
DEVELOPMENT OF PATCHED TRANSPORT 

MODELS FOR ESTUARIES USING AN ICL DAP 

A J Cooper PhD 

Report No. SR 48 
Map 1985 

l .......................... x ~ S /  10-f I ACC No. 

Registered Office: Hydraulics Research Limited, 
Wallingford, Oxfordshire OX10 8BA. 
Telephone: 0491 35381. Telex: 848552 





Crown Copyright 1985 

This report describes work carried out under 
Contract DGR/465/31, funded by the Department 
of Transport from April 1982 to March 1984 and 
thereafter by the Department of the 
Environment. Any opinions expressed in this 
report are not necessarily those of the funding 
Departments. The DOE (ESPU) nominated officer 
was Mr A J M Harrison. The work was carried 
out by A J Cooper in the Tidal Engineering 
Department of Hydraulics Research, Wallingford. 
The contract was managed by Dr A J Brewer. This 
report is published with the permission of the 
Department of the Environment. 





CONTENTS 

Page 

1 INTRODUCTION 

2 PATCHING ON THE DAP 

3 HEAT AND MUD TRANSPORT MODELS 

4 FLUX CORRECTED TRANSPORT 

5 TESTS AND TIMINGS 

5.1 The model geometry 
5.2 T e s t  w i t h  a s t e p  i n  t empera tu re  
5.3 T e s t  w i t h  a d i s c h a r g e  n e a r  t o  t h e  p a t c h  
5.4 Model t i m i n g s  

6 CONCLUSIONS 

7 REFERENCES 

FIGURES 

1 Schemat ic  d iagram of DAP 

2 P a t c h i n g  on t h e  DAP 

3 Flow model used f o r  t e s t s  

4 Model r e s u l t s  w i t h  s t e p  i n  t e m p e r a t u r e  

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

6 Temperature  c o n t o u r s  w i t h  f c t  

7 Temperature  c o n t o u r s  w i t h o u t  f c t  





-pa3pyT qazsasa~ saypezpK~ -~q uaqo3zapun (3zodsuoz3 
Juamypas pus uoyae~nazyaaz ~wuaq3 '~s3namuozyaua cX%o~oaa cuoy3n~~od) 

sa~afozd go sad& go a%usz apyn s log aTqsTy8as na aq3 aqm TTP qzon syq~ 

-%uyauazaggyp maz~sdn q3yn 
pauyo3qo zozza ~8ayzamnn aq3 aspyup 03 (amaqas zaq3o amos zo) 3zodsusz3 

pa3aazzoa xn~g %uysn go aaus~zodmy aq3 azys8qdma os~8 an0 payzzsa s3sa3 aqx 
-papaan a18 amy3 go spoyzad  no^ go suoy3s~nmys gy zo pasn sy pyz% ~~ms 
bzaa 8 zaq3ya jy paads go srma3 ny snoa%o3uoapo Xzaa azs sppom na aqx 

*saauazaggyp msaz~sdn %uysn s3Tnsaz 
aq3 03 paz~dmoa naqn zs~pys Kzaa aq 03 punog axe Xaq3 3nq ames aq3 3ou axe 
sppom Tsyzas pu13 na aq3 go s~~nsaz aq3 3saq go 3namaaom aq3 go uoy3s~nmys 

a~eznaas azom say% 03 pasn sy 3zodsusz3 pa~aazzoa xn~g uam *sTapom aq3 
$0 suoyszaa Tsyzas snoyaazd 01 s3Tnsaz pay~uapy aay8 03 punoj azs sTapom 

na asaq3 pasn sy lzodsuoz~ aq3 zog mq3yzo%~s 8uyanazaggyp meaz~sdn us nam 

*~apom 
no~g -a pa3sz8a3uy q~dap paqa~sd 8 m013 s3Tnsaz aql q3p pasn aq 1183 

Xaql 3sq3 os (saqaaod zo) pyz8 azys ~uazaggyp go ssazo a~szodzoauy sTapom 
asaqj *p37 qazsasaa say~nszpK~ 3s na 731 aql asn 3eq7 pado~ahap uaaq 

aasq sayzm3sa uy pnm zo lsaq go 7zodsuoz3 aq3 log s~apom pa38z%a3uy q~daa 





1 INTRODUCTION 
Very often the aim of a study is to predict the 
movement of heat, mud or pollution in an estuary. To 
this end the flow is usually simulated first, assuming 
that it is not affected by the substance being 
transported. If stratification is not important depth 
integrated flow and transport models are used. Once 
the flow pattern is established it is possible to test 
different pollution loadings, outfall positions etc, 
by running the transport model always on the same flow 
data. The results from the flow model are stored in 
the form of discharges through the faces of the cells 
and elevations at the centres of the cells at regular 
intervals (usually 10-20 minutes) during the tide. 

The flow data is then read in to the transport model 
together with data on pollution loading, decay rates 
etc in order to compute the movement of pollution, 
head or mud. An advantage of this approach is that 
although a very small timestep may be needed in the 
flow model (perhaps a few seconds) a quite 
considerably larger timestep (of the order of ten 
times as large) can be used in the transport model. 
For this reason one tide of the flow model is usually 
much more expensive than one tide of a transport 
model. However it may be necessary to model the 
transport of pollution or mud for many tidal cycles to 
find a repeating pattern representing the actual 
conditions in the estuary. 

It was thought to be useful to have DAP transport 
models for mud and heat. Although these models are 
often rather quick and cheap, for models with many 
cells or models with very small gridsize and timestep 
or when many tides are required the speed advantage of 
the DAP may prove useful. 

These models are part of the Hydraulics Research 
TIDEWAY system for predicting the effects of 
engineering works on conditions in tidal waters. 
After obtaining the water flows using TIDEFLOW-2D the 
transport model can be used with mud, heat or 
ecological options to simulate the required quantity. 

2 PATCHING ON THE 
DAP 

Patching a model means having areas of different size 
grid (differing in cell size by a factor of 3). By 
this means the study zone can be resolved with a fine 
grid but a coarser grid may allow the boundary 
conditions to be applied well away from the region of 
interest. Further details are given in Refs 1 and 2. 
The development of a patched tranport model allows 



heat transport to be nodelled using the results of the 
existing DAP patched flow models. 

The ICL DAP (Distributed Array Processor) comprises 
4096 arithmetic processors in a 64 square array which 
can all carry out the same instructions simultaneously 
on 4096 sets of data. The storage available comprises 
4096 bit planes (see Fig l), of which each real or 
integer matrix occupies 32 planes. The way in which 
Hydraulics Research applies the DAP to hydraulic 
studies is described in Ref (3). 

Patching in the transport model is implemented in a 
similar way to in the flow model. In an area where 
flow is from the fine grid into the coarse grid then 
the heat flux into the coarse grid is the sum of the 
fluxes leaving the fine grid. So the total flux 
leaving the fine grid has to be moved by a patching 
subroutine into the coarse grid. The opposite is true 
where the flow is from the coarse grid into the fine. 
As in the flow model (Fig 2), the data is transferred 
by setting up a logical mask or matrix in the DAP to 
define a one to one mapping between the fine grid 
cells, on one side of the patch and the coarse grid 
cells on the other side. Fig 2 shows this process for 
the y fluxes. 

The coarse cells shown in grid 1 are assumed to be 
those that butt on to the north of the fine cells 
shown in- grid 2. The logical mask thus formed can be 
readily used to transfer information between the patch 
boundary cells shown in grids 1 and 2. The direction 
of transfer of information is from grid 1 to 2, for 
southward flow velocities and grid 2 to 1 for 
northward velocities. Associated with this process 
will be the transfer of X fluxes between the same two 
grids. 

The models have this process systematised for up to 3 
grids of size 64 by 64. If some grids are larger than 
this then joins between chunks of grid of the same 
size will be needed as outlined in Ref 3. 

3 HEAT AND MUD 
TRANSPORT MODELS 

The transport of many substances in estuaries can be 
modelled using depth integrated models. They include 
organic and inorganic pollution (including 
interactions), heat, mud, salt and sand. Particularly 
important applications of the present model are likely 
to be for modelling heat and mud transport. 

It is important when designing power stations using 
once-through cooling water to consider the fate of the 



r e j e c t e d  h e a t .  I ts p o s s i b l e  e f f e c t s  i n c l u d e  t h e  
impact on eco logy ,  t h e  warming of b a t h i n g  w a t e r  and 
r e c i r c u l a t i o n .  I n  mode l l ing  h e a t  i n  a  d e p t h  
i n t e g r a t e d  t r a n s p o r t  model, i t  i s  t h e  background h e a t  
t h a t  i s  being c o n s i d e r e d  ( a s  i n i t i a l l y  t h e  h e a t  is  n o t  
d i s t r i b u t e d  even ly  through t h e  v e r t i c a l  and does  n o t  
move w i t h  t h e  mean w a t e r  speed) .  T h i s  i s  a  p a r t  of 
t h e  h e a t f i e l d  where t h e  l o s s  of h e a t  - t o  t h e  a tmosphere  
i s  i m p o r t a n t  and t h e  h e a t  f i e l d  may cover  a  huge a r e a  
( a l b e i t  a t  v e r y  s m a l l  t e m p e r a t u r e  e l e v a t i o n  above 
ambien t )  s o  t h e  model u s u a l l y  needs  t o  cover  a  l a r g e  
a r e a .  A s  t h e r e  i s  v e r y  l i t t l e  i n  t h e  way of s o u r c e  o r  
s i n k  f o r  t h e  h e a t  i t  i s  p a r t i c u l a r l y  i m p o r t a n t  t o  
model t h e  t r a n s p o r t  a c c u r a t e l y  and f o r  t h i s  r e a s o n  
f l u x  c o r r e c t e d  t r a n s p o r t  i s  used ( s e e  below). 

I n  t h e  c a s e  of mud t r a n s p o r t  e r o s i o n  and d e p o s i t i o n  
t e n d  t o  be t h e  dominat ing f e a t u r e s  and i t  i s  p o s s i b l e  
i n  some c a s e s  t o  u s e  t h e  l e s s  a c c u r a t e  ups t ream 
d i f f e r e n c i n g  method. T h i s  is  q u i c k e r  and more r o b u s t  
t h a n  f l u x  c o r r e c t e d  t r a n s p o r t .  However i t  is 
i m p o r t a n t  t o  model c o r r e c t l y  t h e  c o n s o l i d a t i o n  of 
t h e  bed and t h e  r a t e  a t  which t h e  mud bed is  e r o d e d ,  
d u r i n g  t h e  run of t h e  t i d e .  Although t h e  p h y s i c s  of 
t h e s e  p r o c e s s e s  i s  n o t  unders tood  w e l l  enough t o  
e n a b l e  p r e c i s e  p r e d i c t i o n s  of s i l t a t i o n  and e r o s i o n  t o  
be made t h e  models do p r o v i d e  v a l u a b l e  i n f o r m a t i o n  f o r  
t h e  e n g i n e e r  t o  a s s e s s  t h e  impact of schemes. 

4 FLUX CORRECTED 
TRANSPORT 

The u s u a l  method used by H y d r a u l i c s  Research f o r  
c a l c u l a t i n g  h e a t  t r a n s p o r t  i n  e s t u a r i e s  is  t o  u s e  t h e  
f l u x  c o r r e c t e d  t r a n s p o r t  a l g o r i t h m  (Kef 4) .  The f i r s t  
p a r t  of t h i s  t e c h n i q u e  is  t o  do a  t i m e s t e p  u s i n g  
ups t ream d i f f e r e n c e s ,  t h a t  i s  t h e  f l u x  of h e a t  a c r o s s  
e a c h  c e l l  f a c e  i s  t aken  t o  be t h e  p roduc t  of t h e  w a t e r  
d i s c h a r g e  and t h e  c o n c e n t r a t i o n  i n  t h e  c e l l  from which 
t h e  w a t e r  i s  coming. It is c l e a r  t h a t  t h i s  scheme 
t e n d s  t o  smooth o u t  v a r i a t i o n s .  I n  one dimension t h e  
n u m e r i c a l  d i f f u s i o n  is  of t h e  o r d e r  of huh(1-uAt/Ax) 
where u  i s  t h e  v e l o c i t y  and dx and k a r e  t h e  s p a c e  
and t ime s t e p s .  I f  uAt=Ax any v a r i a t i o n  c r o s s e s  a  
c e l l  i n  one s t e p  and t h e  e r r o r  i s  ze ro .  However, i f  
u k  exceeds  Ax, t h e  scheme i n v o l v e s  n e g a t i v e  d i f f u s i o n  
and i s  u n s t a b l e .  Hence a s  U i s  n o t  c o n s t a n t  i n  a  
p r a c t i c a l  c a s e ,  t h e r e  w i l l  be p l a c e s  where v e r y  l a r g e  
numer ica l  d i f f u s i o n  of o r d e r  kuAx w i l l  occur  t o  smooth 
o u t  f l u c t u a t i o n s .  

The method of f l u x  c o r r e c t e d  t r a n s p o r t  i s  t o  c o r r e c t  
t h e  f l u x  t o  be e q u a l  t o  t h e  d i s c h a r g e  of w a t e r  
m u l t i p l i e d  by t h e  a v e r a g e  c o n c e n t r a t i o n  of t h e  two 
c e l l s  between which t h e  w a t e r  i s  pass ing .  



Unfortunately if this is applied throughout there is 
no numerical diffusion, but spatial oscillations occur 
instead. The lnethod therefore consists of correcting 
the flux as far as possible without introducing any 
new maxima or minima into the solution. This cuts out 
the oscillations and also reduces the spurious 
diffusion which now only exists in sensitive regions. 

Such a scheme has been used for a while in serial 
programs but its use with the DAP cannot be exactly 
the same, because the serial technique employs a sweep 
through the grid. At each cell the X and y fluxes are 
corrected before proceeding to the next cell. The DAP 
prograu does the same but the X fluxes are corrected 
for all the cells and then the y fluxes so the result 
is not exactly the same as in the serial case. Tests 
are described below comparing calculations with the 
DAP and a serial ~nachine both with upstream 
differencing and with flux corrected transport. 

5 TESTS AND TIMINGS 

5.1 The model geometry 
The patched model geometry used for the tests was a 2D 
depth integrated, 2 grid representation of the Severn 
Estuary and Bristol Channel, Fig 3. The grid sizes 
are 4500m and 1500m. This model is used only as an 
example of a realistic flow field and was not 
calibrated to agree with nature. 

5.2 Test with a step 
in temperature 

A standard test is to look at one dimensional uniform 
flow with a channel initially full of water at a fixed 
temperature. The temperature at the end is changed 
and in the absence of any diffusion a step change in 
temperature should propagate along the channel. Such 
tests are described in Kef 5. 

Upstream differencing is found to smooth out the step 
and centered differencing gives rise to a lot of 
oscillations. Flux corrected transport improves the 
results considerably although the step is still 
diffused to some extent. 

In real cases there is usually a tide so that a step 
propagates both forwards and backwards. Differential 
motions cause the step to smooth out even without any 
diffusion (strictly speaking thin filaments form and 
small scale diffusion eventually acts to smooth these 
filaments out). 

An interesting test is therefore to run for several 
tides with one temperature inside the model and 



a n o t h e r  on t h e  boundary. T h i s  t e s t  was c a r r i e d  o u t  
u s i n g  ups t ream d i f f e r e n c i n g  and f l u x  c o r r e c t e d  
t r a n s p o r t  w i t h  bo th  s e r i a l  and DAP programs. It was 
found t h a t  i n  bo th  c a s e s  t h e  s e r i a l  and DAP models 
gave v e r y  s i m i l a r  r e s u l t s .  The t e m p e r a t u r e  a l o n g  t h e  
l i n e  L shown i n  F i g  3 a f t e r  t h e  comple t ion  of t e n  
t i d e s  i s  shown i n  F i g  4 f o r - u p s t r e a m  d i f f e r e n c i n g  and 
f l u x  c o r r e c t e d  t r a n s p o r t .  T h i s  test  was a l s o  c a r r i e d  
o u t  w i t h  a  d i f f e r e n t  t i lues tep  and t h e  r e s u l t  was 
a lmos t  i n d i s t i n g u i s h a b l e .  

Using upst ream d i f f e r e n c e s  t h e  e f f e c t  of t h e  boundary 
t e m p e r a t u r e  p ropaga tes  up t h e  n o d e l  beyond t h e  p a t c h  
l i n e  and t h e  s t e p  is v e r y  much smoothed o u t .  With 
f l u x  c o r r e c t e d  t r a n s p o r t  on t h e  0the.r  hand t h e  s t e p  is  
c o n f i n e d  t o  o n l y  about  3 c e l l s .  There is  a  l i t t l e  
overshoo t  a t  t h e  t o p  but  towards t h e  boundary t h e  
t e m p e r a t u r e  i s  more a c c u r a t e l y  z e r o .  

The t e s t  demons t ra tes  t h a t  wi th  upst.ream d i f f e r e n c e s  
t h e r e  i s  a  smooth t r a n s i t i o n  a t  t h e  pa tch .  With f l u x  
c o r r e c t e d  t r a n s p o r t  t h e  t e m p e r a t u r e  g r a d i e n t  h a s  n o t  
r eached  t h e  p a t c h  a f t e r  10  t i d e s .  Most i m p o r t a n t l y  
t h e  d i f f u s i o n  t h a t  r e s u l t s  from u s i n g  ups t ream 
d i f f e r e u c e s  ( h e r e  i t  is  of t h e  o r d e r  of 1000 m2/s)  i s  
q u i t e  d e s t r u c t i v e  of t h e  t r u e  s o l u t i o n  when a d v e c t i o n  
i s  t h e  main i n f l u e n c e  on t h e  h e a t  f i e l d .  Judgement is  
needed when numer ica l  d i f f u s i o n  i s  s m a l l e r  (e.g.  when 
t h e  g r i d  s i z e  is  reduced)  o r  when s o u r c e  and s i n k  
terms a r e  more i m p o r t a n t  t h a n  a d v e c t i o n  (e.g. i n  mud 
t r a n s p o r t  m o d e l l i n g j  but  i t  seems l i k e l y  t h a t  upst ream 
d i f f e r e n c i n g  w i l l  u s u a l l y  g i v e  u n a c c e p t a b l e  r e s u l t s .  

5.3 T e s t  w i t h  a  
d i s c h a r g e  n e a r  
t o  t h e  p a t c h  

A d i s c h a r g e  was modelled a t  p o i n t  D i n  F i g  3. T h i s  
was t o  i n v e s t i g a t e  problems a s s o c i a t e d  w i t h  t h e  f l u x  
c o r r e c t e d  t r a n s p o r t  a l g o r i t h m  n e a r  t o  t h e  p a t c h  l i n e  
a s  i t  i s  n o t  r e a d i l y  p o s s i b l e  t o  i n c o r p o r a t e  t h e  f l u x  
c o r r e c t i o n  a c r o s s  t h e  p a t c h  l i n e .  The t e s t  was f i r s t  
c a r r i e d  o u t  f o r  a  p e r i o d  of one t i d e  s t a r t i n g  a t  h igh  
w a t e r .  The r e s u l t  i n  F i g  5 shows tlne t e m p e r a t u r e  
a l o n g  t h e  l i n e  shown i n  F i g  3 a t  h igh  wa te r .  With 
f l u x  c o r r e c t e d  t r a n s p o r t  t h e r e  is  a  peaK a t  t h e  
o u t f a l l  and a n o t h e r  t o  t h e  e a s t  which i s  due t o  h o t  
wa te r  d i s c h a r g e d  a t  low wate r  s l a c k .  T h i s  o f t e n  
observed phenomenon i s  found t o  be comple te ly  
washed-out i n  t h e  r e s u l t  wi th  upst ream d i f f e r e n c i n g  
showing how poor a n  approx imat ion  i t  i s  i n  t h i s  
p a r t i c u l a r  c a s e .  To look  a t  t h e  r e s u l t s  a t  t h e  p a t c h ,  
a s  t h e  d i s c h a r g e  i s  on t h e  landward s i d e  of t h e  p a t c h  
t h e  model was r a n  f o r  a  f u r t h e r  k t i d e  t o  low w a t e r  s o  
t h a t  t h e  plume t h e n  e x t e n d s  over  t h e  p a t c h .  



Figs 6 and 7 show the contours of temperature at this 
time. ' The version with upstream differencing shows 
much more nearly continuous contours at the patch as 
the flux corrected transport algorithm is not 
satisfactorily handling the advectio'n near to the 
patch. It seems wise in these circu.mstances to make 
sure that patch lines are placed well away from any 
outfall in a region where temperature gradients are 
less steep and less error will occur. 

5.4 Model timings 
The cost of a DAP model is made up of two parts, the 
DAP time (calculating) and the host machine time 
(inputting and outputting to filestalre and to the 
DAP). The sum of these two is to be compared with the 
total time taken by a serial program. As the DAP is 
extrewely fast for computation the advantage of using 
the DAP is greatest if a great deal of DAP arithmetic 
can be performed between successive appeals to the 
host machine. With a transport modell this means if a 
large number of steps can be performed between 
successive storage times of the flow model. This 
would be the case if the model has a very fine grid 
(and consequently a very small flow model timestep). 

For the tests described above the IC:L 2972 computer 
used about .72 sec per step with no flux corrected 
transport and about 1.2 sec with flux corrected 
transport used throughout. The DAP used about .03 sec 
per step without flux corrected transport and about 
.05 sec with flux corrected transport. The DAP 
program also used 13 seconds of ICL 2972 time in 
calculating 1 tide. It can thus be clearly seen how 
great an advantage there is in using the DAP even in 
this case where only 1347 points are used (up to 8192 
points could be used for the same DAP computing 
time). 
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