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ABSTRACT

A new two-layer, two-dimensional ln-plan uathematLcal model was developed to
slmulate tidal flow, clrculatlons and heavy metal transport in coastal
waters .

In lts Present state of development (April 1985) the model is designed and
coded iu a fal.rly general forn to have the followlng features:

1. The geography of a coastal area nay be defined by a number of
varl-ably sized, patched and locally distorted grids each
containing a maxfunr:m of about 4000 elenents.

2. The ability to calculate tidal motion, gravitational cl.rculatlons
based oo a prescribed salinity field and steady wind driven floss
ln two J-ayers.

3. The abillty to calculate the erosLon, transport and depositloa of
marine mud and selrage sludge particles.

4. The ablllty to caLculate the movement of dissolved metal adsorbed
oato narine nud or sewage sludge.

The nodel was 6et up to simuLate conditlons ln the Eastern Irlsh Sea,
LiverpooJ. Bay and the Mersey Estuary using three interactl.vely nested grids
with elemeut sizes of 270On, 900rn and 300n, respectl.vely. The model was
used to simulate the physlcal dispersal of recently discharged zinc,
lrreversibly adsorbed onto marine mud ln suspenslon and oo the surface
layers of the bed of Llverpool Bay and its adjacent estuaries, during a
repeatlng mean tlde cycle.

The reeults fron the demonstration tests show that the nodel is an effective
means of predictl.ng the physical dispersal of recently discharged metaL frorn
a number of dtfferent aources, includlng sewage, senage eludge, muddy
dredged spoll and Lndustrial waate. For the Liverpool Bay model to reach
ite full potential as a predictive planning tool it needs to be calibrated
more exactly, in term6 of tidal and resl.dual floss and mud tratraport.
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INTRODUCTION
In  November 1982,  I lydraul ics Researcn L in i ted ( t lR)

publ ished Report  DE 59 on the feasib i l i ty  of

matheuatically nodell ing transport of heavy metals in

L lverpool  Bay (F ig 1) .  A l though the repor t  paid

specia l  atEent ion to L iverpool  tsay '  the authors are of

the opin ion that  the Proposed model  could ln  pr inc lp le

be appl ied to any coasta l  region in  the Br i t ish Is les '

In Mareh 1983, HR was cornmissioned by the Department

of the Environment to sEart developnent and

prelininary testing of the model, which is the subject

of  Ehis repor t .  The funding for  th is  par t  of  the work

ceased in March 1985.  The most  cr i t ica l  par t  of  the

work, namely using the model to rnake preliminary

s imulat ions,  was done in the f i rs t  quar ter  of  1985.

The objectives of the research were fairly ambitious

consldering the timescale, available funding and the

nature of the nodell ing probl-en. The authors

considered i t  necessary that  the f l rs t  appl icat ion of

the method should be to simul-ate conditions Ln

Liverpool Bay, rather than some idealized or simpler

situation. Thts was because the method wil l- only be

of practieal use in helping solve the problen of the

disposal of sludge in Liverpool Bay (Fig 2) by the

North West  Water  Author i ty  (NWWA)' i f  i t  can be appl ied

to the real situation in terms of scale and detail- of

the geometry, t idal f lows and metal transPort Patterns
ln Liverpool Bay and the Mersey Estuary (Fig 3)' As

presented, the model attenpts to simulate not only the

whole of the Eastern Irish Sea at a grid size of

2700 n, and Liverpool Bay at a grid size of 900 n but

also the whole of the Mersey Estuary at a grid size of

300 n. The nodel also simulated the tldal basins and

canals in the Mersey Estuary on a grid size of less

than 300 n.

This meant that IIR had to:

(a) develop a new tyPe of two-dimensional
two-l-ayer model, which could handle three

dynanically patched grids with water

movement (TIDEFL0I,I'2D2L), nud
(MUDFL0W-2DZL), partlculate BOD (sewage),

and metal transport (METAIFLOW-2D2L) on IlRrs

DAP computer;

(b)  so lve the logis t ic  probleu of  schemat is ing

the det,ailed bathynetry' f lows and mud

transport  Pat terns in  the Eastern l r ish Sea,

Liverpool Bay and the I ' lersey Estuary and

flt l t into the active core of the DAP

computer ;
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(c)  ensure a l l  par ts  of  the nodel  in teract
correct ly  then to use i t  Lo s imulate
condicions i.n Liverpool- Bay.

The prellminary test runs rrere unusually long and
cumbersone to analyse.  The inc lus ion of  the deta i led
nodel of the Mersey Estuary pushed the DAp computer to
lt.s l iuits both in terms of core, storage and
real is t ic  run t imes.  The auEhors considered that  the
resul ts  of  the pre l i rn inary tests t l lust rated in  the
report  are qui te pronis ing consider ing no deta i led
attenpt was made to callbrate the model. The model
wil l require considerable refinement before it can be
used to nake f i rn  predict iooa on the d ispersal  of
heavy metals in Liverpool Bay and thls report should
be read in conjunetion with an earlier report on the
saue subject  (Ref  1) .

Originally, the authors had pJ-anned !o use four model
grids (Ref 1). llowever, because there lrere so few
elements ln the 81100 rn grid of the Eastern Irlsh Sea
and because each slice of the DAP could accommodate up
to 31844 elements (62 x 62) without extra computer
time, it was decided to extend the 2r700n grid beyond
the lirnit of Liverpool Bay out to the Isle of Man.
The revised linits of the 2,70On, 900m and 300rn grids,
shich cover the East,ern Irisb Sea (EIS), Liverpool Bay
(LB) and the Mersey Escuary (ME), are shown in Fig 4.

The bed level was defined at the centre of each slde
of eaeh cel1. The data was compiled fron Admiralty
Chart,s of the EIS and LB and detailed surveys of the
ME. A11 the bed levels were reduced to ODN (Ordnance
Datum Newlyn - Mean Sea Level).

The conLoured bathynet,ry of the EIS, LB and ME as
represented ln the ruodel are shown in Figs 5a-c. In
order to help resolve the vertical varlations in the
water column, the water body contained in the nodel
was divided into a bed and surface layer by a
horizontal  int .erface seL at a level 6.5 m below OD(N),
except where the lower layer would be less than 1.5 n
deep; in whlch case the interface was dropped to the
bed level. This schenetization meant that the lower
layer penetrated lnto the Mersey Narrows but not inEo
the shallow regions upstream. The lower layer did not
penetrate a signl f lcant distance into el ther the Dee
or Ribble estuaries, or Morecambe Bay. The horizontal
interface at -6.5 n OD(N) divided the water column in
Liverpool Bay and the Inlersey Narrows (bed level at
about -17n OD(N)) into two layers of approximately
equal thiekness (lOm) at high water mean sprlng tide
(+4n OD(N) ) .  At low water nean sprlng t lde



(-4n OD(N)),  the upPer Layer was only about 2'5n

thick.

The method of mapping the var iables descr ibing the

flow, water .rofntl, mud and netal concenErations in

each layer wlthin each gr id in the act ive store of the

DAP is i l lustrated in Fig 5d'  This shows that the

f ine gr id requlred.to relolve the spat ial  var iat ions

in the l lersey Estuary'  especial ly in the narrol ls '  took

up half of the active core store in the DAP'

T h e o r i e n t a t i o n o f t h e g r i d w a s s e t t ' o l i n e u p w i t h
the axis of the l[ersey Narrows in order to get the

best rePresentat ion of t ldal  f low in the Mersey'

An addit lonal feature of the model is the distort ion

of the cells at Ehe coastal boundaries of the model

whi.ch improves the resolution of coasEal features'

tidal basins tr,i tn. lower reaches of the ship canal'

TSEORY FOR TWO-
LAIEB TIDAL trLOW
I{ODEL

The modeL' TIDEFLOW'LDLL, was based upon the

differential equations describing the conservatlon of

m a s s a n d m o m e n t u m a v e r a g e d o v e r t h e d e p t h o f e a c h
layer or over the total depth in the shallow regions'

Apart from the interaction between the tl 'o layers' the

equations are simLlar to and are derived in a sinilar

nanner to the a.plt averaged equations given in Ref 2'

These layer averaged equations can be written as

fo l lows:

Conservat,ion of water mass
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where

(u,v)  = depth averaged hor izonta l  ve loc i ty  (e i ther
Iaye r )  ( n / s )

w = vertical velocity component beEween layers
( n / s )

h = surface level relat.ive to datun (n)
zU = bed layer depth (n)

d = sur face layer  depth (n)
d1 = tota l  depth (n)

P* , Pv = densi^ty comPonenE of pressure gradi-ent
-  

( u / s  z )

f  = f r ic t ion parameter
D = coef f ic ient  of  hor izonta l  eddy v iscosi ty

(n2 /  s )
Q = Cor io l is  parameLer

Lr, Ty, = surface wind stress couPonents (tl/rn2)



\ 
= momentum rni;ing length (n)

The density gradier,r" 0P ana 9P were prescr ibed for

3 .2  I n te r fac ia l
mixing

3.3  So lu t ion
procedure

observed sal ini ty aist$Uurior*
and the Mersey Estuary (Ref 8)
6a-c .

ln  the  EIS,  LB (Ref  7 )
as shown in Figures

( 7 )

The turbulent exchange of momentum between the two
layers was represented in terms of a momentum mixing
length (1r)  in  equat ions (3)  to  (6) .  The n ix ing
length is a function of the total depth and the bed
layer  th ickness and the degree of  s t rat i f icat ion
between the layers represented in terus of a bulk
Richardson number def ined as:

zBg' LP
R =

i
p[(" r* ) 2 + 1v ,-v r) 

2J

Subscript,s 1 and 2 refer to the upper and lower layers
respect ively.

For Liverpool Bay, it was assumed that there lras a
f ixed sal inl ty di f ference of 2 kg/n3 between the bed
and surface layers. The form of the mlxing length
funct ion is descr ibed in Ref 3.

The nodel nas set up with the intention of using the
ICL DAP (Dist r ibuted Array Processor)  at  I IR.  This
computer  can carry out  41096 operat ions in  para l le l
and was essential for the two-layer rnodel envisaged.
Two-dimensional, depth-averaged nodels (Ref 4) and a
three-dimensional oodel (Ref 5) have been implemented
on the DAP and the two-layer model of Liverpool Bay
was a developrnent of both nodels. The nodel equations
1-6 were solved using an expl ic i t  f in i te-d i f ference
scheue for horizontal derivatives and an inplicit
scheme for the vertical derivatives and, ia thls
respect ,  the nodel  fo l lowed methods enployed in the
depth averaged and three-diuensi .onal  models (Refs 4
and 5) .  In  order  to model  L iverpool  Bay and the
Mersey Estuary wi t .h  an adequate resolut ion,  three
patched f in i te-d i f ference gr ids were used.  At  each
patched l ine the d imension of  the f in i te  d i f ference
gr ids reduces by a factor  of  three.  Each gr id a lso
featured d is tor ted gr id cel ls  a long the coasta l
boundaries to *lmprove the resolut,ion of coastal
features and smal l  harbours.



3.4 Boundary
condit ions

The nodel was driven along Ehe open sea boundary using
prescr ibed t idal  levels generat.ed by l inear
interpolat ion of publ ished Adrnlral ty daEa for the M2
and S, t idal  components at four stat ions along the
open sea boundary.

4 TEEORY TOR TT{O-
I"ATER TRAI{SPORT
MODEL

The transport model used the sEored results from the
two-Iayer flow model and was based on the equations
descri-bing the conservation of nass. As with the flow
model, these equatlons are sinllar to those used in
the HR MUDFLOW two-dimensional depth averaged nodels
and can be written as follo$s:

4.L Conservat ion of
mud

Surface layer

d " * f u d c - O v d c  a  A c .
er  E- ' ' -= -  

(w- i l s )  c  -6  tua ; '

- ^TDdOcr  I  .  I-" \  
E/+ 1r loc"+"zlz lae =e
W cn I  a  I  e

Bed layer
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( 8 )
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ry  B Wl  c  m

(e)

O(u2  +  v2 )L
u

a c d n -
i - = - + L
& dE muo

where

c = suspended mud concenEration (kg/n 3)

( in upper or lower layer)
lm = momentum nixing length (n)
lc = solute nixing length (n)

D = coeff ic ient of  lateral  dispersion (n2/s)
ws = sett l ing velocl ty (n/s)

dn/at = bed e:&hange (kg/n?s)



T .  r  =-muct

E=

or
d =

(e ros ion  o r  depos i t i on )
loading (kg/n 5/s)

suspended sol ids concentrat ion in  upper
layer  i f  (w-w")  < 0 (kg/r3)

suspended sol ids concentrat ion in  lower
layer if (w-w") > o (tglr 3,(4)

4 .2 Conservat ion of
adsorbed metal

Surface layer

Oilcc fudcc OvdccalD am am
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dt,
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d z - c ,
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where

the concentration of suspended
the concentration of adsorbed
(kglke) (in the upper or lower

cc",  ln upper layer i f  1w-w")

cc"* in lower layer if 1w-w")
solute nixing length (n)
loading of adsorbed netal per
bed (ke/n2/ /s)

(,
c"t

ccat

"%t1 c
Lat

(1r )

nud (tglr3)
netal

layer)
< 0

> 0

unit area of



4.3 Conservat ion of
sewage s ludge

Sirnilar equations define lhe movement of sewage sludge
part ic les incorporated in to the mud f locs excepE for

the addiEion of  an extra tern rePresent ing the
oxidat ion (decay)  of  the b iodegradable nat ter .

4.4 Conservat ion of
d issolved metal

Surface layer 
s.

d .d  f ud "d  ,  , ^  Ovdc6  f t  ,  
-  

_a  
&a .

T- + -e- 
?,d 

* -"- *.wcd 
E 

(Dd E-,

o acd I orrr 2+.r 2lb I- - ( D d -
o( '  5 ,  )  +  l c ln  l j #  |  =  * *  td t  ( r2 )

Bed layer

&g "d *  * ru .u *  Ovz -c .  +  Oc ,
-6E-- . -- -# br-'"a e( (DzB +)

-$co",#, r"r, l*d|#u,',{*. (13)

where

cd = the concencration of dissolved metal (kg/n 3)

(in upper or lower laYer)
Ld, = loading of dissolved metal  (kg/nz/s)

R = rate of loss or gain of netal due to
adsorpt ion or desorpl ion of metal  on
suspended nud (kglnzls)

4 .5  In te r fac ia l
rnixing

The turbulent exchange of suspended mud and adsorbed
metal becween the two layers was represented by a
rnlxing length technique, where the solute mixing
length (1") and the mouentum mixing length (1r) wele^
obtained uslng the functional form described in Ref 3 '
These functions depend on the relative depth of the
lower layer,  the di f ference in the sal ini ty between
the two layers - assumed to be Zkg/nr - and whether or
not the flows in each layer were in the same or
oppos ing  d i rec t ions .



4 . 6 Exchange between
the bed and the
f l ow

4.7  Adsorp t ion  and
desorp t ion

The erosional
prescr ibed by
(Ref 6) which

Deposi t ioa

Erosion

deposit ion of mud
relat ionships used
can be summarized

at the bed was

by Odd and Owen

as  fo l l ows :

"b  
.  

" d  
(14 )dn

AE

dn
AE

= 
"."11-.!; "n"r,- ' d

=M( t ' - r " )when  
t r r " "

(1s)

where

16 = bed stress (N/n2)

" l  
= 

"r t t ical  
stress for deposit ion ( I i / ru2)

" l  
= 

" t t t ieal  
stress for erosion (N/n 2)

*J = 
". t t l ing 

veloci tY (n/s)
M- = empirical eroslon constant (kg/s/N)

For this study, the settling velocity was assumed to

depend on the suspended mud concentration through the

ernpirical reJ-ationshiP :

r "  =  0.002c ( 1 6 )

The er i t ical  stress for deposit ion 14 was taken to be

0.1N/n2 and Ehe cr i t ical  stress for erosion ( ,q") was

set to be 0.4N/n2. The constant lvl was assigned the

value of 0.003 kgls/N,

Exchange of adsorbed metal between the lower layer and

the bed was calculated frorn the rate of erosion or

deposition of mud on the assumption that the

concentration of adsorbed metals on the suspended mud

or on the bed were known. A basic assumption rf,as that

the adsorbed netal settled on the bed would become

uniformally distributed Lhroughout the surface layer

of sett led mud.

The adsorPt lon and desorPt ion of  a metal  co and f rom a

suspended nud load is defined as a function of the

di f ference between the actual  and equi l ibr iun

concentrat , ion of  d lssolved oeta l -s ,  
"d. ,  

for  the

prevai l ing concentrat lon of  adsorbed metal ,  c" r  (Ref

1 ) .
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where

R =
Y

c =
an ernpirical constant (rn- r)

the speci f ic  sur face area of rhe mud (n2/t<e)

and c., change and

( 1 8 )

( le )

If, locally in a model element, r.- d
H

c ,  ) l c  t h e ng a a m

d c .  8 c'  

" t )
- f = - k . ( c U  

c

ka = the rate constant ( t -  l )  for the process of
adsorption of the metal- onto the nud

If ,  local ly,  c,  fal ls below the equi l ibr ium value and
e s

"d 
. 

+ 
cam there will be a tendency for desorption.

dc
am

aE-

where

d c  d c .
a m d

- -=  
-T

where

= ka (* 
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- 
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DEMONSTRATION
TEST CONDITIONS

5.1 Seaward boundary
condi t ions

kd = the rat,e constant for the process of desorpt ion
of the netal from the nud

k" ls probably very high and k6 is almost certainl-y
very smalI .

In order to test the baslc uodel, TIDEFLOW-ZD2L vas
set up to simulate conditions in Liverpool Bay and in
the adjacent saters during a repeating mean tide wlth
no wind.

The t ldal  leve1s were specif ied along the open
boundaries of the outereost grld (Fig 4) between near
I.Ihitehaven on the Cumbrian Coast (5.44n range) to near
Ramsey (4.96n) on the Isle of Man and between near
Port  St Mary (3.78n) southwards to Anglesey (3.90m).
The tidal levels were syntheslsed fron published

adniral ty haruonic constants for the i ' lZ and S2
conat l tuents (Table 1).  The t ide was adjusted t ,o
repeat every 12.5 hours by raising the height of  the

1 0



5.2  Sa l in l ty  -

density effects

5.3 Bed roughness

TIDAL
PROPAGATION

second high water by approxirnately 0.2n (6% ot the
t idal  range).  An al lowance was made to account for
t,he variation in the mean tidal level along the open
boundaries of the model due to denslty effects.  In
the absence of f ie ld observal i .ons of mean t ide levels,
HR used values computed by tleaps and Jones (Ref 7)
using a sal ini ty disrr ibut ion observed in Septernber
1972 (Fig 6a).  At that stage l t  was not pract ical  to
take into account variatlons in the mean tldal leveL
along the seaward boundaries of the model due to
non-l inear effects of t idal  motions in the Ir ish Sea.

Ideally, HR would have preferred to have extended the
outer grid of the nodel to two more clearly defined
sections at Port Patrick ln the North Channel- and
opposite Wicklow l lead ln the St George's Channel ( f ig
4).  But the act ive eore of the DAP was f i l led to
capacity with the daLa defining the 300u grid within
the llersey estuary. However, it was considered that
errors arising fron ninor inconsi-stencies in the
boundary conditions would not have a significant
influence on flows wichin Liverpool Bay. The model
was not intended to predict condltions accurately
within about 10-15kn off the seaward boundaries, an
area which must be consldered to be a buffer zone.
The discharge of Ehe River llersey was said to remain
constant,  aL a sEeady 50n5/s.

The pressure terns P* and Pu (Egs 3a and 4b) require a
knowledge of the horizontal- density variations within
the nodel area. For the purpose of the Present study
it was considered to be impractical to calculate the
sal ini ty (or tenperature) distrLbut ion within the
model because of the very long reaction tine of the
system to changes in r iver f low. Instead, sal ini ty
observatlons were used to prescrlbe an unchanging
denslty f ie ld.  Plots of the prescr ibed sal ini ty
distributions for EIS, LB and ME are shown in Figures
6a-c respectively. The data was derived from several
sources (Refs 7-LZ).  The effect of  var iat ions in
nater temperature on the horlzontal density gradients
was lgnored.

The effect ive roughness of the bed (k" )  was est imated
to be 40m in EIS, LB and ME. This value was
considered to be representat ive of a r lppled sandy
bed.

The nodeL test was sEarted with an arbi trary ini t ia l
condit ion with a nearly f lat  water surface and the
waEer at rest. The nodel was then run for several

t 1



6.1  T ida l  leve ls

6.2 Tidal streams

tidal  cycles unt i l  the t idal  f lows reached a state of

dynaulc equilibrium rePeating alnost exactly every
12.5 hours. The results were not submitted to a
r igorous analysis in terms of detai led comparisons
with observal ions. Instead, they were compared
qual i tat ively with readl ly avai lable standard
admiralty data on tidal streams in the EIS and LB.

Comparisons between the tidal levels simulated by the
model at sltes along the coasts of the EIS and LB
(Figs t-4) and synthesised levels based on local
adniralty tidal conslants are shown in Figure 7a. The
nodel simulated the correct degree of arnplification of
the tidal range of about 202 between the seaward
boundary and the coast and the correct phase. The
deviation in the water levels on the second high water
is partly due to the small diurnal inequality in the

loca1 synthesised tide. The nodel was least accurate
at Pr incests Pier l t i th in the Mersey Estuary (Fig 7a) '
There was no i 'nediately available data to comPare
wlth the siuulated tldal levels higher up the Mersey
Estuary (Fig 7b).

The main feature of Lhe Pattern of the flood and ebb
ttdaL streams l-n the bed layer below the level of
-6.5n OD(N) agreed with information from the admiral-ty
tidal atlas (Ref 13) with most of the flow passing
between Anglesey and the Isle of Man (Figs 8a-b), with
peak f lood and ebb veloci t ies of about 0.75n/s in an

easterly and westerly direction. The flood and ebb

tidal streams in the bed layer in Liverpool- Bay were

in a SI{ and NE direction with speeds in the lower
layer of about 0'5n/s on a urean r ide (Fig 9a-b) '

A more detailed comparison of the tidal streams in the

EIS at stations 1-4, whose loeation is shown in Figure

5a, lndicated that the velocity in the bed layer belos
-6.5n OD(N) was simi lar to veloci t les measured at the

aduiral ty stat ions. The veloci t ies in the thin
surface layer were between 50-1002 higher than the

depth averaged values for the bed layer. The model
was least accurate at stations 1 and 2 in the upPer
zone close to the northern boundary of the nodel (Fig

5a) and most accurat.e at station 4 in the niddle of

the EIS (Fig 10a).  In Liverpool Bay (Figs 5b and 10b)

the sinulated tidal currents in the bed layer agreed

most closely wiEh adniral ty observat ions'  The t idal

streaB in the surface layer tended to be 50-1002
greater than the lower layer and to rotate in a
clockwise direct ion, whereas the t idal  stream in the

lower layer tended to rotate in an anti-clockwlse
direction. The observed depthaean admiralty tidal

currents tended to fal-l between the bed and surface
values sfuaulated in the model.
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The siuulated tidal velocities in the bed layer below
-6.5n OD(N) at stat ions 10-14 in the l lersey EsEuary
(Fig 5c) are i l lustrated in Figure 10c. The veloci ty
in the surface layer was about f00% higher than ln the

bed layer, which was similar to variations observed ln

the l ' lersey Narrows in September 1983 (Ref 14).  The

simulated paEterns of peak tidal eurrents tn the bed

and surface layers in the Mersey Estuary are shown in

Flgures lla-b. The bed layer did not extend landward
of the Narrows. The represenEation of the flow in and

out of ttre Manchester Ship Canal was incorrect'
because at Present the model does not simulate the

t idal  gate. l {owever,  this could be added relat ively
easily at a later stage of develoPment of the model'

The stress exerted by the flow on the sea-bed
determines the condit ions for erosion and deposit ion
of nuddy sediments and sewage sludge. The patterns of
peak bed stress simulated in the nodel in EIS, LB and

ME are shown in Figures 12a-c respectively' There is

a zone of high bed stress between the Isle of llan and

Anglesey in the EIS. The other maln zones of high bed

stress are within Morecambe Bay, the Dee Estuary and

the Mersey Estuary. Cohesive mud or sludge is
unlikeLy to form a pernanent deposit on the bed where

the peak bed stress on a mean tide exceeds about
0.5N7n2. The bed stress downstream of the Manchester

Ship Canal is probably unrealistically high because
the uodel did not include the effect of the lock
gates .

The pattern of residual discharges per unit width in

the lower layer bel-ow -6.5n OD(N) in EIS, LB and I"tE

are shown in Figures 13a-c. The vectors adjacent to

the coast are unrellable because the nethod of

analysis assumes that the velocitles are zero al-ong

the coast- line. Any cireulation between the Isle of

I' lan and Anglesey shoul-d be ignored because it is the

buffer zone close to the seaward boundary of the

nodel. The rnodel predicted a residual current in the

bed layer 1-eaving Liverpool Bay in a north-westerly
direction, and the general pattern was sone seaward
residuals i-n the Mersey Narrows. The magnitude of the

residuals are real isEic but the direct ions were

incompatible with the Prescr ibed density f ie ld and do

not agree with the reported observat ions (Ref f)  '

The rnodel reproduced a correct landward flow when lt

r{as run without a tlde. The main cause of the

unexpected seaward residuaLs aPPears to be a

combination of the choice of the position of the flxed

interface, the method of calculat lng the shear stress

between the two layers and to a lesser extent the

effect of  using a constant density f ie ld '  In the

,

f
I

6 . 3  B e d  s t r e s s

6.4 Residual f lows
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present ser i .es of tests the upper layer accommodates
the whole tidal range. This means that the surface
layer is thinner at low water and thick at high water.
Observations by the lJater Research Centre (WRC) (Ref
17) show that Ehere is a Ehree layer f low ( landward at
the bed and surface and seaward at nid-depth) ln the
Ilersey Narrows if one analyses the results in terms
absolut,e levels relat ive to OD(N). The landward f low
in the surface layer is eaused by the fact that these
layers are only fu1l of water when the tide ls high
and still flowing landward (innediately before and
after hlgh water). The landward flow in the bed layer
is generated by the longitudinal density gradient
along the estuary. There ls a compensating seaward
flow in the nid-depth layers. This three-l.ayer flow
effect becones more pronounced in estuaries wlth a
large t idal  range-to-depth rat io.  As set-up, the
model appears to exaggerate the effect to such an
extent as to reverse the direction of the residual
fLow in the bed and surface layers. A tno-layer model
(Ref 6) can usually slnulate the correct residual flow
in the bed layer even if the surface layer contains an
opposing resldual flow in the surface and nid-depth
regions. Observations by I{RC in the I'lersey Narrows
appear to indicate that the changeover from landward
to seartard drift is several net,res below the level of
the interface set in the model at  -6.5n OD(N). In rhe
authorsr opinion the nodel sould work realisticalLy in
terms of residual flows if the interface was dropped
below the point of reversal of drift currents as
measured by WRC (Ref 17).

The strength of the landward gravLtational eirculatlon
in the bed layer is also sensitive to the prescrlbed
mixing coefficients which determine the shear stress
between the bed and surface layers. Strong tldal
currents and high interfacial stresses tend to reduce
the strength of the gravitaEional circulation. In the
present, demonstration test serles, HR made no attempt
to optinise the value of this coefficient whieh
depends on the degree of strat i f icat, ion. Flnal ly,  in
nature, the horizontal  sal lai ty-density f ie ld and
velocities continually adjust theusel-ves according Co
prevai l ing t idal  currents, t idal  uix ing, cor lol is
forces and average antecedent, fluvial f1ows. The
problen in def ining a f ixed sal ini ty f ie ld from sparse
and non-simultaneous observat ions is that the posit ion
of the iso-hal ines (contours of equal sal lnl ty) uay
not Eatch the computed t ldal  f lows. Thls can distort
the pattern of residual f lorys. In the authorsr
opinion, i t  should be posslble to adjust the model
parameters so E,hat it reproduces the main features of
residual f lows.

It should be noted, that unllke dlssolved matter,
particulate matter is only influenced by the residual
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7. r

UIID TRANSPORT

Muddy zones

7.2  Wave ac t ion

7.3 Ini t ia l  nud
concentrat ions

7.4 Boundary
condit ions

f lows when it is in suspension on the main run of the
t i de .  The  ne t  d i rec t i on  o f  t r anspo r t  o f  pa r t i cu la te
inat ter  is  a lso st rongly in f luenced by the st rengEh of
the t ida l  currents on the f lood and ebb phases of  the
t ide.  The authors considered that  the f low s imulat ion
was adequate for  the purposes of  a demonstrat ion
t e s E .

The nuddy zones in the three dlfferent rnodel grids
represent ing the EIS, LB and ME were preacrlbed using
data from adrniral ty charts,  and.special  surveys (Refs
15-16).  In these zones, the nud was assumed t ,o be
uniforrnly distr ibuEed in the surface layer at a
density of 10Okg/n2. The areas of the muddy zones are
shown in Figures 14a-c.

I,lave action was assumed to prevent the deposition of
mud on the bed ln the exposed coastal zone of the EIS
and LB, where the bed level was Less than 5n below
ODN, as shown in Flgure 15. Due to an oversight, this
condition nas not applied to the outer zone of the
f ine gr id of the Mersey Estuary (sol id black zone, Fig
15) in the demonstrati-on test, Wave act,ion rras
assumed to be ineffective at preventing deposition in
the relatlvely sheltered reaches of the Mersey Estuary
and the upper regions of the Dee Estuary.

Initial concentrations of mud in suspension in the
model nas set to be unlform in both layers at 50ppm,
100ppn and l000ppn in rhe 2700n, 90On and 300n grids
represent ing the EIS, LB ( including the Dee Estuary)
and the ME, respect lvely.

The concentratlon of suspended nud in the incoming
water on the seaward boundarles was set to be a
uniform 10ppn.

The pattern of mud transport  in an estuary syst,em
usually reacts rapidly to a change in fl_ow condi.tions
beeause the suspended load is sensi.t,ive to the bed
stress. This means thaf the transient ef fects ar is ing
frou poor ini t ia l  condlt lons are soon lost f rom the
solut ion. The distr ibut ion of nud on the bed reacts
more slowly to the f low because the deposits usual ly
contaln large quant i t les of sedlment "

The periodic pattern of suspended mud transport and
the associated concent.rat ion f ie lds were approaching a

l 5



7 .5 Sinulated nud
concentrat . ion
f i e l ds

\
7.6 Liverpool Bay and

M.ersey Estuary

state of  dynanic equi l ibr iun af ter  about  ten t ida l

cyc les .

Contoured distributions of Ehe mud concentrations in
the bed and surface layers ln the EIS, LB and ME on
the peak flood and peak ebb phases of a nean tlde are
shown in Figures 16a-f and l7a-f, respecLively.
Coloured diagrams showing the distribution of
suspended mud concentrations ln the whole of the model
area at the EiBe of peak flood tidal veloclties in the
surface and bed layers are shown in Figures 18a and
18b,  respec t ive ly .

Time histories of the variation in the suspended nud
concentratlons ln the bed l-ayer at stations 1-5 ln EIS
(Fig 5a),  stat lons 6-10 in LB (Fie 5b) and stat ions
11-14 in ME (Fig 5c) are shown in Figures 19a-c,
respectively. The uodel results show three
well-defined zones of high turbidity. The maln one
obviously belng in the l"lersey Estuary. The other two
peaks in turbidlty are associated with patches of mud
in the EIS (flg 14a). The one in the upper zone is
probably artificially created by the strong tidal
currents and high bed stresses simulated by the model
along the southwest shore of the Isle of Man. This
zone is probably entlrely spurious and would disappear
as soon as all the excess mud had been scoured from
off the bed surface. Compare the size of zone A in
Figures 14a and 18c at the beginning and end of 10
repeating tidal cycles.

The second zone of turbidlty is generated by the
erosion of nud at the extreme western end of Lhe
preseribed nuddy zone (B) on the outer boundaries of
Liverpool Bay (Ftg I8c). This turbidity peak is also
probably wholly spurious because the extent or density
of the prescrlbed nuddy zone is too great. The
concentratlon of suspended mud in the two
aforementioned zones tn EIS is higher and uore
extensive in the l-ower as compared to the upper layer
(F igs  17a-b) .

The pattern of mud transport in LB and ME was
approaching a sEate of dynamic equilibriun above the
10th repeat,ing mean tlde. For example, the suspended
mud concentration in the bed layer at station 8 close
to the entrance of the t,ralning walls (Flg 5b) aluost
repeats aE the end of each t idal  cycle (Fig 19b).
Nornally one would expect, the suspended nud
concentratlons Eo peak twice in the tidal cycle as
nud is re-suspended afcer each slack water period.

the
A
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EEAVY METAL
TRAI{SPORT

single peak, as shown in Figure 19b, usual ly occurs on
the edge of a turbidi ty fronE where there is a sudden
change in concentrat ions. The results are probably
st i l l  s l ight ly affected by the ini t ia l  condi. t ions
which included a sudden change in coneentration from
lOOOppn to 100ppn between the } lersey Estuary and
Liverpool Bay. The predicted mud eoncentrat ions at
statlon 12 in the l"lersey Narrows (flg 5c) alnost
repeated at the end of each t idal  cycle (Fig 19b and
19c) peaking before low rilater on the ebb tide. A more
pronounced double peak was evident with a peak
concentration of about 750ppn occurrl-ng in the bed
layer at statlon 14 close to the landward end of the
Narrows (Fig 5c, and 19c).  The simulated range of
suspended mud concentrations ln the bed layer in the
Mersey Narrows (Fig 19b) was in the range 350ppn to
750ppn which is somewhaE higher than the observed
values near the bed on a mean tide (100-500ppn) given
in Reference 8.

The oodel predicted that the suspended mud
concenlrations would be in the range 200-700pprn in the
surface layer in the wide regions of the upper Mersey
as far as Runcorn br idge (Figs 16e and 17e),  which are
simllar to those observed on spring tides in February
1983 (Ref 8) (Figures 6-10).  There was evidence that
the weak seaward residual velocities in the bed layer
were steadily reducing the mud concentratlons in the
I ' lersey Estuary (stat lon 13 and 14 in Fig 19e).
Ilowever, the ruodel did reproduce the main features in
terms of the spacial and temporal distribution of the
suspended mud concentrations (Figs L6a-f, 17a-f and
18a-b) .

The rnodeL predicted a continuous zone of nuddy water
with coneentrations in excess of 50ppn covering the
southeast corner of Liverpool Bay (Fig 16c-d and
17e-d) including the Dee Estuary with concentrations
rising rapidly towards the entrance to the Mersey
Estuary. The nud transport asPect of the model needs
to be calibrated by detalLed eornparison with field
observat,ions. Ilowever, the preliminary simulation was
consldered to be adequate to demonstrate the
capabi l i t ies of the nodel l ing ruethod.

The capability of the nodel to simulate the transPort
of heavy metals was demonstrated by calculating the
transport  and dlspersal of  new adsorbed zinc
di-scharged sinul taneously at several  of fshore and
shorel lne si tes. The calculat lon was restrLcted to
siuulating the dispersal of newly discharged metal
because it was consldered that the initial background
values (Refs 18 and 19) would swamP the sna1l
increases predicted by the model over a period of ten
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8.1  Resu l ts

t ida l  cyc les.  ZLnc was chosen as a representat lve
metal  which is  readi ly  adsorbed onto the mud.  The
metal nas assumed to be firnly fixed to the nud with
no t ransfer  between the d issolved and adsorbed states,
a l though the nodel  was designed so that  i t  could in
the future take th ls  addl t ional  conpl icat ion in to
accounE.

The position and rnagnitude of the zlnc loads are shonn
in Fig 20.  The of fshore loads lnc lude two a lmost
egual ones of 670 kn/day at the sludge disposal ground
and the dredge spoi l  d isposal  ground (s i te  Z)  in
Liverpool Bay. The netals were assumed to be
discharged at a constant rat.e and to be nlxed
simultaneously wiEh the nuddy sediment ln the top
150 nn of  the bed.  In  the case of  the dredged spoi l
disposal ground, the nodel took into account the fact
that 11400 tons of cohesive mud on average would be
added to the bed each day fron dredger hoppers.

The shoreline dlscharges included a large industrial
effluent of 31750 xg/day in the Dee and 230 kglday in
the l lersey estuary from the rivers and sewage
outfalls. An additional 130 lrg/day were discharged
into the Ribble estuary. The aforement,ioned
distribution of loads approximates to conditions in
about  1980.

Colour images showing Ehe spatlal discribution of new
adsorbed zlnc on suspended mud at the time of peak
flood tlde velocities aft,er about 10 repeating mean
ttdal cycles for the surface and bed layers are
Ll lust rated in  F igs 21a-b,  respect ive ly .  The
corresponding distribution of new zinc concentrations
on the mud deposits on the bed surface after 10 tidal
cycles is shown in FLg 22. I"lore detailed contoured
patterns of coneentrations of new zinc adsorbed on
suspended nud in the bed and surface layers on the
main run of the flood and ebb phase of the tide in
Liverpool Bay and the Mersey Estuary are shown in Figs
21c-j. Time histories of variations of the
concentrations of adsorbed metals on suspended nud ln
the bed layer at stations 5-10 in Liverpool Bay are
shown in Fig 23a and at stations 11-14 ln the l"lersey
Estuary in  F ig 23b.

The concentration of adsorbed metal per unit mass of
suspended mud varies directly with the magnitude of
the loads and inversely with the amount of nud
available in the water column and in the bed surface
layer .

The c idal  act lon Ls obviously  very ef fect lve at
flushing adsorbed netal- on mud suspended in the
surface layer i.n the Dee and Ribble estuaries' which
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DISCUSSION AI{D
CONCLUSIONS

have large t ida l  vo luoes.  Very l i t t le  water  remains

in these estuar ies at  low t ide.  New metal  d iseharged
in lo the sur face layer  at  the head of  the Mersey
Estuary is  obviously  not  f lushed into L iverpool  Bay at
anyth ing l ike the same rate as metal  d ischarged into

the Dee and Ribble estuar ies.  In  real i ty '  the

two- layer  grav i taEional  c i rcu l .at ion in  the narrows and

the inbalance of f lood and ebb tidal currents would

help to contain the suspended roud ln the upPer l ' lersey
Estuary.

There are two snall but distinct peaks in the

concentration of new zinc adsorbed onto suspended nud

in the lower layer ln the vlcinlty of the selrage
sludge d isposal  zone and the dredged spoi l  d isposal
zones in the L iverpool  Bay (F ig 21b) .  Concentrat lons

of new metal adsorbed onto mud in the lower layers of

Liverpool Bay were increasing each tidal cycle as

shown in Fig 23a. The nodel would have to be run for

a large number of t idal cycles before Ehe metal

concentration reached values whieh were in equil ibriun

with the metal loadings. the model also predieted a

gradual build-up in the meEal concentrations in the

mud deposits on the bed of the bay as shown in Fig 22.

The predicted concentrations of adsorbed new metal in

the rnuddy zones (Flg l4a-c) are relatively low

compared to coneentratlons of metals on the suspended

mud because the nodel assumed that the surface layers

of nud in each square metre of the bed ln these rnuddy

zones would be continually perturbed and vertically
well mixed to a depth of about 150 nn. As a result

there are no significant concentrations of new zinc

shown in Fig 22 Ln the prescribed rouddy zones. The

areas of concentration of new zinc on the bed

represent  new s lack water  deposi ts .  The concentraLion

of metals in these very thin mud deposits' on an

otherwLse sandy bed, react fairly rapidly to a change

in metal loadings. Due to an oversight, the model

allowed mud to deposit on the north west shoreline of

the Wirral Peninsula and the shallow region within the

area of the 300 rn grid covering the mouth of the

I' lersey Estuary. In reality, wave action Prevents the

accuuulation of mud deposits above the 5 metre contour

on the coast l lne of  L iverPool  BaY.

The uain object ives of  the research pro ject  were

achieved, namely, to develop a new type of

rnaLhematical nodel called METALFLOW-ZDZL and to use lt

to  s imulate the t ransPort  of  heavy metals  d isposed of

ln  L iverpool  Bay and the adjaeenE estuar les.

The or ig inal  object ives of  the pro ject ,  which inc luded

nodel l ing the t ransport ,  o f  up to s ix  d i f ferent  metals

both in solution and adsorbed onto inert mud mixed
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with fast and slow decaying biodegradable sewage
part ieles, rdas fair ly ambit ious considering the
couplexity of the physieal and chenical interactions
which control  the processes.

In i ts present state of development (Apri l  1985) the.
nodel is designed and coded in a fairly general form
t,o have Lhe fol lowing features:

(i) the geography of a coastal area may be
defined by a nunber of varlably sized,
patched and local ly distorted gr ids, each
containing a rnaximun of about 4000
elements.

( i i )  the abi l i ty to calculate t idal  moEion'
gravitational circulations and wind driven
flows in tllo layers.

( l i i )  the abi l i ty to calculate the erosion,
transport and depositlon of marlne mud and
senage sludge.

(iv) the abllity to calculate the movement of
dissolved uetal and oetal adsorbed onto
marine mud or selilage sludge.

The number of variables (netals, fast and slow
decaying sludge, ete) which can be handled by the
model is linlted by the available size of the aetive
core of the IIR DAP computer.

The demoostration test ltas rest,ricted to slmulating
the physlcal  dispersal of  recent ly discharged zine'
irreversibly adsorbed onto marine mud in suspenion and
on the surface layers of the bed of Liverpool Bay and
its adjacent estuaries, dur lng a repeat ing mean t ide.
At present, the model could only handle more variables
if the total number of elements were reduced.
llowever, the program eoding could be nodified to add
exLra virtual storage to the DAP conputer. This would
allow the maehine to deal with more variables but it
would considerably increase the elapse tine of the
ealculation, because the additional data would have to
be shifted in and out of the core of the maehine every
few t iue steps.

The resulEs from the demonstration test showed that
the Liverpool Bay nodel is an effectlve neans of
predicting the physical dispersal of recently
discharged netal  f rom a number of di f ferent sources'
includlng selrage, sewage sludge, nuddy dredged spoll
and lndustrtal  waste.

For the Liverpool Bay uodel to reach lt.s full
potent ial  as a predict ive planning tool  i t  needs to be

20
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cal ibrated more exact ly  in  terms of  t ida l  and res idual

flows and mud transPort. The ruodel could then be used

to make usefu l  predict ions of  Ehe d ispersal  of  a newly

diseharged neta l  i r revers ib ly  adsorbed onto mar ine

mud. If the roodel rdere to be used to siuulate the

interact ion between the adsorbed and d issolved state

it would be necessary to work in terms of the toEal

rather  than the new metal  concentrat ions.

There is  obviously  p lenty of  scope for  inproving the

theoret ica l  descr ipt ion of  t t re desorpt ion Process '
which may be important in the case of some of the more

soluble heavy metals .

The same stored results from the flow, mud or sewage

t,ransport, sub-models could be used rePeatedly Eo

calculate the t ransport  of  one meEal  for  a long per iod

or  several  neta ls  for  a shor ter  per iod '  l {owever '

there is probably no advantage in attemPting to

calculate the transport of several metals

simultaneously. The optimun mode of using Ehe nodel

wil l depend on the problem to be solved'

A successful application of the model wil l need a

considerable amount of computing time, but it should

be fairly easy to accornmodate this demand by running

the DAP conputer overnight.

In the authorst opinion, thls type of mathematical

nodel  ls  the only means of  foreeast ing the ef fects of

changes in policy of dlsposing of conservative

pollutants ln coastal waters in terns of their

physical  d ispersal ,  a  necessary pre-reguis i te  to

understanding their effect on the marine ecosystem'

The North i lest Water Authority are presently

consider ing how a cal ibrated vers ion of  the model ,  in

terms of f low and mud transport, could be used to

predict  the rate and pat tern of  physical  d ispersal  of

i.."ty met,als associated with self,age sludge disposal in

L iverpool  BaY.
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TABLE 1 T1dal Constants

Locat ion S 2rrz

301

325

328

331

Locat ions shown in Fig 4.

A

' g '  p h a s e

(o)
anpl i tude

(u )

2 .00

I  . 95

2 .43

2 .7  8

t g t  p h a s e

(o)

339

3

13

11

anpl i tude

(n )

0 .67

0  . 63

0 .96

0 .88
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