along

the entire length of the estuary upon river flow and

t idal  range (which is l inearly scaled).  These
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3.3 Conwy Estuary

demonstrate the same bifurcation as observed with the

idea l i sed  case.

The Conwy estuary is studied between the Deganwy

Narrows, where it flows out into Conwy Bay and the

Tan-lan road br idge; the t idal  l imit ,  located 20km

upstream of the estuaryr s mouth. The estuary has a

large amplitude tide compared with its 1ow water depth

and so consequently there are eonsiderable mud and

sand banks at low

water. The estuary is considerably constrained in its

shape within the downstream reaches, by an engineering

and geological imposition. Crossing between Llandudno

and Conwy, there are the bridges and their associated

causeways, while the estuary mouth is constrained

geological ly at the Deganwy Narrows. I t  is expected,

therefore, that this estuary should form an

interesting case study, exemplifying the interaction

of a number of physical  processes.

3 .3 .  1  Mode l  inpu t  da ta

Although HR has conducted a number of studies on the

Conwy estuary these have concentrated upon the regi-on

downstream of the br idges, considering the effects of

improvement schemes. Hence it was necessary to use a

series of data sources in order to study the estuary

f rom i ts  t ida l  l im i t  (Refs  15-20) .

Since the data was compiled from so many sources,

there was a need to standardise and rescale as

appropriate. The only source giving continuous

through the tide depth and velocity data at upstream

locat ions was Reference 16 and as this case studied a

spring t ide with an average r j -ver f low of 27.1m3/s,

this was used for the t idal  volume model.
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The cross sect ional prof i le of the estuary was taken

to be trapezoidal with mud,/sand banks on either side

(see Sect ion  2 .5 .3 ) .  The ac tua l  da ta  used fo r  the

prof i les is presented in Table 1.

3 . 3 . 2  F i e l d  o b s e r v a t i o n s

The depth profile and channel widths along the estuary

length are shown in Figure 18. This il lustrates the

effect of the constrictions on the flow at the bridges

and the Deganwy Narrows, There is a considerable

increase of depth in these two regions caused by the

width restr ict ion. The f low veloci ty is also

considerably increased in these regions and there is

some indication of bed armouring. If this is the case

then it is unlikely that the Conwy will fit into any
' reg ime '  ideas .

Detai led spr ing t ide curves are avai lable for the

downstream reaches of the Conwy, but not for the

upstream reaches. Whi le i t  is possible to assess the

t idal  range of these upstream locat ions, i t  is

di f f icul t  both to assess the phase relat ion between

them and the downstream tidal disturbance, and the

celer i ty of the t idal  disturbance. The data was

generat,ed by appropri.ate scaling of the downstream

disturbance and by introduction of an appropriate

phase factor. Further, it lras assumed that there was

no t idal  osci l lat ion at the t idal  l imit .  I t  appears

that there is no tidal resonance along the Conwy

estuary; the tidal amplitudes decay along the entire

length (see Fig 18a).  As with the Thames, the actual

tidal elevations rather than a series of sinusoidal

curves were used.

I t  is di f f icul t  to draw conclusions from only 4 data

points there is some evidence in Figure 19 of the
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constancy of the maximum stress parameter along the

estuary length giving a value of Sr"* = 0.75. With

the existence of such a pronounced low water channel

i t  is part icular ly cr i t ical  that the veloci ty and

depth measurements are taken there, as this is where

they reach their maxima.

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

Observations of velocity and depth through the tidal

cycle exist at four locations along the channel. These

are compared with the predictions from the model in

Figures 20 and 2I. Apart from providing a general

representat ion of the var iat ion of veloci ty and stress

through the tidal cycle, the agreement is not at all

good. The part icular areas of di f ference are

d iscussed be low.

Locat ion 2 (Fig 20a),  here there is a large di f ference

between predicted and observed magnitudes of flow

veloci ty and bottom stress. This could be sl ight ly

improved upon by imposing a tidal range at the tidal

linit, implying the model would account for a larger

volume throughflow and hence greater velocities.

However,  the observed veloci t ies at this locat ion do

not seem to fol low a simple t idal  cycle, they peak at

12:30 and then again at 19:30 indicat ing that the f low

here is possibly dominated by secondary circulat ion

and so this could dominate the velocity readings.

Secondary circulat ion is not included in the model.

Locat ion 3 (Fig 20b),  al though there is broad

agreement with the magnitude of the velocities and

s t ress ,  the  'phase '  re la t ionsh ip  i s  incor rec t ;  the

peaks of velocity and stress do not occur at the same

time durj-ng the tidal cycle for the observed and

predicted results.  A possible reason for this is that
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the tidal curve is 'distorted' further upstream so

that the ebb becomes longer than the flood. The model

simply assumes a linear scaling of the shape of the

downstream tidal curve, where the two are comparable,

Locat ions 7 and 8 (Fig 21),  once again there is broad

agreement between the observed and predicted results,

although the magnitude of the predicted results is

approximately 25% greater than the observed. Possibly

the difference arises from the measurement of the

observed data in positions away from the low water

channel where the largest velocities are to be found.

In addition to the possible reasons detailed above

which could reconcile the predicted an d observed

data, there are other factors such as errors in the

model l ing of the estuary prof i le,  or the

inappl icabi l i ty of  the generic cross sect ion.

The graph of the maximum stress parameter along the

Iength of the estuary is shown in Figure 22 for river

f lows in the range (0-150m3/s).  This indicates

somewhat different results to those of the Thames and

the 'ideal I estuary. There is no indication that for

the downstream locations there is a constant maximum

stress parameter.  fncreasing the r iver f lovr does

appear to have some influence upon the maximum stress

parameter observed at a part icular locat ion

(presumably because the r iver f lux = t idal  f lux).

fhese two observations are in conflict with the

results for the previous two case studies.

If the maximum stress occurring along the entire

estuary is considered (Fig 23) as a funct ion of r iver

flov for various different tidal ranges, the same t54pe

of result  as for the earl ier cases is attained. The

location of the maximum stress moves upsLream as the
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3 .4 Parrett  Estuary

r iver f low increases. For the f low rate used

(27.Im3 ) the peak stress is always located at the

estuary mouth regardless of the t idal  strength.

The Parrett  estuary is studied between Stert  Point,

where it joins with the Severn estuary, and its tidal

limits at Oath Loch on the River Parrett and New

Bridge on the river Tone. The Tone is a major

tributary which is far enough downstream to be

inf luenced by the t idal  osci l lat ions. The Parrett

estuary is very 'energet ic ' ;  the t idal  range far

exceeds the low water depth (at Stert Point, the low

waLer depth was less than lm whereas at high water the

depth can be as much as 11.7m); the f lood is very much

shorter than Lhe ebb and at t imes a ' t idal  bore'

exisLs. The r iver seems to be free of 'man made' or

geological  restr ict ions, with the possible except ion

of the stretches through Bridgwater and Stert Point.

At low water there is a definite low water channel

vhich wanders across the river and vrhich, at times, is

bra ided.

3 .4 .1  Mode l  inpu t  da ta

Several studies have been carried ouL on the Parrett,

including a ' through the t ide'  ser ies of observat ions

at seven di f ferent locat ions. The data used for

model l ing was taken from References 2I-24, the

appropriate ordnance survey 1:25000 maps and surveyed

cross sect ions from Wessex Water AuLhori ty.

The data sets were fair ly detai led, but the t idal

curves were noL given along the estuary length. Hence

it  was di f f icul t  to accurately assess the speed of

propagat ion upstream of the t idal  disturbance.

Furthermore there !/as a need to patch together the
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observed data at the locations near the tidal limit

with the observations downstream. A freshwater flow

o f  1 2 . 5 m 3 l s  w a s  u s e d .

The cross sectional profile of the estuary was taken

to be trapezoidal with nrud/sand banks on either side

(see Sect ion  2 .5 .3 ) .  The ac tua l  da ta  used fo r  the

prof i les is presented in Table 2.

3 .4 .2  F ie ld  Observa t ions

The depth profile along the estuary length are shown

in Figure 24a. This denonstrates that the tidal range

along the Parrett far exceeds the low waLer depth.

Also there are some locations, notably at 15km and

18km where the river is virtually dry at low water.

Note that there appears to be an error wiLh the

observat ions at 15 km.

The mean tidal width along the estuary is shown in

Figure 24b. There is a good correlat ion between

1og(width) and downstream distance with:

w =  w^exp(cx) ,  w i th  c r  =  0 .101km-1
U -

and r,r '  = exp(2.262) = 9.60

Figure 25 shows the maximum and minimum stress

parameters along the estuary. There is some

discrepancy between the downstream locations (below

Bridge) and those upstream, with upstream values being

approximately half those downstream. This may be due

to having taken the observations on different

occasions with di f ferent condit ions. Al ternat ively i t

may indicate that the tidal influence (which is

probably dominant in the Parrett) is considerably

diminished at these locations. The maximum stress

observed on the f lood (negat ive values) is
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considerably greater than that occurring on the ebb.

This reflects the energetic nature of the tide and the

existence of the t idal  bore. I t  is possible, al though

not entirely convincing, to claim that there exists a

constant maximum stress parameter along the estuary

length and a possible value is indicated on the graph.

There are some surprising data observations at Pims

and Marchants where the observed stress on the flood

is smal ler than expected. I t  is possible that the

observations here were not taken in the fast moving

stream which would of course be highly signi f icant '

especial ly with such an energet ic t ide.

A series of t idal  curves, at  var ious sect ions upstream

are shown together with a sinusoidal approximation in

Figures 26 and 27, The approximation is based upon

matching the phase at highwater and prescribing the

tidal range. The graphs indicate the asymrnetric

nature of the t idal  osci l lat ion within the Parrett .

The flood is much shorter than the ebb. The asymmetry

becomes more pronounced further upstream as the curves

become more distorted from the sinusoidal

approximation.

3  . 4 . 3  R e s u l t s

Comparison of the observed veloci ty and stress

throughout the tidal cycle, at various downstream

locat ions are shown in Figures 27 - 30. This permits

assessment as to whether the model produces reasonable

results or whether a more accurate (and compl icated)

nodel l ing procedure is required. The nodel predicts

veloci t ies and stresses which fol low the general

behaviour of the observat ions. There are, however '  a

number of points that should be noted:

During the low water period there is a tendency to

overestimate the flow rate (by as much as a factor

o f  4 ) .
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Coincident with f low reversal,  Lhe predicted and

observed veloci t ies often conf l ict  in direct ion as

wel l  as magnj-tude. This discrepancy ref lects the

sensitivity of the modelling procedure upon the tidal

curves prescr ibed at each sect ion. Any error wi l l

have an effect on the sections downstream, when the

t idal  volume is calculated. This is part icular ly

significant for the River

Parrett as the tide propagates upstream so fast and

hence i t  is cr i t ical  to assess the phase di f ference

between adjoining sections. Errors in the phase

dif ference leads to the predict ion of an erroneous

increase of downstream veloci ty just pr ior to f low

reversal (at  locat ions 7, 8 and 12) .

In some instances

veloci ty for some

6 ,  8  a n d  1 l ) .

there is aeeurate predict ion of f low

or al l  of  the t idal  cycle ( locat ions

Graphs showing the superposition of tidal elevation

upon f low veloci ty,  (Fig 31) show that in general  the

model produces reasonable results,  except ing the

increase just pr ior to f low reversal.  The short  f lood

induces high upstream veloci t ies, whereas the

veloci t ies associated with the longer ebb are sl ight ly

smal1er .

The graph of maximum stress parameter along the entire

estuary }ength, against r iver f low, for increasing

tidal range is shown in Figure 32. The graph shows

the same change of gradient when the river flov

dominates the t idal  ef fects,  but the bi furcat ion is

not aecompanied by the location of the maximum stress

parameter moving upsLream. Instead, the locat ion of

the maximum stress parameter is always to be found at

the same posit . ion, 18km downstream (Fig 32),  which

corresponds to the region of extremely shal lov water

at Iow t ide. As discussed above, i t  is doubtfu]
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3.5 River Nene

whether the model is reproducing realistie effects

with these parameters, as it models a high river flow

through a shallow water depth, the low

water depth is not modelled to increase with river

flow. Nevertheless the graph does indicate the

existence of a bifurcation point (change of gradient

of curves) when the maximum stress Parameter moves

from being tidally to river dominated.

The River Nene is studied along its tidal whieh

extends for 40km from its mouth, to its irnposed tidal

limit at the Dog in a Doublet sluices. The Nene is a

narrow channel with a tidal range which varies from 7m

at the mouth to 2.5m at the tidal limit. The channel

appears to be free from any geological  or art i f ic ial

constraints which limit its evolution (with the

exception of flow through Wisbech, at 22L<m

downstream). A dynamic equilibri-um is thought to

exist with regard to the sediment movement, as it

appears to be free from any long term morphological

var iat ion. The t idal  range is of the same order of

magnitude as the low water depth (typically tidal

range = 2xLW depth) and so it is expected that the

Nene's hydrodynamic behaviour should be well

reproduced by the rnodelling procedure.

3 .5 .  1  Mode l  inpu t  da ta

HR comprehensively surveyed the Nene in 1964 and 1965

(Refs 25 and 26). Reference 25 contains through the

tide observations of flow velocity and water depth at

4 stat ions during a spr ing and neap t ide. Also i t

gives detai ls of  cross sect ions across the channel at

13 points along Lhe channel length. These cross

sections were observed to be approximately trapezoidal

in nature and so this this was used as the generic
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shape along the estuary length (see also Sect ion

2.5 .2) .  T ida l  curves  v rere  no t  spec i f ied  a t  any

sect.ion and so the observed water depths were used,

together with linear interpolation to give the data

for the sections where observations were not taken.

Clearly this includes an approximation which does not

truly represent the propagation of the tidal

disturbance along the estuary length. A freshwater

r iver f lorr  of  2m3/s was. used,

3 .5  .2  F ie ld  observa t ions

The depth profile along the estuary is shown in

Figure 33. The 1ow water depth is of the same order

of magnitude as the tidal range. Hence the river is

to be contrasted with the Parrett ;  i t  does not become

shallow at low hrater. The observed neaps tidal range

is about half of the spring range. The tidal dat,a was

l inearly interpolated; the observed data is at (38.1,

3 1 . 8 ,  2 2 . \  a n d  f 2 . 6  k m ) .

Considering the mean tide width and performing

regressi-on on the nine downstream widths, it is found

that the width is exponentially dependent upon

downstream distance with

w =  w^exp(ax) ,  w i th  c  =  0 .0504km-1
U '

a n d  * 0  =  1 1 . 6 6 m

Figure 34 shows the spring tide elevation at 4

locations along the Nene. These observations show

what is presumably an error at 13:30 for Wisbech; this

has been corrected Lo smooth the curve. I t  ean be

seen that a sinusoidal approximation to the tidal

curve is not appropriate for any location on the

Nene.
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The phase difference along the estuary is considered

by plotting the time difference of HW to that at the

estuary mouth, against downstream distance. For both

spring and neap tides, the gradient of the best fit

l i ne  i s  -3 .45(10.02)  mins /km.  However ,  th is  resu l t  i s

not necessari ly conclusive as there are only 4 data

points and it is not necessarily true that a linear

trend should occur.  ( I f  the t idal  propagat ion is

= R(x)exp(i  (wt-kx)) then, there should be a l inear

t rend.

The stress parameter is plot ted in Figure 35a for a

complete tidal cycle. In Figures 35b and c the

maximum and minimum stress parameter i.s plotted for

spring and neap tides. The graphs for spring and neap

t ides do not offer 'obvious'  ver i f icat ion of a

constant stress parameter,  but they are suggest ive of

i r .

3 . 5 . 3  R e s u l t s

Bar charts comparing the observed and predi-cted

veloci ty and stress are shown in Figures 36 and 37.

Very close agreement is found between observed and

predicted values both in magnitude and phase. The

only errors oceur at flow reversal where for the

upstream observations (H9 and H6) the model is

slightly out of phase predicting flows in the wrong

direct ion. This probably results from the l inear

interpolat ion of the t idal  curves upstream; i t  is

possible that the distort ion of the t idal  curves is

not l inear.  Nevertheless, in general  the agreement is

excel lent.

The maximum stress parameter against dovnstream

distance for increasing river flow is shown in

Figure 38. This graph is highly suggest ive that the

maximum stress parameter remains constant along the
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3 .6 Discussion of

the case studies

river length, and that increasing river flow has only

marginal influence upon the downstream maximum

stresses, these are t idal ly dominated).  This graph,

in the light of the good agreement between the modelrs

predict ions and observed data, just i f ies the

proposition that the maximum stress parameter is

constant along the estuary length. There is an

exception to this generality at = 28km, where the

maximum stress exceeds the constant value.

The Nene shows the same bifurcation when considering

the dependence of the maximum stress parameter upon

river f low for increasing t idal  strength (Fig 39).  As

before, when the river flow has reached a sufficiently

high value, the maximum sLress at the head of the

estuary exceeds that observed along its length.

However,  the specif ic nature of the bi furcat ion is

somewhat, different, whereas before the gradient of the

curve increased with increasing t idal  scale, here the

opposite is found.

The case studies lrere chosen to form a representative

sample of the estuaries within the lJK. The Thames and

the Nene are of di f ferent length scales, but have

tidal ranges which are of the same order as the water

depths. The Parrett  is an 'energet icr estuary, where

the tidal range greatly exceeds the Iow water depth

(resulting from resonance in the Severn). The Conwy

is an estuary dominated by geological and engineering

restr ict ions, which great ly inf luence the estuaryts

shape and hydrodynamics.

I t  is observed that the simple integrat ion of the

continuity equation produces accurate results for the

Thames and Nene, but is prone to error with the



Parrett and Conwy. The Nene and Thames evolve

regularly downstream and have fairly regular tidal

curves. Thus the degree of aecuracy required for the

modelling data is not as high as for the other two

case studies. The Parrett ,  with an irregular t idal

cycle and the Convy rrith a highly irregular evolution

of cross sect ion along the estuary, require more

detai l  in sett ing up a model.

Before the guest ion of which of these case studies

could be described as ' in regime' may be answered, a

number of notions need to be introduced. First of

al l ,  the descript ion ' in regime';  this nay be taken to

imply a dynamic morphological equilibrium over a

timescale which averages out the fluctuations of the

tidal conditions. The idea is that the net sediment

movement at all locat,ions over the averaging timescale

is zero and so the estuary maintains its longitudinal

and transverse prof i les. The t ime period needs Lo

inelude not only the t idal  per iod, but also the

t imescale of spr ing /neap f luctuat ions as wel l  as any

seasonal and ' f reak'  events. I t  is somewhat doubtful

whether any particular estuary ever ful1y attains this

equilibrium, but rather it approaches equilibrium in

an asymptot ic sense. Also, coupled with the idea of

the approach to equilibrium is the notion of

morphological  t imescaLe. This is the t ime period over

which signi f icant adjustments to the r iver prof i le

occur.  I t  is immensely di f f icul t  to even est imate the

order of magnitude of this t imescale, but possibly iL

is  o f  the  order  o f  50  years .

Considering then which of the studied estuaries is 'in

regime';  the Conwy is inf luenced by the construcl ion

of the road and rail bridges and the causeway, which

leads to a deep channel underneaLh them. Here there

is armouring at the channel bed and so it seems
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u  au  +  g  au  =  _  a .H  _  u lu l
ga t  gax  0x  czR

unlikely that a dynamic equilibrium exists. AIso

since i t  is possible that these obstruct ions were

bui l t  within the morphological  t imescale, adjustment

is st i l l  occurr ing. The other case studies do show

some indication of sustaining an equilibrium,

espeeially as they seem to evolve in a regular manner.

For example, there appears to be an exponential

dependence of the channel width with the downstream

distance and this concurs with what is accepted as an

' idea l '  es tuary  (Ref  9 ,  p l l4 ) .  Hence we may

tentat ively say that these estuaries are ' in regime'.

The dynamic equilibrium governing the estuaries is

using the Chezy frictional term and neglecting the

longitudinal variation of density and the Coriolis

term. We may then assess the magnitude of each term

during a t idal  cycle (Figures 40 and 41 fol low Fig 28

of Ref 9).  The conclusions from Referenee 9 are borne

out in the case studies considered here. It was found

that the term involving the fluctuation of the free

surface elevation dominates, while the other terms are

of simi lar orders of magnitude, possibly except ing the

non-linear convecti-ve acceleration which is at tines

smal ler than the others. Hence i t  is not possible to

describe the hydrodynamics by simply balancing two

physical  processes. Instead al l  the processes

contribute to the dynamics, thus it is difficult to

classi fy estuaries by doninant physical  processes,

al though l inearisat ion is feasible at t imes, easing

the solution of modelling equations. Furthermore, it

is necessary to consider the rate of dissipat ion of

energy when considering axial dynamics, while density



gradients (result ing from freshvater f low) may

determine the dynamical behaviour through the stream

depth. FinaIIy it should be noted that for any

part icular estuary, the relat ive magnitude of the

terms is not fixed along the estuary length.



4 ,

4 . 1

LONG TERM

EVOLUTION

OF ESTUARIES

Analytical models

Many authors have sought to find analytical solutions

to the momentum and continuity equations for shallow

water f1ow. These are solved within a simple

prescribed topograph, such as exponentially increasing

width with constant depth or linearly inereasing width

and depth. Furthermore various authors have been able

to impose appropriate upstream boundary conditions to

model the effects of imposing t idal  l imits.  These

analytical solutions are useful in Lhat they give

insight into the behaviour of the tidal disturbance as

i t  propagates upstream.

However, the problem they solve is somewhat different

in emphasis from the problem under study here. These

analyt ical  solut ions start  with a prescr ibed

topographic boundary and boundary conditions for the

tidal disturbance and then solve the velocity and

t idal  elevat ion f ie lds. The problen we would l ike to

solve is that given a r iver of prescr ibed behaviour,

interact ing with a t ide of a prescr ibed behaviour,

what is the equi l ibr ium (or stabi l i ty)  prof i le of the

estuary so formed. Hence the value of the analytic

solutions is that they highlight the appropriate

approximations to be made and present appropriate

techniques.

Hunt (1964) (Ref 27) considers t idal  osci l lat ions in

estuari-es with fr ict ion. He uses the l inearised

equat ions with a l inearised fr ict ion co-eff ic ient,

which is valid provided that the non-periodic river

f low is negl igible compared to the periodic f1ow.
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For the Thames, this is true up to tondon Bridge, at

least. Modelling the Thames as an exponentially

diverging channel of constant depth Hunt was able to

match the predieted and observed veloci ty f ie lds. The

conclusion of his analyt ical  nodel l ing is that

( i )  The pr incipal ef fect of  the fr ict ion factor is

to introduce a phase change of high water along

the estuary length, while the phase difference

between peak elevation and peak current remains

f ixed.

(ii) The propagation of the tidal disturbance can

not be regarded as a progressive wave of speed

GH)o in an estuary of any cross section other

than one of constant cross seet ion.

With the Thames, it turns out that the speed of

propagation of the high water is numerically virtually

equal to (gH)". Hunt interprets this as fortuitous

and misleading as the or igin of this veloci ty is qui te

di f ferent.  Instead, he regards the disturbance as a

standing wave of variable phase. Hunt does note,

hol'rever, that this linearised theory is not applicable

in the shallow regions upstream of London Bridge.

4.2 Model l ing approach

While i t  is possible to develop numerical  model l ing

schemes which fuIly account for all the interaeting

physical  processes, as wel l  as al lowing prescr ibed

bathymetry and fluctuations of natural conditions (eg.

tides and freshwater flow) these models are

exceptionally intensive on computational resources and

even then run at speeds of the order of one sixth real

t ime. Thus i t  is not feasible to use these models to
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make predictions over time periods of the order of

decades (also these schemes nay be subject to

instabi l i ty/chaos over this period).  Hence an

approach is required which predicts possible prof i les

corresponding to an estuary ' in regimer, al though i t

may not be possible to indicate the timescale with

which this prof i le is at tained (morphological

t imesca le)  .

In the first instance any modelling attenpt is to be

in essence one dimensional. This reduces the problem

to the study of one dimensional hydrodynamics, but

reduces the predict ive scope of the model.  OnIy the

influence of certain types of engineering work can be

considered. These include changing the tidal 1imit,

by means of a weir  etc,  but not the effect of  a jet ty

(for example).  The jet ty (or other simi lar)  induces a

two dimensional effect on the f1ow, which has an

inf luence in the short  term, best predicted by a

complex numerical model and which also has a long term

inf luence on the 'equi l ibr ium prof i le ' .  This however

fal ls outside the scope of this model l ing approach.

The object of  this model l ing approach, therefore, is

to develop and test various criteria which may be used

to govern the evolut ion of the estuaryts shape.

Ideally the modelling technique should be able to

address the quest ion of what is the equi l ibr ium

prof i le of the estuary result ing from the intersect ion

of a r iver with prescr ibed condit ions with a

prescr ibed t idal  range at the r iver 's junct ion with

the sea. The model should be able to account for the

distort ion of the t idal  disturbance along the

estuary's length, al though this increases the

complexi ty of the problem.

The Thames has been studied and modelled in many

studies. In some hrays this estuary is an easy case
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to study, not only due to the availability and

nult i tude of the data sources, but also because i t

appears to evolve regularly. Furthermore, the

observations of the case study suggest that its tidal

disturbance maintains its sinusoidal time dependence.

Thus the tidal disturbance may be specified as

n (x , t )  =  R (x )  
" i ( u t  

-  0 ( x ) )

where {(x) is the phase di f ference and R(x) is the

tidal range. Thus in the first instance the modelling

approach is to be tested with the Thames estuary.

4.3 Attempted model l ing

procedure

The Thames estuary was model led to predict  i ts prof i le

given only data about its tidal elevations and

character ist ics at i ts t idal  l imit .  The fhames was

chosen to be modelled in preference to the other

estuaries studied in Chapter 3, s ince i t  shows more

regular behaviour,  i ts t idal  range is much smal ler

than the mean tide depth; its width evolves

exponentially downstream; and the tidal disturbance

remains sinusoidal in time along the estuary length

( i t  is not distorted).  Thus i t  forms what is

potent ial ly the simplest case to model as i ts

behaviour is s imple to predict .

The models proceeded along steps of increasing

complexity and lack of init.ial data. In the first

instance, Lhe t idal  behaviour and cross sect ion was

prescribed along the estuary length and the model was

jusL to predict  the low water depths. The cr i ter ia

used for this predict ion was the constancy of the

stress parameter along the estuary. The cross sect ion
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used was of a triangular generic type with the bottom

a n g l e  p r e s c r i b e d  ( s e e  S e c t i o n  2 . 5 ) .

wEang = 
m

and 0 = 0(x)

where x is the downstream distance

Deta i ls  o f  ca lcu lat ion

i"
i,/

t-

\---7
\ t-/
V
o

s(x, t )  i \ -7-  \  -  r idal
f (x )  A-  -  R iver  ( low water )

v
A r e a = A t * A f W

AtW = f2 tanQ A =  ( f+g ;2  tanQ

S o , \ = ( g 2 + 2 f g ) t a n p

aA a\  3g

af 
= 

aa= 
= 2 aa 

(f+g) tanQ

Continuity equation: # 
- 

# 
= o

x 3A_
S o A u = - f  = + d x + O- o dt -raver

=, ,r(*, .)  = ,- J" p* * eri ,r"r)
( f+g)  2  tan$

so stress parameter is given ;

^ n , r x A os = 
6r ,o  

= ( -  J . ,  #  ( t - t )  . " "0  * .ar r  )
( f + g ) 1 3 ' / 6  t a n o

6 1



Hence in this f i rst  stage with

0(x ) ,  g (x , t )  . td  Qr i r r " ,  sPec i f ied ,  use  the  c r i te r ia

0 < S  < S ( x . t ) = $  ,  ( c o n s t a n t )
max crr-El-cal

This then specif ies the 1ow water depth f(x)

The results are shown on a graph of Thames

long i tud ina l  p ro f i le  (F ig  42) .  I t  i s  c l -ear  tha t  very

good agreement is produced between the actual and

calculated depths. This is not a start l ing result  in

any sense as i t  fol lows direct ly from the observat ion

that the stress parameLer is constant along the

estuary length. The computat ive procedure has just

per fo rmed the  ca lcu la t i -ons  ' in  reverse ' ,  demonst ra t ing

that the constancy of stress parameter is an

appropriate cr i ter ia for determining the estuary

p r o f i l e .

The second stage of the model l ing procedure is to

avoid having to specify the cross sect ion type along

the estuary }ength. This indicates the need, as

suggested  ear l ie r ,  to  deve lop  another  c r i te r ion

perhaps related to stream power, stream energy or

width evolut ion. The only method which yielded

reasonable results l ras Lo propose an exponent ial ly

increasing width downstream, with prescr ibed

exponent ial-  parameters .

w - woexp(oo<)

and tanO:  w/2H,  O(x)  -  can-1(woexp(ax) /2H(x) )

The agreement between the actual and predicted is

st i l l  reasonable, alLhough at locat ions where the

width deviates from the exponent ial ,  the predicted
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depth also shows some deviation. Nevertheless the

predicted form generally follows that of the observed

(see Fig 43).  As to be expeeted the predieted width

closely fol lows that of  the observed, this simply

follows from the observed exponential fit.

As a final stage it was wished to remove the necessity

to specify the tidal behaviour at all points along the

estuary and for all times through a tidal cycle.

Instead the tide behaviour is specified at the estuary

mouth. For the Thames this is considerably simplified

since the tidal curves are virtually sinusoidal and

remain so along the estuary length. For other

es tuar ies  i t  i s  poss ib le ,  a t  leas t  in  p r inc ip le ,  to

calculate the tidal disturbance at upstream positions

along the estuary. Furthermore with the Thames,

neglecting the first few upstream locations near the

t idal  l i rni t ,  i t  is t rue to a f i rst  leve1 of

approximation that the tidal range is constant along

the estuary length. This somewhat simplifies the

modelling approach. Finally with the Thames, the

tidal disturbance behaves as if it were a progressive

wave travel l ing upstream in deep, fr iet ionless water.

According to Hunt (Ref 27),  this is fortui tous and

misleading for he claims the disturbance is best

modelled as a standing vave, within a constant depth

channel of exponentially increasing width. However,

i t  would seem to ar ise natural ly f rom the analysis.

Consider, then, modelling the Thames with the

fol lowing l inearised equat ions fol lowing Hunt,

( R e f : 2 7 ) :

Depth

}Iidrh

Continuity

Momentum

l ^ - 1 -
l l  -  1 l

b = b

0 n
ar

3 r=
a t

exp (2ax)

(hbu)

-fu

Ax

A.n
0x

o

1

b



where

11 = free surface elevation

u = f low veloci ty

f  = fr ict ion coeff ic ient ( I inearised)

x = distance upstream

These equations lead to the following pairs of

so lu t ions :

r l  = A exp(a+cr)x)cos(px -  ot)
^  cos*u1 = Ao 

f f  "*(-(a+cr)x)cos(px 
-  ot  -  0)

and Qz =  B e>!p( - (a -a)x )cos(px  +  o t )

Bo cosvu2 =  : : i -  exp( - (a -a)x )  cos(Px  +  o t  +  v )
p

where

s . 2 - 9 2 + * = a 'gn
2 o 9 - o f / g h = 0

Btan0 = cl-a, BtanV = c+a

Solving for B:

a 2 f 2  a 2- Q 2 ! ( ? - a r ) - 0
4 g '  P  '  ' g h

n 2
B 4  -  ( =  - a t ) p ,  -  a 2 f z / 4  =  o' g n

S o  B z  =  ( *  - a r )  t  ( ( 1  - a r ) ) z  +  o r f ) %' q n g n

2

It transpires for the Thames that g - -9-n

Gh)'
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This follows from the observation that the tidal range

is virtually constant along the estuary. Hence

wr i te :

q ' = a + € where  l : l  << l

n = pexp(ex)cos(Bx+ot)

Then (cr+e)2 - pr * 
fu 

= u,

2 e a + e 2 - F z +

zeroth order,

9  = L u
(gh)  o

*=ogn

9 '= *' q n
o _ _

So to

ie

So the observation that the tidal disturbance can be

modelled as a progressive wave travelling upstream on

deep, fr ict ionless water,  ar ises fron the constancy of

the tidal range. This link is not stated by Hunt.

Hence, for modelling the Thames, the tidal disturbance

is treated as a progressive wave with speea (gh)%.

Two results are shown, one with a constant range along

the estuary, the other with a diminished range at the

upstream end. With both, the agreement between the

observed and the calculated is reasonable, suggest ing

there is some merit in the approximations made. From

an initial study of where the 'tidal range

diminishes' ,  i t  would seem to coincide with those

reaches where the kinetic energy of the river flow is

of the same order of magnitude as the tidal flows.

These two quantities were studied by considering
Q 2 r i v e r  O 2 t i d a l
i -  

----  
and -.  For most of the Thames estuary

"LW "T
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the tidal volume flux far exceeds the river flux and

so l ikewise with the kinet ic energies. In these

upstream reaches, however, the two are comparable and

it  is plausible at least that this should cause a

decrease of the t idal  range.
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( CONCLUSIONS A}ID

RECOMMENDATIONS

FOR FURTHER WORK

5. t Conclusions

This study has sought to investigate and sj-mulate

the behaviour of estuaries using a sinple nunerical

procedure, with the aim of finding physical

parameters which seem to govern the long term

evolution of the estuary and hence determine its

reg ime pro f i le .

At its fundament,al Ievel, an estuary is a region

where there is an interaction between freshwater

f low and the t idal  r ise and fa1l of  a body of sal ine

water.  I ts extent is f rom a landward t idal  l imit ,

where the free surface osci l lat ions do not affect

the water flow, to a seaward boundary beyond which

the effect of tidal flow and sediment movement on

Lhe estuary are negl igible.  McDowel l  and OrConnor

(Ref 9) argue that the study of an esLuary musL

include the whole system and the full range of

dynamical influences.

Ideal ly one wouLd l ike to be able to develop a

morphological model which could predict the regime

profile assumed by the estuary in an equilibrium

state. The secondary problem of considering the

influence of major engineering works would then also

fall under the bounds of this model, but it vould

predict  over morphological  t imescales (which are

presumably of the order of decades).

(i) This study has demonstrated that there is some

merit in the postulate that the maximum slress

parameter is constant along an estuaryrs

length, al lhough this is best demonstrated for

6 7



5 .2 Recommendations

for further work

the Thames, which is in some senses an r ideal '

estuary.

( i i )  The mean t idal  width tends to increase

exponentially I' ith downstream distance.

( i i i )  Increased r iver f low tends only to inf luence

the upstream dynamics.

(iv) The three criteria above have been used in

reverse to predict  the estuary's prof i le and

this was successful ly accomplished for the

Thames which exhibits a number of simplifying

fea tures .

(v) The study has demonstrated that the continuity

equati-on can be integrated in a sinrple way to

generate the veloci ty f ie1d.

(vi)  The way forward is to proceed via a

morphological  model,  the development of which

requires a thorough study of estuary morphology

to invest igate the evolut ion of parameters

governing the development of the equilibrium

p r o f i l e .

There are a number of issues raised in the case

studies which have not yet been fu1ly explored.

(i) The balance of kinetic energy of the river flow

with that due to the tidal. Do the relative

sizes of these energies relate direct ly to the

upstream propagat ion of the t idal  dis lurbance?

Is the kinet ic energy of an estuary ' in regime'

minimised or correlated to any part icular

var iab le?
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( i i )  The pr inci-ple of minimum dissipat ion (or

minimum stream power). Does this have any role

in the long term evolution of an estuary?

(i i i )  The locat ion and def ini t ion of the t idal  l imit ,

for an unrestrained estuary. Is the t idal  l imit

def ined as vhere there is no f low reversal,  or

no free surface osci l lat ion on the t imeseale of

a t idal  cycle? Is the locat ion of this t idal

limit determined by the slope of the estuary, or

an energy balance of some sort?

( iv) Classi f icat ion of estuaries; given that the

terms of the dynamic equation, governing estuary

veloci ty f ie lds are of a simi lar order of

magnitude, it suggests that none may be

neglected. However,  at  the same t ime, i t

appears that, some estuaries are dominated by

r iver f low. What then is the role of

c lass i f i ca t ion?

(v) Sediment type; the studies have pointed to a

shear velocity parameter which appears to be

constant along estuaries and even to some degree

between di f ferent estuaries. Correlat ion

between sediment type and the shear velocity

parameter needs to be invest igated.

(vi) There is a need to develop another parameter for

governing the evolut ion of the estuary's

morphology.
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TABLE 1 : Data specifying the Conwy prof i le

Sect ion

Tan-lan

Dolgarrog Bridge

TaI-y-cafn-Bridge

Cymryd

Benearth Point

Mussel Satat ion

Conwy Quay

Deganyw Pier

Deganwy Narrows

Tan-lan

Dolgarrog Bridge

Tal-y-cafn Bridge

Cymryd

Benearth Point

MusseI Satat ion

Conwy Quay

Deganwy Pier

Deganwy Narrow

Upstream

Distance

(km)

L9 .75

t4 .75

9 .25

4 .  13

3  . 03

2 .O5

1 .73

0 .83

0 .00

Downstream

Distance

(km)

0 .00

5  . 00

10 .50

15  . 63

L6 .73

17  . 70

18 .03

18 .93

19 .75

DepLh of

LW Channel

(m)

4 . 0 0

4 . 8 0

2 . 4 0

2 . O O

2 . 8 6

8 . 5 7

6 . 6 8

2 . 4 2

8 . 0 0

LW Widrh

(m)

50 .00

75 .00

75  . 00

225 .00

150 .00

2 r2 .50

125  .00

275 ,00

137  . 50

LW Widrh

(m)

50 .00

75  . 00

75  . 00

225.O0 
'

150 .00

2 r2 .50

125  . 00

275 .00

137 .50

Ratio

Factor

0 .50

o .46

0 .40

0 .31

0 .28

0 .24

0 .29

0 .99

0 .25

Gradient

0 .0000

0 .9600

0 .1800

0 .0154

0 .0044

0 .0085

0 .0101

0  .  0112

0 .0686

4 .  00

4 .80

2 .40

2 .O0

2 .86

8 .57

6 .68

2 .42

8 .00

0 .00

2 .40

4 .70

5  . 00

5 .14

5 .43

5 .32

5  . 58

6 .00

0 .00

2 .83

5 .55

5  . 90

6 .07

6 .43

6 .29

6 .62

7 .08

Average Springs

Range Range

(m) (n)

Used to produce the fol lowing data

Sect ion Bottom

}{idth

(m)

25  . 00

34 .36

29 .87

70 .32

42 .72

50 .00

36 .79

27  L .25

33 .75

Gradient Depth of tW DePth

LW Channel

(m) (m)

0 .0000

0 .9600

0 .  1BB0

0 .0154

0 .0044

0 .0085

0 .  0101

0 .0112

0 .0686

4 .  00

4 .37

r .55
1 .  10

1 .93

7  . 57

5 .7L

I  . 38

6 .92
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Mcximum stress parometer
for vorious river flows
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St ress  po ro rne te r  o f  vo r i ous  t i do l  t i r nes
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Moximum stress parameter estuc ry
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Mcximum stress pcrometer  in  estucry
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Mcximum stress parometer
ogoinst river flow, for increosing tide

estuary
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Mox & min bot tom st ress parometer
for Spring Tide, with Low Flow
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Mcx & Min bot tom st ress pcrameter
for Neop Tide with high flow
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Longitudincl Profi le of River Thcmes
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Moximum stress pcrameter  for  increcsing
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Depth prof i le  for  Conwy estucry
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Moximum stress porameter for inc reosing
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