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SAMENVATTING

In de huidige studie is een wiskundig model (ESMOR) ontwikkeld voor de
morfologische ontwikkelingen in estuaria. Het model is bedoeld voor goed
gemengde estuaria aangezien het effect van dichtheidstromen niet in rekening
is gebracht. Verder zijn de invloeden van de wind en van korte golven
verwaarloosd.

Het model ESMOR bestaat uit drie deelmodellen, namelijk het stromingsmodel,
het sedimenttransport-model en het bodemniveau-model. Het stromingsmodel is
opgebouwd uit het bestaande twee-dimensionale getijstromingsmodel DUCHESS,
een eenvoudig snelheidsprofiel model en een vereenvoudigd secundair-
stromingsmodel. Het sedimenttransport is verdeeld in bodemtransport en
zwevend transport. Het bodemtransport is berekend met een transportformule
terwijl voor het zwevende transport een diepte-geintegreerd model is
toegepast. Het bodemniveau is berekend uit het totale sedimenttransport-veld
in een getijperiode gebaseerd op de massabalans.

Speciale aandacht is geschonken aan het diepte-geintegreerde modelleren van
het zwevende sedimenttransport. Het model is afgeleid uit een asymptotische
oplossing van de convectie-diffusie vergelijking zoals het model van
Galappatti. De theorie van Galappatti is gegeneraliseerd en verbeterd.

Een theoretische analyse is uitgevoerd op het diepte-geintegreerde model
voor het zwevende sedimenttransport. Aandacht is vooral geschonken aan de
convergentie van de asymptotische oplossing van de convectie-diffusie
vergelijking en het morfologische gedrag van de verschillende modellen. Voor
een paar geschematiseerde gevallen zijn de verschillende diepte-
geintegreerde modellen vergeleken met het exacte model. Een goed inzicht is
verkregen in de geldigheid en de toepasbaarheid van het model.

Het model ESMOR is geverifieerd door het met het meer geavanceerde volledige
drie-dimensionale model SUTRENCH te vergelijken. Voor het toetsgeval is
goede overeenkomst tussen de twee modellen verkregen. Verder levert de
vergelijking tussen de twee modellen ook een toets voor de resultaten van de
theoretische analyse. ;
Tenslotte is het model ESMOR toegepast voor lange termijn morfologische
berekeningen voor een gebied in het Yantze estuarium. Ondanks de vele grote
moeilijkheden zijn bemocedigende resultaten bereikt.
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ABSTRACT

In the present study a mathematical model has been developed for the
morphological development in estuaries (ESMOR). The model is aimed for well
mixed estuaries since the density flow effect is not taken into account.
Further the influence of the wind and short waves has been neglected.

The ESMOR model consists of three submodels, viz. the flow model, the
sediment transport model and the bed level model. The flow model is
constructed from the existing two-dimensional tidal flow model DUCHESS, a
simple velocity profile model, and a simplified secondary flow model. The
sediment transport is divided into bed load and suspended load transport.
The bed load transport is calculated with a transportuformula while the
suspended load transport is calculated from a depth-integrated model. The
bed level change is calculated from the total sediment transport field in a
tidal period based on the mass balance.

Special attention has been paid to the depth-integrated modelling of the
suspended sediment transport. The model is derived from an asymptotic
solution of the convection-diffusion equation following the theory of
Galappatti. The theory of Galappatti has been generalized and improved.

A theoretical analysis has been carried out on the depth-integrated model
for suspended sediment transport. Special attention has been paid to the
convergence of the asymptotic solution of the convection-diffusion equation
and the morphological behaviour of the different models. For some
schematized cases different depth-integrated models have been compared with
the exact model. Good insight has been gained into the validity and
applicability of the model.

The ESMOR model has been verified by comparing it with a more sophisticated
fully three-dimensional model (SUTRENCH). For the test case good agreement
has been obtained between the two models. Further the comparison provides
also a test for the results from the theoretical analysis.

The ESMOR model has been applied for long term morphological prediction in a
part of the Yantze estuary. Despite a lot of great difficulties some
encouraging results have been achieved.
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Chapter 1 INTRODUCTION

Estuaries are places where rivers meet the sea. Because of their special
geographical positions most estuaries are very important for mankind. They
provide water and possibilities for navigation and waste discharge, all
economically important. It is certainly not a coincidence that many big

cities are located at large estuaries.

Estuaries are continually under morphological development, including sudden
changes and gradual evolution. Sudden changes may be caused by e.g. tectonic
movements or human interference such as dredging and land reclamation.
Gradual evolution is the natural near-equilibrium process. In the present

study only the gradual morphological development will be considered.

Morphological development in estuaries can have beneficial as well as
adverse effects. Sedimentation of estuaries has provided a lot of fertile
land, but, on the other hand, sedimentatjon of the channels in estuaries can
cause serious problems to navigation. Large amounts of money are spent by
harbour authorities all over the world for maintenance dredging of
navigation channels. When these activities are not effective, the harbour
may decline in importance or even be abandoned altogether. It is therefore
very important to be able to predict the morphological development, under
natural conditions as well as due to human interference. However, a
satisfactory technique to do this is not yet available. In fact,
morphological modelling for estuaries, especially the mathematical
modelling, is still in a éarly stage of development and requires a lot of

further research.

The morpholbgical development of an estuary is a very complicated physical
process. Morphological change is a result of the interaction between the
water movement and the bed topography. Any influence on the water movement
in the estuary will also induce morphological development. If the estuary is
considered as a water body, then all these influences can be detected at the
boundaries of this water body(see fig.1l.1): at the upstream boundary the
river inflow, at downstream boundary the saline water intrusion and the

tidal motion, at the water surface the wind which generates waves and



estuary

waves

Fig.1.1 An illustration of an estuary and the influences
on the morphological development in it.

exerts forces on the flow, and the bed forms which induce resistance. All
these influences together determine the hydraulic conditions in the estuary
and thereby the morphological process. The morphological development in an
estuary is also influenced by the sediment influx from the upstream river
and the sediment exchange with the "downstream" sea, and by the properties
of the sediment. After all, morphological changes, erosion and
sedimentation, are results.of non-uniformity of the sediment transport.
Processes within the estuary, which can cause changes of the sediment
properties, will thus also influence the morphological development. An ideal

morphological model should take all these factors into account.

Due to the insufficient understanding of the processes and the lack of
sufficient facilities, developing such an ideal morphological model is still
hardly possible. Simplifications are virtually inevitable, and consequently
the model can only be applied to limited classes of problems. In the present
study a mathematical model is developed for the morphological development in
estuaries (ESMOR). In this model the density flow effect and the influence
of short waves are not taken into account. Therefore the model will only be

applicable to well-mixed estuaries. Furthermore the flocculation of cohesive
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sediment particles is not included in the model, so the model canmnot be

applied for regions where flocculation is important.

In the following chapter the general aspects of the model are discussed. The
structure of the model is outlined, and the state of art of the subject is
described. The two most important submodels in the morphological model, viz.
the flow model and the sediment transport model, are described in chapter 3
and chapter 4 respectively. In chapter 4 special attention is paid to the
modelling of the suspended sediment transport. The approach is an extension
of the model of Galappatti (1983) (also see Galappatti and Vreugdenhil,
1985). Not only is his two-dimensional model extended to three dimensions
but also the basic theory on the model has been generalized. The theory
developed in chapter 4 is studied analytically in chapter 5. From this
analysis a good insight into the validity and applicability of the suspended
sediment transport model has been gained. In chapter 6 the numerical aspects
of the model are discussed. The ESMOR model is verified in chapter 7 by
comparing it with a more sophisticated fully three-dimensional model.
Besides, the comparison provides a test for the results from the theoretical
analysis in chapter 5. Chapter 8 describes a practical application of the
ESMOR model to the Yantze estuary, which, despite a lot of great
difficulties, gives some encouraging results. Finally the conclusions from

the present study are summarized in chapter 9.






Chapter 2 GENERAL ASPECTS OF THE MODEL

2.1 Structure of the Model

The morphological process is in fact a mechanical process if only non-
cohesive sediment is considered. The whole process could thus be described
completely by momentum and mass balances, applied to the water as well as to
every sediment particle. The dependent variables would then be the flow
variables and the positions of all sediment particles in motion. It is
easily understood that this approach is unrealistic. In fact the
investigation of the motion of a single particle only makes sense to obtain
more insight into the sediment transport process(see e.g. van Rijn, 1984a).
In morphological computations the dependent variables describing the process
are the flow variables, the sediment transport and the bed level. In that
case, the momentum balance is only applied to determine the flow field. This

schematisation is applied in all mathematical models for morphology so far.

The three groups of dependent variables, related to the flow, sediment
transport and the bed level also depend on each other. When the system is
not in equilibrium all these variables are continually changing in time. The
water motion gives rise to sediment transport and when the sediment
transport is not uniform, the bed level will change. The changed bed level
will modify the flow field and hence the sediment transport pattern. In this
way the whole system is always in development. Therefore a complete
mathematical model for morphological development should be a set of coupled
equations, the solution of which yields the time dependent flow field, the

sediment transport field and the bed level (see fig.2.1).

INITIAL STATE

FLOW FIELD
SEDIMENT TRANSPORT
BEDLEVEL

Fig.2.1 Computation procedure of a
morphological model without
NEXT STEP simplifications. '
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Because of its complexity this approach has rarely been adopted. In most
morphological models simplifications are made on the basis of two important
assumptions. One is the low concentration assumption, stating that the
influence of the suspended sediment on the flow can be neglected as long as
the sediment concentration is not too high. The other one is the assumption
of quasi-steadiness (de Vries 1959, 1965): from an analysis of the
characteristics of the system it can be shown that for small Froude number
the floﬁ computation and the bed level computation can be carried out
separately. This means that during the flow computation the bed level can be
considered as invariant and during the bed level computation the flow is
considered as invariant. With these two assumptions the morphological model

can be schematized as in fig.2.2.

INITIAL STATE

FLOW FELD

SED. TRANSP.

BED LEVEL

Fig.2.2 Computation procedure of a
NEXT STEP morphological model in quasi-
steady flows.

In general the time step for the bed levél computation can be much larger
than the time step in the flow computation. In the case of quasi-steady flow
this is easily realized by assuming that the flow field does not change
during the time step of the bed level computation. In the case of tidal flow
it is often assumed that the flow field and the sediment transport field
remain periodic during several tidal periods. This means that the time step
for the bed level is equal to a number of tidal periods (see de Vriend,
1985). Furthermore, the bed level change after one time step is often small
so that the modification of the flow field is so small that a simple flow

adjustment model can be applied. An often used method is the continuity
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correction method (Hauguel, 1978, de Vriend, 1985). In this method the
distribution of the water discharge and the water level is assumed to be the
same as those in the previous step (or tidal period). The water depth and
the velocity field change only due to the bed level change. Hauguel (1978)
developed a more sophisticated method in which the difference between the
new and the old flow field is assumed to be a potential flow field. This
method is more laborious than the continuity correction method but still
much simpler than a completely new tidal flow computation. The simplified
flow adjustment can be applied a number of times, depending on the rate of
bed level change. When the bed level change exceeds some limit, the complete
flow computation has to be carried out again. In fig.2.3 the morphological

model is outlined for tidal flow situations.
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Fig.2.3 Computation procedure -of a morphological model
in tidal regions. .



2.2 State of the Art

Mathematical modelling of morphological processes in estuaries is still in
an early stage of development. Due to the amount of computational effort
involved, the development of morphological computation methods has been
dependent on the development of computers. It was only a few decades ago
that the first one-dimensional morphological models, with quasi-steady flow
and equilibrium sediment transport formulae were applied to river
engineering problems (de Vries, 1959). Morphological computations for

estuaries have hardly been carried out so far.

As outlined in the previous section a mathematical model for morphological
processes consists of a number of submodels. Therefore, reviews of previous
work are given separately for each of the submodels and for the

morphological model as a whole.
Flow Model

The many flow models developed for estuaries can be divided into two large
groups, viz. density flow models and models without density flow effects.
Only the last group is considered here since the present study only concerns

well-mixed estuaries.

Flow models can also be divided into one-dimensional, two-dimensional and
three-dimensional models. The one-dimensional models such as the FLOWS model
developed by Delft University of Technology (DUT, 1983) and the two-
dimensional models such as WAQUA (Stelling, 1983) and DUCHESS (DUT, 1986,
1987) have already been operational for application as well as research
purposes for some time. Nowadays three-dimensional flow models start also to

be operational.

The one or two-dimensional models only describe the depth-averaged flow
fields. Velocity profile models are needed to calculate the vertical
distribution of the flow velocity. The simplest profile model is assuming
the logarithmic velocity profile. This model has been widely applied
(Galappatti and Vreugdenhil, 1985, van Rijn, 1987). A more sophisticated
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model for deriving velocity profiles from the depth averaged flow field is

given by Davies (1986).

The three-dimensional character of the flow field can be improved by adding
the secondary flow to a depth averaged two-dimensional model. This has been
particularly successful for describing flows in river bends (de Vriend,
1976, 1977, 1981; Kalkwijk and de Vriend, 1980, Olesen, 1987). For the
secondary flow in estuaries a model has been developed by Kalkwijk and Booij

(1986, also see Booij and Kalkwijk, 1982).

Sediment Transport Model

The sediment transport problem has been studied for a long time. As early as
1879, Duboys published a sediment transport formula. Many transport formulae
can now be found in the literature. These transport formulae were derived
for the equilibrium transport rate in a uniform flow. However, when
suspended load transport is important the sediment transport rate is in
general not equal to the equilibrium value. Therefore non-equilibrium

transport models are needed for suspended load transport.

The suspended sediment concentration in a flow is described by a convection-
diffusion equation. Based on direct numerical solution of this equation two-
dimensional vertical (2DV) models (e.g. Kerssens, 1974) and fully three-

dimensional (3D) models (van Rijn, 1987) are developed. Another approach is
depth-integrated modelling. This kind of models is based on the solution of
depth-integrated convection-diffusion equation (Lin et al, 1983, Lin and

Shen, 1984). In these models empirical relations are needed, especially for

the sediment exchange rate between the bed and the flow.

Galappatti(1983, also see Galappatti and Vreugdenhil, 1985) presented
another approach for depth-integrated modelling of suspended transport. An
equation for the depth-averaged concentration is derived from an asymptotic
solution of the convection-diffusion equation. This aﬁproach has the
advantage of being flexible with respect to the bed boundary condition and
of containing no extra empirical parameters in the depth-averaged

concentration equation.
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Bed Level Model

When the sediment transport field is known the bed level can be calculated
from the mass-balance equation for sediment. The major problem in this
submodel is the numerical solution technique. For the one-dimensional case
the problem has been thoroughly analysed by Vreugdenhil (1982). A numerical
diffusion term appears to be necessary to maintain stability of the
computation when the equation is solved explicitly and the equilibrium
transport model is applied (Vreugdenhil and de Vries, 1967). Physically it
means that a bed gradient dependent transport has to be included. The same

applies to two-dimensional problems (de Vriend, 1986, Olesen, 1987).

Morphological Model as a Whole

Depending on how the bed topography is schematized, a morphological model
can either be one-dimensional or two-dimensional. Nowadays in river
engineering one-dimensional models are commonly used whereas two-dimensional

models are still in a developing stage.

Distinction should also be made between models for non-tidal rivers and
models for tidal regions. A recently developed two-dimensional model for
non-tidal river bends is due to Olesen (1987, also see Struiksma et al,
1985). For tidal regions only "initial models", predicting the initial bed
level change rate, are widely applied in practice (Holz and Crotogino, 1984,
McAnaly, 1986, van Rijn, 1987). One of the rare examples of long term

morphological predictions in tidal regions is reported by Hauguel (1978).

Concerning the theoretical aspects the behaviour of the one-dimensional
morphological models, at least those models with quasi-steady flow and
equilibrium transport model, have been well understood (de Vries, 1981).
However, the behaviour of the two-dimensional models is still far from
understood. The theoretical analysis by de Vriend (1984, 1986) is the
pioneering work in this area. Much remains to be done in order to gain a

thorough understanding of the problem.
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Chapter 3 THE FLOW MODEL

3.1 Introduction

)
The flow in an estuary is a very complicated physical phenomenon. It is
unsteady since it is influenced by the upstream river flow and the tidal
motion in the Surrounding sea or ocean. The geometry of an estuary is often
such that the geostrophic forces and wind can have a significént influence
on the flow, and the flow must be considered as three-dimensional. Further
the density flow effect caused by the density difference between the saline
sea water and the fresh river water is often important. It is unrealistic at
present to include all these aspects in the morphological model to be

developed. Only the most important aspects can be taken into account.

In the preparatory study (Wang, 1985) the question which aspects should be
taken into account in the present study was investigated. It was decided to
neglect the influence of density flow and short waves. This means that the

model will only be applicable to well-mixed estuaries.

It is not the intention of this study to carry out fundamental
investigations on the flow or to develop new flow models. Therefore the flow

model is constructed from existing models.
The flow model has to satisfy the following requirements.

* It has to be able to predict the flow field accurately enough for
further use in morphological computations. The unsteady and three-
dimensional character should thus be taken into account.

* It has to be a two-dimensional model based on some similarity
assumptions. This is needed because a depth-integrated model will be
applied to describe the suspended sediment transport. A depth-
integrated model should only be applied if the velocity profiles can be

described by a small number of parameters.

* It has to be available and not too expensive to use.
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Based on these considerations the flow model has been constructed from two
components, a main flow model and a secondary flow model. The main flow
model consist of a tidal flow model and a simple profile model for the
velocity distribution. For the tidal flow model the model DUCHESS developed
at the Delft University of Technology is chosen. For the secondary flow
model the approach of Kalkwijk and Booij (1986) is applied. It is assumed
that the secondary flow has no influence on the main flow. The main and the

secondary flow models are briefly described in the next two sections.
3.2 Main flow model

The depth-averaged flow field is calculated with the DUCHESS model-. This

model is based on the two-dimensional shallow water equations.

PR dq

o, _XL_Y_ -
3t e T 3y 0 (3-1)

aq q q q
_x, 0, x| ,8 [y 8 _6{35
at * ax[qx D ] * ay[D qx] ax[DE ax\D }] +

q g§Qgq
a ad X 3H X
-@DEB—)I{E—}]+BD5_§+ 57 -fqy—O (3-2)
cCD
iiz_}_.a_qq_x.'_a_iZq _a_DEaEY. +
at x|’y D dy\D ‘y ax dx{D
q gQq
.9 9 |y oH b = -
ay[DE 5§{D }] + gD 3y + =g~ + qu 0 (3-2)
CD
Therein H = water level,
9, = discharge per unit width in x-direction,
qy = discharge per unit width in y-direction,
2 2
Q = |q, + dy
t = time,

X,y = horizontal coordinates,
g = gravity acceleration,
= Chezy coefficient,

f = coefficient for geostrophic acceleration,
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D = water depth,

E = horizontal diffusion coefficient.

Equation (3-1) is the continuity equation and equations (3-2) and (3-3) are

the momentum equations in x- and y- directions respectively.

The Alternating Direction Implicit (ADI) method with a staggered grid (see
fig.3.1) is applied for the numerical solution of equations (3-1) through
(3-3). More information on the DUCHESS model is given in DUT(1986, 1987).

o : h point
-- ¢ g, point

bbb -b--b--b--b--4-- : qy point

Fig.3.1l The staggered grid

The DUCHESS model calculates only the water level and the current field
(averaged velocity * water depth). For the vertical velocity distribution a
simple profile model is applied, i.e. the velocity in the direction of the
current is assumed to be distributed in the vertical according to the
logarithmic law. Based on the logarithmic velocity distribution the
‘normalized velocity profile above a distance z, from the bed (fig.3.2) is

derived by Galappatti(1983).

u U*
p(e)= == = 1 4 |12 1B - (3-4)
- - B+1 B
u u K
s s
where B = za/h,
h =D -2z,
a
u, = velocity in the main flow direction,
ﬁs = mean flow velocity above the bed boundary,
¢ = (z-z,-2z,)/h,
z, = bed level.

It should be noted that by definition
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1
J p(f) d¢ =1 (3-5)
(4]

This simple profile model is only applicable for gradually varying flow.

— [=1
- Un
z D h
f 4
s - — 00— - — — =0 — — [=0
’ T 4 o
Definition sketch Main flow veloclity Sec, flow velocity

Fig.3.2 Definition sketch and velocity profiles
3.3 The Secondary Flow Model

The secondary flow is the difference between the actual flow and the main
flow. It is assumed that the secondary flow component in the direction of
the depth averageq fiow can be neglected. Thus the horizontal velocity
component perpendicular to the direction of the depth averaged flow(the main
flow) is the horizontal component‘of the secondary flow; the vertical flow
is such that the secondary flow satisfies the equatioﬁ of continuity,
irrespective(of the main flow. Only the horizonfal component of the

secondary flow will be considered here.

There are many sources of secondary flow. The two most important sources are
the main flow curvature and the geostrophic acceleration. The secondary flow
velocity caused by the main flow curvature is directed towards the outer
bend at the water surface and towards the inner bend at the bottom. The
geostrophic acceleration causes a secondary flow directed towards the right
(on the Northern Hemisphere and looking in the mein flow direction) at the
water surface and towarde the left near the Bottom. Both kinds of secondary

flow are considered hereafter.

Secondary flow has been studied for a long time. Well known works on this
subject are van Bendegom (1947), Rozovskii (1961) and de Vriend (1981). The

secondary flow model described in the following is due to Kalkwijk and
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Booij(1985) (see also Booij and Kalkwijk, 1984). It is based on the

following main assumptions.

* The flows considered are slowly varying and nearly horiébntal.A
* The secondary flow field is quasi-steady.

* The eddy viscosity is completely determined by the main>flow.

* The logarithmic velocity distribution applies to the main flow.
* The friction in the vertical planes can be neglected.

* All inertia terms except the centrifugal one can be neglected.
Based on these assumptions the equation governing the secondary flow
velocity turns out to be linear, so the two kinds of secondary flows can be
considered separately.

(3-6)

where u = secondary flow velocity,

[~
i

secondary flow due to curvature,

e
]

secondary flow due to geostrophic acceleration.

For both u L and u. 4 local equilibrium or fully developed value can be

defined. It is determined by the local flow parameters only.

£D [Z'Zb J_g]

u = - f }—
2 T¢

ce D ' kC (3-7a)
K

24D z-2 J_
_ s b Jg : -
e T 7 fb[ E] (3-7b)

D
k R
s
where Rs = the radius of curvature of the streamline of the main flow
K = wvon Karman constant

For the profile functions f. and fC linear approximations are applied.

b

1 z-2, . L .
fb=fc=3[§-§—c][z = - 1] (3-8)
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With this approximation equation (3-7a) and (3-7b) can be normalized as

e = Leal®) (3-9a)

Upe = Lped(t) (3-9b)

where Ibeand ICe are intensities of the fully developed secondary flow and q

is the normalized profile function(see fig.3.2).

ats) - 4 &5 - 2 (3-10)

Due to the variation of the main flow in the main flow-direction s, the
actual secondary flow velocity will in general not be equal to the fully

developed value. This effect is taken into account as follows.

u =Ku (3-11a)
nec c nce

Ynb T Kbunbe (3-11b)

These equations imply the assumption that the secondary flow velocity has
the same vertical distribution everywhere. KC and Kb are functions of s and
can be solved from the following differential equations respectively.

1-2a d N
77 oK) + K =1 (3-12a)

2a k

u h
1-2a d s Kb
2 EE[ R ] + Kb =1 (3-12b)
2a & s
_ i& - ’
a =7 (3-12c)

Up to now only of the secondary flow velocity has been considered. However,
secondary flow can also have influence on the bed shear stress. The bed
shear stress due to the secondary flow is treated in a way similar to that
for the velocity, only the relaxation length is smaller than for the

velocity.
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o " "ne + "nb (3-13)
T =K't (3-14a)
nc ¢ nce
"nb T Kanbe (3-14b)
2f-
Thee = -pa ush . (3-15a)
2pa’ (1-a)l & 3-15b
Thbe ~— “P¢ ( -a)§; Yg (3- )
1-2a d , . )
7 K + K =1 (3-16a)
8a &
u hk!
1-22 4 [%™% ,
22&[1{]“‘1}‘1 (3-16b)
8a k s

In these equatiomns

= bed shear stress due to the secondary flow (in the normal
direction),

b secondary bed shear stress due to curvature,

The™ secondary bed shear stress due to geostrophic acceleration,

T = equilibrium value of r

nbe nb’

7= equilibrium value of r_ ,
nce nc

p = density of the fluid, .
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Chapter 4 THE SEDIMENT TRANSPORT MODEL
4.1 Introduction

The sediment transport model is the heart of the whole morphologlcal model
The accuracy of the prediction of morphological development is mainly

determlned by the accuracy of the sediment transport model.

Sediment transport is usually divided into bed load and suspended load
transport. The bed load transport is defined as the transport of particles
by rolling, sliding and saltating (Bagnold, 1956). The suspended load
transport is defined as that in which the excess weight of particles is
supported wholl§ By a random succession of upward impulses imparted by
turbulent eddies (van Rijn, 1987). It should be noted that in natural
conditions there will be no sharp division between bed load transport and
suspended load transport. This division is introduced only betause it is
necessary for the mathematical representation. Therefore other definitions

are possible(see e.g. Einstein, 1950).

It is a widely accepted assumption that the bed load transport adjusts
instantaneously to the local flow conditions. Under this assumption the bed
load transport will only depend on the local conditions. This means that the

transport rate can be written as

= f(flow param.,sediment param.,geometric param.) . (4-1)

ry

The most important flow parameter is the bed shear stress, often expressed

by the bed shear velocity u, defined as

u, = E (64-2)

density of water, - : re : N

5
o
[a]
[}
©
[l

bed shear stréss:

-
il
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For non-cohesive sediment the grain size d and the density s, are the most
important sediment parameters. The geometric parameters are the parameters

such as the bedlevel gradient.

Many transport formulae have been developed by various researchers. Well
known examples‘are the formulae of Einstein (1950), Bagnold (1956),
Meyer-Peter and Muller (1948), and Engelund and Hansen (1967). A recently
developed transport formula is the one proposed by van Rijn (1984). Here no
specific choice is made. The model is built in such a way that different
options can be chosen when it is applied. A special option is $=0, which

means that bed load transport.is neglected.

For the suspended transport a local equilibrium transport rate can be
defined invthe same way as for the bed load transport. However, the actual
transport rate is in general not equal to the equilibrium value, since the
adjustment of the transport rate to the flow condition needs more time than
in case of bed load transport. Various approaches are possible for modelling
the suspended sediment transport. The simplest approach is assuming the
transport rate to be in local equilibrium. The suspended transport rate is
then calculated from the local conditions with a transport formula similar
to that for the bed load transport. This approach can be applied only when
the adaptation time and the adaptation length of the sediment transport rate
are relatively small compared with the length and time scales of the

phenomenon to be modelled.

The most sophisticated approach is the fully three-dimensional model. In
this model the convection-diffusion equation describing the suspended
sediment concentration is solved to determine the sediment concentration
field. The transport rate is then determined by integration. The basic

theory for this approach will be outlined in the next section.

In the ESMOR model an approach in between these two extreme cases is chosen.
This is the depth-integrated model, which is often derived by integrating
the convection-diffusion equation over the depth. However, as the
convection-diffusion equation is in fact a mass balance equation, the

integrated form of this equation remains a mass balance equation. This
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integrated mass balance equation, and hence the morphological model are
mainly based on an empirical relation for the exchange rate of sediment
between the flow and the bed. This will be shown in subsection 4.2.6. A new
approach for developing a depth-integrated model has been introduced by
Galappatti(1983, also see Galappatti and Vreugdenhil, 1985). Based on an
asymptotic solution of the convection-diffusion equation a linear
differential equation is derived for the depth-averaged concentration. This
equation can be solved instead of the convection-diffusion equation. In
section 4.3 a generalized theory of this approach will be presented and
section 4.4 gives some examples of models derived from this general theory.
The model which will be used in the present study is described in section
4.5. In section 4.6 the significance of the influences of secondary flow and

horizontal diffusion is investigated.

4.2 Basic Theory

4.2.1 Convection-diffusion equation

The sediment concentration in the flow is governed by the mass balance

equation
S (o 0) + aiv(p ch__) = 0 (4-3)
+=(p_ c iv(p_cu = -
3t s PsUsed
nd ‘
In this equation ¢ and u_ 4 are instantaneous variables.
Py = sediment density,
[ = sediment concentration,
-
u_ = local sediment velocity,
sed
t = time.

It is further assumed that the sediment density is constant and that the
velocity of the sediment particles is equal to the local flow velocity

except in the vertical direction, thus

-+ - -
uSed =u - wsez (4-4)
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o
in which 'u

local flow velocity,

fall velocity of sediment particles,

ol €

i

the unit vector:in the 'vertical direction.

By ‘applying the Reynolds:procedure and introducing the eddy-viscosity

concept equation (4-3) becomes

dc . R - a dc a dc dc dc
3¢ * diview - ﬁ[fs 55] - ﬁ[fn a“n] Vs @zt ‘[5 —] (4-5)

nd . .
In this equation c and u are averaged variables and

turbulent diffusion coefficients,

-
‘m
-

]

s, n = horizontal coordinates in the main flow direction and the
normal direction respectively,
z = vertical coordinate.

In many applications this equation is further simplified by assuming that

* the ¢convection term in the vertical direction can be neglected compared

with the convection term in the main flow direction;

* the horizontal diffusion term in the main flow direction s can be

neglected compared with the convection term.

Here the first assumption will be used while neglecting of the horizontal

diffusion term will-be reconsidered, (see section 4.6).

4.2.2 Boundary conditions

For solving the convection-diffusion equation the following boundary

conditions are needed.

* Initial condition.
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At t=0 the sediment concentration field c(t=0,s,n,z) has to be
specified. Usually this condition is not very important, since its

influence will disappear after some time-.

Inflow boundary condition.

At the inflow boundary the concentration c(t,z) has to be given. This
is an essential condition, although the necessary information is seldom

available in practice.

Qutflow boundary condition.

At the outflow boundary a condition is also needed due to the diffusion

term. Often a weak condition of the form

c dc

=0 (4-6)

is applied. Herein N is the coordinate normal to the boundary. This
condition, if formulated properly, has little influence on the solution

in the computational domain.

Closed boundary.

Closed boundaries such as a river bank are assumed to be solid so there
will be no sediment flux across the boundary. The condition can thus be

written as

dc

-0 , (4-7)

Water surface boundary condition,

At this boundary it is assumed that there is no sediment flux across

the water surface, or in equation form

dc . -
[wsc +oe, 5;]2=zb+D =0 (4-8)
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* Bed boundary condition.

The bed boundary is located at a small height z, above the bed level.
The sediment transport below this boundary is assumed to be bed load
transport. According to van Rijn(1987) z, should be about half the bed
form height. In this study z, is chosen as a certain fraction of the

water depth D. Thus
a .
B = = i< constant (4-9)

Based on an accuracy consideration van Rijn(1985) stated that g should
not be too small(>0.01). On the other hand it should not be too large
either because otherwise the adjustment at the boundary cannot be
assumed instantaneous. In this study the B value ranges from 0.0l to

0.05.

Mathematically the required condition can be satisfied by specifying
either the sediment concentration, or the vertical concentration
gradient or a combination of them at the bed. Practically this
condition causes one of the biggest problems in the model. It is the
most important boundary condition since it determines the magnitude of
the sediment transport while the convection-diffusion equation
determines the relative distribution of the sediment concentration in
the flow. Nevertheless an exact condition at the bed can seldom be
given because the mechanism of the sediment exchange between the bed
and the flow is not well understood up to now. This problem is solved
by assuming that the equilibrium state at the boundary is adjusted

instantaneously.

Two kinds of conditions are often applied at the bed boundary viz. the
concentration type and the gradient type. The concentration type
condition assumes that the sediment concentration at the bed boundary
adjusts instantaneously to the equilibrium value:

c(z=z +za) =C (4-10)

b a
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The gradient type condition assumes that the upward sediment flux is

only determined by the local conditions.
dc
[ez 52}2=z vz T Vs (4-11)
b “a

In both equations Ca is the equilibrium bed concentration. This
equilibrium bed concentration can be derived from the equilibrium
suspended transport rate if the concentration distribution over the
depth is known. It depends thus on the local flow parameters and
sediment parameters. Many formulae for the equilibrium transport rate
can be found in literature. At present no specific formula is chosen,

different options can be used in the model.
4.2.3 Turbulent diffusion coefficients

Without any reasoning the convection-diffusion equation has been written as
'equation(a-S) in subsection 4.2.1. It should be noted that this equation
implies the assumption that s, n, and z are the three principal directions
of the diffusion tensor. In fact very little is known about the diffusion
tensor in a three-dimensional flow. The assumption is based on the following

two considerations.

* For shallow water flow it is logical to assume that the vertical

direction z is one of the principal directions.

* Since little is known about the horizontal mixing it is convénient to
assume that the mixing in the horizontal plane is isotropic (es=en), so
any direction in the horizontal plane can be considered as a principal

direction.

A distinction should be made between vertical and horizontal mixing. For the
vertical mixing the information gained from the studies in the two-
dimensional flows can be used. Since Schmidt (1925) introduced a general

equation for the equilibrium suspended sediment concentration profile, one
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of the most used expression for the vertical diffusion coefficient for

sediment is the parabolic function

z-z
D

? =TI
z

z-z . f
b b
[1 ) ] xu D . - (4-12)

where T' is a constant. For I'=1 this agrees with the eddy viscosity .
coefficient for fluid momentum, leading to a logarithmic velocity
distribution in uniform shear flow. In other words, I'. is the ratio between
the diffusion coefficient of sediment and that of the fluid' (turbulent

Schmidt number).

1.00

T
r :
L | |
I |
080+ : A !
| 1
F { :
0.60 |- , |
z I . ' I
'D For momentun W= o.o/ /' 03 )
040 ' P s /‘/ ’
. o T
| _ - -
020} o -t
ol—=—="", e . . )
0 0.03 0.06 0.09 0.12. 0.15

Turbulent “diffusion coefficient/UxD"

-Fig.4.1 Vertical diffusion coefficient for momentum and
sediment

Here the parabolic-constant sedimént diffusion coefficient' introduced by
Kerssens (1974, 1977, also see van Rijn, 1987) is applied. This diffusion
coefficient distribution is based on the experimental data of Coleman(1970).

* in'equation form this distribution reads "

. fw )% : . z-z
e, =€ =40.13+0.2[-2|  puDp = for

5 ‘;:0L5 (4-13a)
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z-z z-z z-z - . -
€ = be b [1 - b] for b < 0.5 (4-13b)

This distribution is depicted in fig.4.1, together with Ehg parabolic

distribution.

Relatively little is known about the horizontal diffusion. coefficient. In
studies on two-dimensional problems the horizontal diffusion is often
neglected. Most information about horizontal mixing in the literature is
related to dispersion rather than to diffusion. Dispersion includes not only
horizontal diffusion, but aiso convective effects introduced by the depth
averaging process. The dispersion concept was first introduced by _
Taylor(1954) for non-buoyant matter and later it was applied by Elder(1959)
for sediment particles. Since then the gradient type model has been widely
applied to describe dispersion of matter in flows. The dispersion

coefficient is often used as calibration parameter.

‘Eased on the examination of data from the 1itgrature (mostly on dispersion)
van Rijn (1987)VSCates that the hor?zontal diffusion coefficient is in the
range 0.1 to 1 mﬁ/s. Compared with the vertical mixing coefficient this is
relatively large. According to equation (4-12) for u*=0.05 m/s and D=20 m,
the maximum value of the vertical diffusion coefficient is 0.1 m /s. Further
van Rijn assumes that the horizontal diffusion coefficient is constant in
the whole flow field. Here it is assumed that the horizontal diffusion

coefficient is related to the vertical.diffusion coefficient according to
€ =€ = Aez + B (4-14)

where A and B are constant coefficients. This rather complicated formulation
is chosen in order to keep the model as flexible as possible, especially for
being able to make ideal comparisons with other models. This is thus only
done for research purposes. For practical application it may be sufficient

to assume that the horizontal diffusion coefficient is constant.
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4.2.4 Suspended sediment transport

The suspended sediment transport consists of a convective part and a

diffusive part. In formula, the transport vector can be written as

. zb+D . zb+D
S = I cu dz - I esgrad(c) dz . (4-15)
zb+za zb+za
where § = the suspended sediment transport vector,
U = the horizontal velocity vector,
grad(c) = the horizontal gradient of c.

4.2.5 The Equilibrium Concentration Profile !

When the left hand side of the convection-diffusion equation (4-5) vanishes
the equilibrium concentration profile results. This approach of determining
the equilibrium sediment concentration profile was first applied by Schmidt
(1925). For this special case the two types of the bed boundary conditions
give the same result. Integrating the equation with respect to z once and
applying the water surface boundary condition (4-8) yields

de

w e + € dz 0 . (4-16)

The general solution of equation (4-16) with boundary condition (4-10) is

1
c, = C, exp J — da¢ (4-17)

Z-Zb-Za
(- —2 (4-18)
€Z
¢ = (4-19)
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This is the general equilibrium concentration profile. It can be normalized

as

c, = a0 () (4-20)
where ée = the depth averaged equilibrium concentration,
a, = the normalized equilibrium concentration profile.

[

It should be noted that according to the definition
1
Iao(g) d =1 (4-21)
0

4.2.6 Integrated Form of the Convection-Diffusion Equation

Integrating the convection-diffusion equation (4-5) over the depth gives
a3 - .
EE(hC) + div(S) = E (4-22)

where E is the sediment exchange rate at the bed boundary.

dc
E=-[wec+ ¢ —
s z 3z z=za

It should be noted that this equation is nothing else than the mass balance
equation for the suspended sediment. The exchange rate E is also present in
the mass balance equation for the layer under the bed boundary, which is
applied for determining the bed level change rate.

dz

b 1 L2

Fral [E - le(Sb)] (4-23)
where gb is the bed load transport vector and P is the porosity of the bed.
Equation (4-22) has been used by many researchers (see e.g. Lin et al, 1983,
Lin and Shen 1984) to construct a depth-integrated model for suspended
sediment transport. To do this the sediment transport rate 3 and the

sediment exchange rate at the bottom E have to be formulated in terms of the
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mean concentration c¢. The exact expressions are unknown until the original
convection-diffusion equation is solved. Therefore empirical expressions
have to be applied for 3 and E in this kind of depth-integrated models.
Obviously integration of the convection-diffusion equation itself does not
provide any more information. The depth-integrated models derived in this
way are in fact only based on the empirical expressions used for S and E.

Most of the expressions used have the following form

§=-athec . S (4-24)
E =19 ws(ce - ¢) _ (4-25)
Herein a = shape factor ,

¥ = constant coefficient.

Two examples of this kind of models are given in the following. Lin et al
(1983) derived a one-dimensional depth-integrated model for the suspended
sediment transport in the Qiantang estuary and later Lin and Shen (1984)

extended the model to two dimensions using the following expressions.

a=1 (4-26)

C w_/Ku
h *
p= 2=y, =T [ﬁ] s (4-27)
c
e
where T =

constant coefficient used as a calibration factor,

sediment grain size.

- . el

This results in the following equation for the mean concentration.

s

Q@

- 3 .- 3 .- ..
7t [hc] + 5 [uxhc] * 3y [uyhc] + 711ws[c-ce] =0 (4-28)

-This model has been sucgessfully.applied to calculate the sediment )
concentration in the,Qiantang estuary. It should be noted:that (4-26). can
only be used for very fine sediment as present in the Qiantang estuary::

f . LT e
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Vermaas (1984) derived the following more complicated expressions for S and
E with the help of a series of two-dimensional computations (in the vertical
plane) for steady unidirectional flow.

ac

.. _ 2
S = aguhc - 4.3uh = (4-29)

(4-30)

- 2. S fc -c
dc e e

aoﬁh 3%

(4-31)

where a, is the value of a when the equilibrium concentration profile is
present, and I' is a coefficient which is a function of the parameters ws/u*

and ﬁ/u*.

It should be noted that the mean concentration equation derived with the
model of Galappatti (1983, also see Galappatti and Vreugdenhil 1985) is
similar to the equations (4-28) and (4-31). The only difference is that in
this model no empirical expression has been used: the coefficients in the
equation are determined with an asfmptdtic solution of the original
convection-diffusion equation. A comparison between these models has been

carried out by Wang(1984). . :
4.3 A General Asymptotic Solution of the Convection-Diffusion Equation

4.3.1 Normalization of the Equation

Written in s-n-z system of coordinates the convection-diffusion equation

(4-5) combined with the continuity equation for water yields
dc dc dc dc 3 [e ac]
]

at "% et Yam T Y 3z aslts 3s
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3 dc dc a ac
) 6n[‘n 5EJ " Vsaz * 5;[‘z 32] (4-32)

For convenience the following normalized system of coordinates is

introduced.
[ h 3
ar w3t (4-33a)
s
u h
a s 4
‘éz=—w—5§ (4-33b)
s .
3 Ih g
7 =% m (4-33¢)
s
4 3
3 - h 3 (4-334)
Substituting these equations into equation (4-32) yields
W u
dc dc dc | w dc s 9 * ' dc
Lap) S +quy &+ 517 e 8+
ar I3 an vy ac 3 a€ i S ¢
s s
w w
s |, oc|l e o (, ac _
T 1 3?[_1 ‘n an] “a "t ag[‘z ag] (4-34)
ug .
where p = — = the normalized main flow velocity profile,
Us
Yn
9=5 = the normalized secondary flow velocity profile,
I = the intensity of the secondary flow,
€
¢' = —2 = normalized diffusion coefficient,
s u*h
‘n
¢! = —— = normalized diffusion coefficient,
n u*h
i
¢! = —— = normalized diffusion coefficient.
z wsh

The expression for p({) and q(¢{) have already been given in the previous

chapter.
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In this study only gradually varying flow will be considered, therefore the

following assumptions are used.
* The vertical component of the flow velocity is neglected. Thus w = 0.

* The variation of the normalized equilibrium concentration profile ¢,

with time and with the horizontal coordinates can be neglected. i.e.

3¢, 3¢y  ddg
AN A S AN _ (4-35)

For reasons of brevity, equation(4-34) will further be written as

Lic] = Dlec] (4-36)
Thus
3 3 3 w3 Ysal% ra
LE T =37+ p() 7€ " a(¢) EPaall T E; 3| s 3E| "
S

(4-37a)

'
" u®
Q}‘Q}
=3
c

|

o™

|QJ
Lol E—

D[ ] = (4-37b)

cn'm
-~
%+
X
—
m
N -~
Q:lQJ
-~
N’

Written in the normalized coordinate-system the water surface boundary

condition becomes

;e - ' -
[c + e ag]g=1 -0 (4-38)

4.3.2 Asymptotic:Solution

The asymptotic solution developed here is a generalization of the asymptotic
solution presented by Galappatti (1983, also see Galappatti and Vreugdenhil,
1985). Firstly, the three-dimensional problem is considered instead of the

two-dimensional one. Secondly, for the two-dimensional problem the
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asymptotic solution given by Galappatti is a special case of the asymptotic

solution presented here.

The asymptotic solution presented here is based on the same principal
assumption as the one by Galappatti (1983): the terms in the left hand side
of thé convection-diffusion equation (4-34) are an order of magnitude
smaller than the terms in the right hand side. Obviously, this assumption
can only be true if the two terms on the right hand side of the equation
have the same order of magnitude and opposite signs. Such a condition can
only be satisfied when the variation of the flow condition is not too rapid,
or in other words the time scale andmthe.horizontal length scale of the
variation are relatively large, as stated by Galappatti (1983) after an
analysis of the order of magnitude of the terms in the two-dimensional
convection-diffusion equation. Under this assumption equation (4-34) can be

solved asymptotically as follows

c= .2 c. (4-39)
j=0 7] :

where Cj is the jth order term which is an order of magnitude smaller than

the term c, ..
j-1

The equation governing the term c, can be derived by substituting equation

(4-39) into equation (4-34) or (4-36) and collecting the terms of the same

order of magnitude.

0 for j=0 L ,

Dlc,] = (4-40)
J Lleg 4] for j>0

The additional conditions to be satisfied by the solution (4-39) are the

boundary condition at the water surface

P
ERCIEYE RO A,

.. ' L a_,;s“ i : N ) . )
[jgo ¢t jgo.ﬁi-f:a]m =0 P

and the bed boundary_éonditioﬁ N

O
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jgo ¢ (5=0) - ¢, . = (4-42)
It should be noted that for the time being only the concentration type bed
boundary condition is considered. The type of the bed boundary condition has
no influence on the structure of the asymptotic solution. It will only have
:influence on the equation for the depth integrated variables as will be

shown in section 4.4

For n>0 equations (4-40), (4-41) and (4-42) together form an under-
determined system. This means that they do not provide sufficient
information for determining all the terms}cj. More assumptions are thus

needed in order to have a well posed system.

In literature (see e.g. Nayfeh, 1973) on asymptotic solutions of
differential equations this problem is in general solved by treating the
boundary conditions in the same way as treating the differential equation.
Collecting the terms of the same order of magnitude in equations (4-41) and
(4-42) yields

, 8 - , ‘ )
[ Cj + € i cj]§=1 =0 for all j ' (4-43)
Ca for j=0
c.(0) = : (4-44)
J 0 for j>0

The terms in equation (4-39) can now be solved. The asymptotic solution
derived in this way will be called the conventional asymptotic solution. It
will be shown later that this solution does not allow for any initial

condition or for any boundary condition in the horizontal ‘plane.

Galappatti (1983) also applies assumption (4-43), but instead of (4-44) he
assumes that only the zero order term contributes to the depth averaged

concentration c¢. Thus

1 -
[ NPT for j=0 | (4-45)
o 0 for j>0 o
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This assumption introduces a new unknown variable ¢, the mean concentration,
but the bed boundary condition is not used yet. Equations (4-39), (4-40),
(4-43) and (4-45) together give an asymptotic solution with the unknown ¢ in
it as a parameter. By applying the bed boundary condition, an equation for ¢
is obtained. For solving this equation certain boundary conditions
corresponding to the operator L[ ] are required. It will be shown later that
this solution is more sophisticated than the conventional asymptotic
solution, but it still does not always converge to the complete solution of

the original problem (Wang and Ribberink, 1986).

The general solution for the terms in (4-39) satisfying (4-40) and (4-43))

can be derived as follows.

The zero order term:

For j=0 equation (4-40) and (4-43) become

Dlcy] = O (4-46)

dc,
cy + e; 5?— §=1 =0 (4'47)

Integrating equation (4-46) twice and applying the boundary condition (4-47)

give

co = &g &g . . (4-48)

i

where a, is the normalized equilibrium concentration profile and ¢,

is the so far unknown depth-averaged value of c,.

The first order term:

For j=1 equation (4-40) and equation (4-43) become

Dlc,;] = L[c,] (4-49)
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dc,
SE SR Toud PO R 0 (4-50)

With equation (4-37a) in mind substituting equation (4-48) into equation
(4-49) yields

ac, dc, dc, ac, dcg
4 8 ! a + pay 37— + qay, 77— +
ac arl z 8¢ ° 3r % 3¢ ° an
w u dc w u dc i
s 4 | * 0 s 3 [ * °]
- — szl age€ - =— o—lv age! — (4-51)
s s -
The solution of this equation can formally be written as
ac, dc, dco w4 [u, 8¢S
c‘_alé—;—+325_€—+335—r]—-:{-3—6—l—l_a‘5?+
s s
Ve 5 [us dc, R 4-52
T ol T ag S + c,a, ( if )
1
where a, =D [a,] (4-53a)
a; =D [pag] (4-53b)
1
ag =D [qa,] (4-53c)
a, =D [ela,] (4-53d)
o1
ag =D [eéao] . (4-53e)

and ¢, is the unknown depth-averaged value of c¢,. For convenience the same
profile functions as in the model of Galappatti (1983) are used as far as

possible.

it
The operator D [ ] is defined by Galappatti(1983) as follows.
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-1
£(¢) =D [g(5)] (4-54)

if and only if

D[f] = g (4-55a)
, of ' o ‘

[f el 5?]§=1 -0 L o , (4-55b)

1 u .

If dc = 0 ' s " (4-55¢)

0 - A '

Galappatti(1983) shows that

1 1
.1
D" [(g] = I g 4 + a, J E a5 + Ba, (4-56)
0
¢ ¢ )

where B is a constant defined by condition (4-55c¢).

It should be noted that the assumption (4-35) implies in geheral also that

da, dag

5 " =0 (4-57)

so that a, and ag in the last two terms in equation (4-52) can be placed

outside the derivative sign.

Higher order terms:

In the same way as above the second order term in the asymptotic solution

can be determined from the first order term, and so on.

The generalized assumption

In the nth order asymptotic solution n+l unknown variables éj (0<j=n) are
present. n+l equations.are. thus required to determine -these variables.

However, there is only one equation available, i.e. the bed boundary
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¢ondition (4-42). For n>0 there are thué not enough equations to determine
all unknown variables in the asymptotic solution. fn the conventional
asymptotic solution and the solution of Galappatti (1983) this problem is
solved by making the assumptions (4-44) and '(4-45) respectively. Here a more
general assumption is méde. Choose a set of test functions

® = ($y, b2, .- &) (4-58)

n

For each ¢k it is assumed that

1
}:: chék d¢ =0 for k=1,...,n ) (4-59)
j=k ° ‘

v

This assumption means that‘only the first k terms in the asymptotic solution
contribute to the internal product of the concentration vertical and the kth

component of &.

Together with the bed boundary condition (4-42) n+l equations are now
available for the n+l variables éj' éb the asymptotic'solutioﬁ is
determined. For each chosen set of functions & a particular asymptotic
solution can be constructed. In the following section variops:examples are
presented. It will be shown that the conventionai solution ;s well as the
solution of Galappatti (1983) can be derived by choosing a specific set of

$-functions,

It should be noted that for each ¢k a weighted average concentration can be

defined:

1 1 ’
j¢kc a = J¢k By (4-60)
o B .

N

which can be calculated when the asymptotic.solution is determined. However,
it is also possible to eliminate the n+l variables éj from (4-60) with the
help of equations (4-42) and (4-59), resulting in a system of n equations

for the n weighted average concentrations. Solving this system instead of
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the n+l equations for ¢, has two advantages. Firstly the weighted average
concentrations have often important physical meanings. Secondly the initial
and upstream boundary conditions can easier be expressed in terms of the

weighted average concentrations than in terms of éj'

4.4 Examples of Various Models

For reasons of simplicity and to facilitate a comparison with the model of
Galappatti (1983) the operator L[ ] will be restricted to its two-

dimensional form

+p gg (4-61)

QJ'Q:
3

L{ ] =

in this section. This is exactly the case considered by Galappatti. It is

easily extended to the general case.
4.4.1 The Conventional Solution

Define a delta fqpction'8(§) such that

© for ¢=0 : '
§(¢) = : (4-62)
0 for ¢>0
and
1
J §(¢) dg =1 A _ (4-63)
o‘ -
With the choice & = (§(¢), 6(¢), ...., 6({)) or
$y = 6(5) for 1sksn ' (4-64)

the assumption (4-59) and the bed boundary condition (4-42) together give

B Ca for j=0
. (0) = (4-65)
L ) : for j>0 :
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which is exactly the same as equation (4-44). This means that the

conventional asymptotic solution is obtained by this choice of &.

The zero order term is obtained by applying (4-65) for j=0 to equation
(4-48).

C C
a

Co = ao(oy 20(8) = 57 80 (6) = ¢ an(e) (4-66)

where <, is the equilibrium mean concentration.

The first order term can be determined by applying (4-65) for j=1 to (4-52)
and so on. Generally the nth order conventional asymptotic solution can be

written as

n+l j aJ-lée
SDBPBENC PR “-en
J=1 k=1 S
in which bij(g) are profile functions defined by
by, = ag (4-68a)
o1
bjl =D, [bj-l,l] (4-68b)
- ' 68
by = Dy by 4y ¥ by o) (4-68c)

b.,. =D b. . (4-684)
33 7 Px PPy )
1 1

Herein the operator D [ | is defined similarly as the operator D [ ], but
with condition (4-55c) replaced by

£(0) = 0 (4-69)

o1

It can be shown that equation (4-56) also applies to D, [ ], although now B

is determined by condition (4-69) instead of (4-55¢). It is not difficult to
show that if '
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.1
f=D ([g]
and
-1
f* = D* (8]
then
_ £(0)
e = B30y 2 . @79

It should be noted that the bed boundary condition is already satisfied by
the present asymptotic solution (4-67). The mean concentration as well as

the sediment transport rate can be found by integrating this solution ,

) 1 n+l J a_]'lée - .
Cc = JC dg = Z SJk ———J*m B . (4-71)
s 5=1 k=1 ar € .
) 1 ) n+l J ‘ aj"lée
S = thpC d¢ = uh Z Z ﬁ_]k ‘a—J_—E;?:T (4-72)
0 j=1 k=1 4
Herein
1
§.., = |b,, d¢ (4-73)
e Jo |
J A J ) .
1
i - prjk a& ‘ (4-78)
0

Equations (4-71) and (4-72) are not differential equations since ée is a
known function of 7 and £ via the bed boundary condition. This model is thus

quite easy to apply.

For n~o.this asymptotic solution, if ‘convergent, satisfies the-convection-
diffusion equation and both boundary conditions corresponding to--the .

operator D{ ], i.e. the water surface boundary condition and the bed
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boundary condition, but in most cases it does not satisfy any boundary
condition corresponding to the operator L[ ], i.e. the initial condition and
the upstream boundary condition. This is because that equations (4-71) and
(4-72) are not differential equations. The mean concentration and the
sediment transport rate can be calculated respectively from these two
equations directly since ée follows from the bed boundary condition.

4.4.2 The Solution of Galappatti

The solution of Galappatti(1983, also see Galappatti and Vreugdenhil, 1985)
is obtained by choosing ¢ = (1, 1, 1, ..., 1), or

¢k =1 for 1<k=n (4-75)

Substituting this equation into (4-59) and (4-60) yields

1 _ ' ’ . .
Jc. ac =4 € for j-0 ‘ . 4-76)
) 0 for j>0

This is exactly the same as the assumption made by Galappatti.

This solution can be written as

ntl j
j=1 k=1 ar ’
in which ajk are the profile functions
a;; = &, (4-78a)
b 4-78b
a5 = D [aj-1,1] (4-78b)
- 4-78
e TP PR et 3 g) ' 4780
1
a,, =D (4-784d)

.. " Ipa, .
3J [p J-1,3-1]
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In the solution (4-77) the unknown mean concentration ¢ is present as a
parameter. When the bed boundary condition is applied in this solution an
equation is obtained for the mean concentration. Substituting (4-77) into
(4-10) yields

n+l  j y o1 -
: - Jk o ¢ .
G =) ) Ao (4-79)
1 k1 9
with
7jk = ajk(O) (4-80)

The solution for n-w, if convergent, satisfies the convection-diffusion
equation and the boundary conditions corresponding to the operator D[ ]. The
boundary conditions corresponding to the operator L[ ]| are only satisfied in
the integrated form, i.e. only as far as the depth mean concentration is

concerned (Wang and Ribberink, 1986).

For the application of this model the mean concentration equation (4-79) is

solved first and the sediment transport is then calculated from

] n+l j aj'l -
s=in) ) ey gk T “-en
j=1 k=1
with
- 1
ajk = Jpajk dc (4-82)
0

This model is more complicated but also more accurate than the conventional

solution.

Further information about this model is given by Galappatti (1983),
Galappatti and Vreugdenhil (1985) and Ribberink (1986).
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4.4.3 A General Second Order Solution
It should be noted that the nth order solution is only influenced by the
first n components of &, so a general second order solution can be obtained

by choosing ®=(¢,, ¢,). The second order solution can be written as

c=c¢y +c,; +cy (4-83)
with
Co = Coay, , (4-8t4a) -
ac, dcy .
C; = ay, 37 + a,, F + c;a;, (4-84Db)
2. 2. 2_
d ¢y 3 ¢y 3 ¢,y
Cy = a3, 7 t a3z + ags 7 +
ar arag 3¢
ac, dc,
+ ag, Fre + a,, FT + c,ay, (4-84c)

Herein the profile functions a,, are the same as in the solution of

jk
Galappatti. Thus

a;; = a, , (4-85a)
21 .

a;; =D [ag] (4-85b)
o1

as, =D [pa;,] (4-85¢c)
o1

az; =D [a,,] (4-854)
_1

a3, = D [pay;+ az,] (4-85e)

-1 .
azy =D [pay,] _ (4-85fF)



-46-

Substituting equation (4-84) into (4-59) and (4-60) yields

1

Bi1€0 = By . (4-86)
2 _ 2 dcq 2 8S o =

B11C0 ¥ B21 7t 2o 3 + p11¢, = By (4-87)
LT L 1 v 9y v 9cy

1
Bz21 g7 ¥ B2z g~ * HiC + BnCe * B2y 3t M2z I

2 2 2_

. 8 ¢ ., 8¢ . 8 ¢
t B3y —7 1 B3g + H33 = =0 . (4-88)
ar 9ra¢ ag
. . 2. 2.
2 2 dcy 2 dcy 2 8 ¢ 2 8 ¢
B11C2 * Moy ao— * Ho2 Gt B 7 * B3z grag t
T
2.
2 8 ¢, o )
+ pgy —5— =0 (4-89)
where
1
B = o a5 , (4-90)
) .
1
S SR PR (4-91)
i3 K21y 9
0

Four equations are now available for five variables (&0, El, 52, B,, and

B,). The fifth equation is obtained by applying the bed boundary condition.

: i i ) dc, 8¢, dc, dc,
Ca = v3:(co + €, + cy) + vy, Fra + 75, 3 + FT +

2. 2. 2. . . L
d ¢y 3 ¢, d ¢y

+ 73, 77— t Y32 + Y33 3 \ (4-92)
ar dra¢ 3¢
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By eliminating ¢4, ¢, and ¢, two equations for B, and B, can be obtained

from these five equations.

In order to obtain more insight into the behaviour of this general second
order solution two specific choices for ¢, are investigated in the

following. For simplicity the-steady (g§=0) case is considered.
Case 1
$, =1 (4-93a)
$2 = P(S) ' (4-93b)
For this case the assumption (4-59) has the physical meaning that only the
zero order term in the solution contributes to the depth averaged

concentration and that only the zero order and first order terms contribute

to the sediment transport rate. Further

B, = [ ar = ¢ (4-9%a)

—

(=]

1
Ba = Ipc ¢ =—=c (4-94b)
- S
0 uh
1 I 1 £ L
- _ or j=1, k= )
#ik Jajk a = { 0 for j=l or k=l (4-95a)
]
2 1
Fik ~ Jpajk df = ey (4-95b)
0
The equations governing c and c, can be shown to be
Y22 dc Y33 Qyo Yoo 2. )
v [_'_“]6—3‘” (4-96)
Y., 0€ Y11 a;; Y11 a¢ e



-48-

- G322 acs [0‘33 [azz] 2] 826
c-¢c +— ="+ |— - |— — =0 4-97
s oy, 8¢ ay, @y, 352 ¢ )

If ée is constant, the solution of this system of equations can be written

as

c c Ay
= + exp(A¢€) (4-98)
c 0 A,

where A is determined by

Y33 ®22 Vas 2 Y22
1+[ ]A

Y11 @11 Y11
Det =0 (4-99)

2 o
33 22 2 22
1+[i_.[°_]]x 22
C3%1 CIP gy

If p(€) represents the logarithmic velocity profile, this equation appears
to have three real roots, two positive and one negative, the latter about
the same as the one in the model of Galappatti. The number of negative roots
determines the number of the boundary conditions which have to be applied at
the upstream boundary. In the original problem the upstream boundary
condition is the concentration vertical at the boundary. In the depth-
integrated model the upstream boundary conditions can be applied in the
weighted average form of (4-59). The number of conditions available is thus
equal to the number of test functions in the model. For the general second
order solution two upstream boundary conditions are thus available, viz. ¢
and CS: However, at present it is not possible to apply both upstream

boundary conditions because equation (4-99) has only one negative root.
Case I1
¢, =1 (4-100a)

¢, =1 -p (4-100b)
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The basic elements in & in this case are the same as in case I and so is the
physical meaning of the assumptions (4-60a) and (4-60b). Therefore it can be
expected that the infinite order solutions (with ¢k=¢2 for k>2) in the two
cases will be exactly the same. However, there is an essential difference
between the two cases, viz. the linear dependence between the two components

of ®, characterized by the value of

1
J¢1¢2 das
o .
ra ¥ '/
I¢1 da¢ I¢1 a¢
) )

For case II this value is zero which means that ¢, and 4, are linearly
independent, or in other words that & is a set of orthogonal functions. In

case I this value is nearly equal to unity.

In the present case the equations governing ¢ and 61 become

Y224z 361 Yaz 42 . . -
[93 + ] + dec_;: § (4-101)

c + — — —_
711 49¢ d Y11 352 e
) ac, 5
(1 - a;1)8; + ayy 55 + agg —5 = 0 (4-102)
5¢ o

The solution of this system is still (4-98) but A is now determined by

Y22 Y3z 2 Y22
1+ — X+ — 2 —_—
Y11 Y11 Y11
Det =0 (4-103)
2 .
azz L+ a,d - ap,

This equation has three roots, one positive and two negative, one of which
is nearly equal to the one in the model of Galappatti. Now the two available
boundary conditions can both be applied, so that a more accurate solution

can be expected.
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From the comparison between case I and case II it can be concluded that the
linear dependence between the components in & can have influence on the
behaviour of the model. The best result seems to be obtained if & is an

orthogonal set.

The influence of & on the asymptotic solution will further be analysed in

the next chapter.

Case III
$1 - P (4-104a)
¢, = 1-p (4-104b)

This case is similar as case III. Therefore it will not be described in

detail. However, it should be emphasized that ¢,=p is essentially different
to #,=1, especially for the first order solution. Physically the assumption
(4-59) means then that only the zero order term contributes to the sediment
transport. In the first order solution g is then to be determined in stead
of ¢c. In the following subsection it will be shown that this choice should

be preferred.
Remarks:

* The general asymptotic solution developed in this section can also be
applied for ordinary differential equations. By studying the ordinary
differential equations insight can be gained into the solution

technique.

* Although not mathematically proved it is suggested that for n+w the
asymptotic solution converges to the exact solution if and only if the
system of functions & is a complete system. This suggestion is based on
the observation of the behaviour of the various models described in

this section.
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4.4.4 Discussion on the Choice of &

In the previous subsection it has become clear that the test functions &
should together form a orthogonal system. When an orthogonal system is
chosen the test functions automatically form a complete system for n-o. The

question remains which functions should be chosen for the orthogonal system.

It should be noted that the internal products of the test functions and the
sediment concentration are the unknown variables in the system of equations
from the model. From the nth order solution a system of equations can be

derived for the ’'depth-integrated’ variables

1

I¢jc d¢, j=1,...,n

(]

The upstream boundary conditions for this system of equations should also be
expressed in these internal products. Obviously, from a practical
consideration, the test functions should be such that the internal products

of them with ¢ have significant physical meanings.

In the conventional solution the internal products between ¢, (=¢2=....¢n)
and ¢ is the bed concentration, which is specified as bed boundary
condition. Therefore no differential equation needs'to be solved in this

solution, and no upstream boundary condition can be applied.

In the model of Galappatti (1983) the mean concéntration.E is introduced by
making the assumption (4-45). This has led to an equation for ¢, for solving
which the upstream boundary condition-has to be related to ¢, which is the

internal product of ¢, (=¢,=...... ¢n) and c.

In morphological computations the purpose of the sediment transport model is
to derive the sediment transport rate. Therefore it is logical to chose
¢,=p, of which the internal product with c¢'represents the sediment transport
raCe"TBis choice has clearly some advantages over the one of Galappatti
(1983) as shown in the following for the case of steady one-dimensional

uniform flow.
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L[]=—-p§—ag

According to the model of Galappatti the mean concentration ¢ and the

transport rate S are governed by the following equations

- - T2 52
o4 2 8c 4-105
Ce T ¢T3, 3¢ ( )
- - dc
S = uh [QOC + a, '5‘&.‘] (4-106)

According to the present approach the variables Cg and S are governed by the

equations
Yo a, acs
CSe = cs + z - a—o' F (4-107)
S = &hcs (4-108)

It is clear that the procedure for calculating the transport rate is now

easier than that in the model of Galappatti.
Another advantage of the present approach becomes clear when the two models

are applied for the case that the water flowing in contains no sediment at

the upstream boundary. From the model of Galappatti it follows

R Yo
c=c_-c_oexp|- ;; I3 (4-109)
- - Yo o .
S = uh + — (c_- 4-110
ayc a, T ( e c) ( )
From the present model it follows

Yo%o
§=8 -8 _— 4-111
e e exp VoQz-yYo ¢ ( )
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The two solutions are depicted in fig.4.2. The model of Galappatti appears

to give a negative transport at the upstream boundary, while the present

model gives the realistic transport rate zero. Although these are only some

minor aspects of the model, it is clear that the approach given here should

be preferred.

- g G;Iappatti

ESMOR. - -

Fig.4.2 Adaptation from clear water

4.5 Model for the Three-dimensional Case

4.5.1 Equations in the Model

For the present approach the set & is chosen as

® = (p, 4-xpP,...-)

where

p({)q(¢) d¢

p(EIp(f) d¢

O M| O N

(4-112)

(4-113)



~54-

This is an orthogonal system and the first two components of the internal:
product between ¢ and & represent the convective sediment transport in s and

n directions respectively.

For unsteady three-dimensional problems no more than the first order
solution can be applied in practice. Therefore only the first order solution
will be outlined here. The second component of & will thus not influence the
model in practice.

The first order solution reads

¢ =y + e, (4-114)

with
Co = Coae(f) . . (4-115a)
dc, dc, ac, Yeog (Y dc,
c, = a, a—r‘ + da, F + ag W - ay —L_:‘ % g— 5—5—- +
s s
M i 4-115b
- ay i— 3‘;, I_ W + Cc;a, ( - )

The conditions (4-60) and (4-59) now become

1 1
c, = Jcp d¢ = Jcop d¢ = aoéo (4-116)

[ °

dcg, dc, ac, LA L dc,
o, a7 + a, ag + g an a, &—a—‘—‘—‘—ag— +
s s
W u, dc
s 4 | * 70 -
- oy T T —;—} + c,ay, =0 (4-117)
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in which
1 .

a, = Ipaj da¢ (4-118)
°

Applying the bed boundary condition gives

v Béo Y2 3&0 Y3 860
_——t — ==+ — = +
Yo 97 Yo 9€ Yo 91

ce = cy +t c; +

Ty W u, dcg Vg W u, dc,y
1 sd P sd | * (4-119)
Yo - O9¢|- 3¢ Yo I dnjI an
s s
Eliminating ¢, and ¢, with (4-116) and (4-117) gives
e we a |on] s Y2 220 f7s @) 0
se s Yo a,| or Yo @yl 9¢€ Yo ay| 97
Y4 a,) w u, dc Y4 a,l u w_dc
2L A sy sy {220 Al *als s (4-120)
Yo % = a¢ 3 aé Yo agy I dnil -dn
s .
This is then the equation for g in which
Coo = @0C, (4-121)

After this equation has been solved éo and ¢, can be calculated by
substituting ¢ into equations (4-116) and (4-117), so- the asymptotic
solution is then completely determined.

2o a; oy ag] dcg 4z %3 3y 305
C= ot | o = [ s o ] o
a, s ay, @y ag| ar ay, oy ag| 8¢

"



(4-122)

The sediment transport rates in s- and n-direction are calculated by

substituting the asymptotic solution into equation (4-15).

@y

@9

gy

B3]

@y

Qg

o

— u*h

I
dla, s
dc Hs
3¢ g
(
Ys o |
o %
s L's
"s o [
I 4dnyl
\
a, Bo
ag a
acs f:
an Qg

[ @y Ho
+—-__
o Qo Qg
Qg #o] acs
- — — +
a, agf dn
dc )
sl
a¢
3c )
_5
aﬂj
acs éi ] gi
ar a, @,
@4 Bo Ys 8
A
s
acs L
Eral | B

dc
s

ar

+

(4-123)



where

@y

a3

@g

)
ag
Ho
g

&‘.I:r
n

w
S

dc
at

dc
an

(4-124)

(4-125)

(4-126)

(4-127)

(4-128)



+ |— - - - —_— m — — — ——
a, a, ag|{ w_ dn a, @y a, ds s as | *
Ba ay ﬂow F) u*h acs 2 g |Mo
- - = = == —_ +
a, @y a, dnf{ w_ dn Y Fn a, s
4 3
.\ Bi o ay po| 4y dcg . TP O T ush acs .
a, a°-a°j v at a, a5 a5| w_3s
. -
. Ei ] gi ﬁi Th dc I'" ay, fﬂ . 8 g*h acs. .
a, aoj LA dn a, ag ds| w_ ds
.
m a, b 3 w.h de
i oo ™ e (4-129)
° 0 a°J~ n| w_dn
\

4.5.2 Profile Functions and the Coefficients in the Model

In order to apply the depth-integrated model developed here the knowledge of
the coefficients v,, a,, ﬂj and uj‘is required. A}l coefficients are related
to the profile functions a.. In order to determine the coefficients in the
model these profile functions have to be determined first. The analytical
expressions for the profile functions as well as the coefficients are
already given in the.text.'It shou}d be noticed that all the profile

functions are determined by four elementary profile functions, viz.

- the normalized equilibrium concentration profile a,,
- the normalized main flow velocityiprofile P,
- the normalized secondary flow velocity profile q,

- the normalized horizontal diffusion.coefficient'eé‘

i
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These elementary profile functions depends on the parameter ﬂ=za/h, in
addition to which' a, depends also on the parameter ws/u*, and p depends on
the parameter ﬁs/u*. These three dimensionless parameters are the‘elementary
parameters of the model. All profile functions in the model can be
determined when these three parameters are known. Thus all coefficients in
the model are functions of these three parameters. When the model is applied
the parameter B is usually kept constant, so the coefficients are thenvdnly

functions of the parameters ws/u* and ﬁs/u*.

The profile functions a, are determined with the numerical procedure
described by Galappatti (1983). The description of this procedure is not
repeated here. Only some results are reported. In fig.4.3 the four
elementary profile functions are shown, while fig.4.4 depicts the first

order profile functions in the model.

When the profile functions in the model are determined the coefficients are
easily obtained. Some examples of the coefficients in the model are shown in

fig.4.5.
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4.3 The four elementary profile functions in the
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4.6 ‘'Influence of the Secondary Flow and Horizontal Diffusion
4.6.1 General ; ’ .. 3

Compared with the two-dimensional problem there are two new components in
the present three-dimensional problem, i.e. the secondary flow and the
horizontal diffusion. In fact the horizontal diffusion is also..present in
the two-dimensional problem but it has been neglected (Galappatti, 1983).
Two influences of the secondary -flow and the horizontal diffusion have to be
distinguished, viz. the influence on the concentration field and the
influence on the transport field. That one ‘of the influences is negligible

does not necessarily imply that the other one can also be neglected.

The influences of both the secondary flow and the horizontal diffusion are
studied by analyzing the magnitude of the terms in the corresponding
equations in the following subsection. In 4.6.3 the behaviour of the depth-
integrated model with respect to the secondary flow and the horizontal

diffusion is further analysed.
4.6.2 Analyzing the Equations
Mathematically- the significance of ‘the secondary flow and/or the horizontal

diffusion for the concentration field and the transport field is represented

by the importance of the corresponding terms in the following equations.

¢ + u - dc + L é—[e; 3c] - é—[ ac] =w g 8 [Ez ég]‘ (4-130)

at s 3s Yn an_ ds s on ‘n 55 s dz dz az
zb+D zb+D aé . e e
SS = J uc dz - J € 78 (4-131)
za+zb zafzb
zb+D zb+D s
s = J uc dz - J e £ (4-132)
n n n dn : .
za+zb za+2b . t
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The importance of the different terms in these equations can be examined by
comparing their order of magnitude. Suppose that the flow under

consideration can be characterized by the following scales

length scale in the main flow direction,

=
)
i

= length scale in the normal direction,

=}

= length scale in the vertical direction,
= time scale,

scale for the main flow velocity,

n

= scale for the secondary flow velocity,

= scale for the horizontal diffusion coefficients,

m o m c a 3 =
]

4 = B

= scale for the vertical diffusion coefficient:

The convection-diffusion equation (4-130) may then be made dimensionless as

follows:

HU HU E H

H g s 8 , _m ,8 _H 38 [,8]|,
w T 3t’ Lw s 3s’ TLw "n 3n Z 3s'\°s 3s’
s s's n s
s's
E H E
H 4 , 8c |} _ dc v 3 , dc
) 2 6n'[€n an'] " ‘v z'[ez az’] (4-133)
w L s

where all quantities marked with a prime have been made dimensionless with

the corresponding scale.

The principal assumption on which the asymptotic solution is based implies
that the two terms on the right hand side have the same order of magnitude
and that all terms on the left hand side are an order smaller in magnitude

than the two terms on the right hand side, thus

E
;r% ~ 1 (~ reads has the order of magnitude of) (4-134)
s
HU HU E H E
H s n H v
T Lw T Tw -z %y (6-135)
s s's ns w L s
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with § <1

It should be noted that the diffusion term in the main flow direction is in
general much smaller than the other terms, since Ls>>Ln' However, if this
term is not taken into account while the diffusion term in the normal
direction is taken into account the diffusion tensor in the horizontal plane
is no longer isotropic. This may cause complexities in the numerical
modelling. Therefore only the diffusion term in the normal direction is
considered in the analysis but both horizontal diffusion terms are always

taken into account or neglected together.

In order to examine the importance of the secondary flow and the horizontal
diffusion the convection term in n-direction and the horizontal diffusion

term are compared with the longitudinal convective term.

The ratio between the two convective terms is

HU HU UL
n s ns

Lw ‘"'Lw UL (4-136)
n's s's s

From the secondary flow model described in the previous chapter it follows

that

C“I:,C:
t
Fi =

(4-137)

where R is the radius of curvature. So the ratio in (4-136) becomes

c

L
n s

UL
s

(4-138)

=]
=z
5
Wlmt“
5l

For the length scale in the main flow direction it is reasonable to assume
that LS~R, and for the length scale in the normal direction the river width
B may be taken, so the ratio becomes H/B which is small in the cases
considered in this study. According to Booij and Kalkwijk (1982) the

secondary flow model described in chapter 3 may not even be used unless



-66-

H/B<1/15. The conclusion is thus that the influence of the .secondary flow on

the concentration field can in general be neglected.

The importance of the diffusion term is examined by comparing it with the

convective term in the normal direction.

- .
EH__H'Un ~E
wL L "~ wlL 1]
sn n s n n

oo}

ot
dr‘l.’.ﬂ'

(4-139)

It is reasonable to assume that EH ~UH and Un~U* ;o’EH/UnH~l;‘thusAthé.‘
diffusion term is even unimportant compared with the convective term in the
normal direction. Therefore it can be concluded that the influence of the
horlzontal d1ffusxon on the concentration field is negligible.

The influence of the secoﬁdary flow and the horizontal diffusion on the
sediment transport field is represented by the transport component in the
normal direction Sn' Compared with the transport rate in the main flow

direction Ss this is in general small since

w

U

|=

<1 (4-140)

”ls
[

However, the component Sn causes a deviation of the direction of the
transport vector to the main flow direction. This deviation, although small,
can have striking effects on the morphology for e.g. river bendé. Besides it
is relatively easy to take the influence of both the secondary flow and the
horizontal diffusion on the transport field into account. Therefore this
influence should be taken into account earlier than the influence on the

concentration field.

The significance of the secondary flow and the horizontal diffusion can also
be examined by*compariﬂg the order of magnitude in the depth integrated
equations (4-127) throdgh'(44129). The comparison can be carried out in the
same way as above, $0'it is not described here in detail. Only the

conclusions from this comparison are summarized in the following.
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* In the concentration equation (4-127) the secondary flow term as well
as the horizontal diffusion terms are not important compared w1th the
convection term in the main flow direction. This agrees with, the

conclusion drawn above.

* In the equation (4-128) for the transport rate in the main flow
direction the terms due to the horizontal diffusion can be neglected.

So, this equation can be simplified as
S =u hc ) (4-141)
* In the equation (4-129) for the transport in the normal direction the

first order terms in the diffusion part can be neglected. Thus this

equation can be simplified as

Bo By @ Bo), ¢, [Bz @ Bo) uch dc
'S =Ih{—©¢c¢ +|— - ——| —m — + |— - — —| —— — #+
n a, S a, @ ag| W, at a, a, ay| W ds
N R I S B ) BN il N
ap  ag &g W, dn a, ay ag ds LR ds
By a4 Bo 3 uh acs 2 o g = - :
- a_o - ;;a—o ha_nTSéT - u*h a:‘a—n'cs (4-1142)

'

4.6.3 The Behaviour of the Depth Integrated Model with Respect to the

Secondary Flow and Horizontal Diffusion’

In this subsectionjthe behaviour of the depth ihtegrated model with respect
to theé secondary fldw'and horizontal diffusion is analysed. The main purpose
of this analysis is to gain some insight into the interaction of the
influences of the secondary ‘flow and the horizontal ‘diffusion.

In order fo‘s{mplify the problem a'stéédy uniform main flow (é.g. a'"
circuiating“flbw field with closed stfeamlines) is considered. For this

situation
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w u* a
L{]=-q%& .2 é_[f_ e 5;] , (4-143)

Further the velocity of the main flow, which is not involved in the present
problem, is assumed to be uniformly distributed over the vertical (p=1). The
first order solution in the present model is then the same as that in the

model of Galappatti (1983).

In the previous subsection it has been shown that the diffusion term in
equation (4-143) is relatively unimportant compared with the convective
term. However, the two terms may interact with each other, therefore the

significance of the horizontal diffusion term is reconsidered.

The equation for the mean concentration P (=cS in this case) with and

without the diffusion term are respectively

T3 52 .
- (without diffusion) (4-144)

C =C+— == - — — — (with diffusion) (4-145)

If ée and the vy coefficients are constant then the solution of the two

equations are respectively.
c =c_ + A exp(in) (without diffusion) (4-146)
c=c_ + Aexp(A;n) +B exp(Azn) (with diffusion) (4-147)

The constants A and B have to be determined from the boundary conqitions.
Obviously t@o adaptatioh lengths are found when the diffusion term is taken
into account while only one adaptation length is found if the diffusion term
is neglected. The éxponential coefficients A, X; and ), are respectively
shown in fig.&.événd fig.4.7. Comparison shows that the difference between
the two figures is very large. This means that taking the diffusion term

into account can influence the solution in the depth-integrated model
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Fig.4.7 The first order solution with horizontal . _

diffusion (u /I = 1, g =0.01)
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significantly even though the diffusion term has a relatively small

magnitude.

Remark :

When the second order solution is applied two adaptation lengths are found
even without the diffusion term. This is illustrated in fig.4.8 with the
model of Galappatti (1983). For the second order solution the influence of
the diffusion term is probably less important. However, the second order

solution is further not considered since it is not applied in practice.

60

20

_20 -

_40 -

o 0.20 0.40 060 080 100

We

— - —=
U

Fig.4.8 Second order solution without horizontal
diffusion

It is remarkable that A changes sign at a certain value of ws/u*. Obviously
the sign of X represents the direction of the convection velocity in the
mean concentration equation. Direct integration of the original convection-
diffusion equation over the depth (see 4.2.6) shows that the convection
velocity should have the direction of the sediment transport. The secondary
flow has a small mean velocity in the direction of the flow in the upper

half of the depth'becaﬁse'tﬂe bed boundary is at a small distance above the
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bed. So for small Ws/u* the transport in n-direction will be positive. For
larger value of ws/u* the transport will change sign because of the” non-
uniform distribution of the concentration over the depth. The sign of X

agrees with this tendency.

Obviously the diffusion term should be taken into account in the first order

solution if the secondary flow is taken into account. It is interesting to

know whether this applies also to the exact model. The exact form of the

original convection-diffusion equation without horizontal diffusion term is:
dc

g 57 - Dlc] o C (4-148)

The solution of this equation can be written as

c = ? Aj ¢j(§) exP(Ajﬂ) T o (4-149)

where Aj are constant coefficients while Aj and ¢j are respectively

eigenvalues and eigenfunctions of the following problem

D[4] = A q¢ (4-150a)
$(0) = 0 " (4-150b)
, 8] _ ‘ h
[64 ¢, 88,0 -0 . (4-150c)

It should be noted that the secondary flow velocity changes direction in the
middle of the depth. This means that the "upstream" boundary of the upper
half and the lower half of the flow are at the different places. When the-
original convection-diffusion equation is solved the boundary conditions
should be applied at two different sides for the two halves of the flow.
Based on such a simple physical consideration it is concluded that the
eigenvalues Aj can be divided in two groups, one group with positive real
parts and the other group with negative real parts, although it is not
mathematicalfy‘broved. It is thus clear that tHe‘diffﬁéion te;ﬁ in;tﬁe
original equaticn will not influence the solution g;gnffic;ntly if i%s

magnitude is not very large. The significant influence of the horizontal
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diffusion term is due to the shortcoming of depth-integrated modelling that

only the first order solution is applied.

To illustrate the behaviour of the different models further the following
artificial case is considered (fig.4.9). The flow is uniform with a linear
velocity distribution. The vertical diffusion coefficient is constant over

the depth.
€, = 0.1 u*D (4-151)

The bed boundary condition is applied at the bottom z=0. This is allowed for
this case because the vertical diffusion coefficient does not vanish at the

bottom. Also the horizontal diffusion coefficient is supposed to be constant
in the whole area, having the same value as the vertical diffusion

coefficient unless it is set to zero.

Fig.4.9 Situation sketch

It can be shown that this problem is completely characterized by two

parameters, viz. ,

A slmple numerlcal model is set up to calculate the two-dimensional
solution. The upstream boundary condltlons as well as the bed boundary

condition for this two dlmen51ona1 model are shown in fig.4.9. When €, is
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not equal to zero the following condition is applied at the outflow

boundaries.

2
8¢9 (4-152)
an )

The two-dimensional numerical result is compared with the depth-integrated
model in fig.4.10 and fig.4.11 for two cases. It should be noted that for
the depth-integrated model it is not clear what the upstream boundary
conditions are. Therefore the mean concentration computed from the two-

dimensional model is applied.
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Fig.4.10 Comparisgn between the solutions
e =0, —=0
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The following conclusions are drawn from this exercise.

* The result of the depth-integrated model agrees better with the two
dimensional solution when the horizontal diffusion cdefficient is

larger.

* The difference between the firstrorder solution and the second order
solution is large when the horizontal diffusion is not taken into
account. The second order solution is acceptable.

* If the horizontal diffusion term is taken into account the first order

solution is acceptable.
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Chapter 5 THEORETICAL  ANALYSIS
5.1 Introduction

In the previous chapter a general asymptotic solution is developed for the
convection-diffusion equation. From this solution a series of depth-
integrated models for the suspended sediment transport can be developed. All
these models are easier to be applied and less sophisticated than the fully
three-dimensional model but more complicated and sophisticated than the
simple transport formula. Before a depth-integrated model can be chosen and

applied the following questions should be answered first..

a) Is 'the depth-integrated model sufficiently accurate -to replace .the

three-dimensional model?

b) Is it worthwhile to apply the depth-integrated model replac¢ing the

simple transport formula?

In this chapter attempts are made to answer these questions by means of a
theoretical analysis. Based on the results of the analysis-a choice is also
made from the different models.  The following section gives an analysis on
the behaviour of the exact solution of the convection-diffusion equation. In
section 5.3 the convergence of the asymptotic solution is, studied. The
morphological behaviour of the models is investigated in section 5.4
followed by a comparison of the different models in section 5.5. Finally in
section 5.6 the applicability of the models is further discussed and a

choice is then made.

For reasons of simplicity the flow velocity is assumed to be uniformly
distributed in the vertical (p=1),:unless otherwise specified. Under this
assumption the first order solution presented in section 4.5 is the same as
the first order solution of Galappatti (1983) when the two-dimensional case

is considered.
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5.2 Behaviour of the Exact Model

According to the three-dimensional model (the exact model) the sediment

concentration field has to satisfy
* the convection-diffusion equation,

L{c] = D[c] (5-1)

* the boundary conditions corresponding to the operator D[ ], i.e. the
water surface boundary condition and the bed boundary condition (the

concentration type is chosen as example for the analysis in this

chapter),

Vac =
e+ ere] -0 (5-2)

e(¢=0) = 7y,¢, (5-3)
* the boundary conditions corresponding to the operator L[ | i.e. the

initial condition and the upstream boundary condition,

c(0,€,n.,8) =c (&0, (5-4)
C(T.O,ﬂyf) = C€=0(1yﬂ:§) (5'5)
e(1,6,0,0) = ¢, ((7.£,6) (5-6)

* Further when the horizontal diffusion is taken into account some weak
conditions have to be applied at the downstream boundary. However, it
is assumed that these conditions will not influence the solution

significantly, therefore they are not considered in this chapter.

It should be noted that equation (5-1) and (5-2) are the same for all
problems and for a particular case the concentration field is completely

determined by the conditions (5-3) through (5-6). The concentration field
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consists of two parts, one contributed by the initial and upstream boundary
condition and the other by the bed boundary condition. For the analysis on
the convergence of the asymptotic solutions it is convenient to make a
distinction between these two contributions. Mathematically this distinction
can be formulated as follows.

c(r,€,9,¢0) = cp *+ ¢ (5-7)

I1

¢y is due to the bed boundary condition. It satisfies the convection-

diffusion equation (5-1) and the boundary conditions corresponding to the

operator D[ ] (5-2) and (5-3) in the whole 7-§-n space (-o<7,{,n<w)
L[cI] = D[cI] : (5-8a)
6cI
CI + € -ag_— c=1 =0 (5-8b)
e (§=0) = vy,¢, (5-8c)
Remark :

The extension of the domain to the whole 7-£-n space implies the
assumption that the bed boundary condition (ée) is differentiable to 7, ¢

and n up to infinite order at the corresponding boundaries.

c11 is due to the initial and upstream boundary conditions. It satisfies the
convection-diffusion equation, the boundary conditions corresponding to the
operator D[ ] in homogeneous form, and the adapted initial and upstream

boundary conditions.

Licy,] Dley,] (5-9a)
ac
e i
[CII + € —EE—}§=1 =0 (5-9b)

er (6=0) = 0 : (5-9¢)
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e17(0,€,m,8) = c(0,6,0,¢) - e (0,€,1,8) . - (5-9a)
CII(T,O:’IJ') = C("»O-W,S'-_) "CI(T,O:,YI,C) ) - o (5'98)
CII(";§,0,§') = C(Tygyoyg) = CI(f,fnovf) s . o (5'9f)

It is not difficult to verify that (5-7) is the solution of the original
problem (5-1)...(5-6).

The contribution of the bed boundary condition c. will be the.complete

I
solution if the complete 7-£-5 space is taken into consideration. Therefore
¢1 will also be called the dynamic equilibrium concentration. Cyq is in fact
due to the deviation of the actual concentration field from this dynamic
equilibrium concentration at the boundaries. Further 11 is only important
near these boundaries. It is thus a kind of boundary layer.

o

In order to clarify the problem further the simple case

i ]-2 | (5-10)

is considered as an example. For this case it can be shown that
x ‘ . : . : i B .
c = .2 A exp().7)¢d. ) 5-11
1T~ 52175 p( i )¢J (f) . - . . ( -1 )
or

c= ¢ ,j§1 jexp Oy L L (5-12) .
. @ : ' T .

where Aj’ Bj and Aj are constant coefficients, ¢j(§) are profile functions

and cI(r) is completely determined by the function ce(r).

There are thus two kind of time scales in this simple problem. The first

kind 1s the time scale characterizing the variation of c (1) and the ‘second

kind 1s the time scale inherent in the system itself characterlzed by the

exponential coefficients xj.

Lt
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For the general case

L1 =5 e S v a0 & I ¢ S ED

there is another kind of time and/or length scales characterizing the

variation of the initial and upstream boundary conditions.
To analyse the asymptotic solutions all three kinds of time and/or leéngth
scales have to be considered. However, as will be shown later, all can be
investigated in a similar way.
5.3 Canergence of the Asymptotic Solutions
5.3.1 Convergence Radius (A Simple Case)
Consider the case

Ll ) - 27 ) ) (5-14)
with the following bed boundary condition

Y11¢, = exp(ar) (5-15)

where a is a complex coefficient.

The exact solution for the the dynamical equilibrium concentration in this

case can be written as

c = f(¢)exp(ar) “ ‘ (5-16)
where £({) is the solution of the following boundary,vglue problem:

D{f] = of o _ (5-17a)

,Of _ Co S P
[f +e 5?]§=1 -0 (5-17b)

'
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£(0) = +,, (5-17¢c)

The mean concentration is obtained by integrating equation (5-16)

1
¢ = exp(ar) Jf(g) d¢ (5-18)
[}

According to the model of Galappatti the mean concentration is governed by

- n-
- dc 3
LTCIRE 7T P Y11 ——% = exp(ar) (5-19)
T ar

The dynamical equilibrium concentration is then the particular solution of

this equation.

- exp(ar) )
T ml i (5-20)

2217i1“
The conventional asymptotic solution for this case is (see eq(4-71))

n+l a_] '1(-:

e 1 j-1 A
551 1T exp(ar)?§l6jla (5-21)

j=1

It is clear that the asymptotic solution (5-20) and (5-21) will converge if
and only if the series in these two equations converge. Both series are

power series, so a convergence radius Ra can be defined for each solution.

T
Ra = }ig i 1,1 for the model of Galappatti (5-22)
i
8._1 1
Ra = }§£ g s for the conventional model (5-23)
j.1

It should be noted that a represents a time scale of the variation of the
bed boundary condition which is related to the variation of the flow. That

the asymptotic solution is only convergent if |af < R means in fact that
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the depth-integrated models are only valid for relatively slowly varying

flow or when the time scale is relatively large, as can be expected.

From a mathematical analysis (Wang, 1984) it can be shown that the limit in
(5-22) is equal to the absolute value of the largest eigenvalue of the

following problem.

DI$] = 26 - (5-24a)
a8 o _

[6+ <2, -0 (5-24b)

1 |

Jscr ac =0 (5-24c)

0

For the case that ¢’ is constant this eigenvalue is

2 2
- -(l+b4m €' )

M be'

(5-25)

Analogously the limit in equation (5-23) is equal to the absolute value of

the largest eigenvalue of the following problem.

D(g] = A (5-26)
3¢ - B

[¢ + e a§]§=1 0 (5-26b)

$(0) = 0 ' (5-26¢)

For the case that ¢’ is constant this eigenvalue is

2 2
-(l+4b,e’ ) (5-27)

A= bLe'

where b, is the smallest positive root of the equation (see fig.5.1)

tg(b) = -2¢'b (5-28)
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It is clear that b<w. This means that the convergence radius of the model- of
Galappatti is larger than that of the conventional model. Figure 5.2 gives
the convergence radii of the two asymptotic solutions for the case that the

diffusion coefficient is constant.
(5;29)

5.3.2 Convergence Domain (A more general case)

In the previous subsection the convergence of different asymptotic solutions
has been studied for a simple case. It has been shown that the convergence
domain for a in equation (5-15) is a circle in fhe complex plane with radius
Ra. In the general case more directions are involved in which the bed
boundary condition can vary. Along the'wéy outlined in the previous
subsection a convergence radius can be determined for each direction
sepéfately, but the question remains whether the diffefent direcfions
involved will interact with each other. In this subsection it is attempted

to answer this question by considering'the'more genéral case
L. a . -
LT =G5+ 5 ‘ N ' (5-30)

with the bed boundary condition

¢, = Tiexplar f B8) ‘ (5-§l)
where o and B8 are éomplex.numbérs.
The gxact solution for this case can be written as .
c = .(5-32)

£(¢) exp(ar+fg)

so’

1
.¢ = exp(ar+pg) ff(g) dg SR . (5-33)
5 - . !
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where f is determined by

D[f] = of + Bpf (5-34a)
,0f - .

[f + € ag]g 0 (5-34b)

£(0) = v,, (5-34¢)

The conventional model gives for this case the following solution for the

mean concentration

¢ = exp(ar+ﬁ§)2§i JElak oK3pgi-1 (5-35)

and according to the model of Galappatti

21
e = exp(gr+ﬁg)[ “§1 JElyk k- JﬂJ'l] (5-36)

It is clear that the conventional asymptotic solution will converge if and
only if the double series in equation (5-33) converges. Similarly the
asymptotic solution of Galappatti will converge if and only if the double
series in equation (5-36) converges. The two asymptotic solutions can thus
be studied in exactly the same way. Therefore only the conventional model

will be studied in the following.

The convergence of the double series in equation (5-35) can be well studied
for the simplified case p=1. For this case it is not difficult to show that

(see equations 4-68 and 4-73)

k-1
&kj = skl[ i ] (5-37)

where [ ?:1 ] expresses the binomial coefficients. Equation (5-35) can then

be written as

¢ = explar + ﬂg)ﬁé}skl<a+ﬂ)k'1 (5-38)
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This is again a power series and the convergence radius of a+8 is thus

)

k-11
R = lim [——— (5-39)
at+p 0 6k1

This is exactly the same as the convergence radius for the simple case
studied in the previous subsection. This conclusion applies also for the

asymptotic solution.

There are clearly interactions between the different directions. For a=-8
the asymptotic solution always converges without any restriction, while the
critical case is o=p for which the effective convergence radius is only one
half of Ra+ﬂ' All cases between these two extreme cases are possible. In
fig.5.3 the interaction between the two directions is depicted for three
cases. This figure shows that the interaction between the two directions
depends on the angle between a and B in the complex plane. The larger this
angle the larger the convergence limits. The two extreme cases can be
represented by the two extreme values m and zero of this angle. In general
it can be said that if this angle is smaller than n/2 the convergence limits

of o and B are both smaller than R .5 If this angle is larger then 2n/3 at

5
least one of the convergence limits can be larger than RO‘+

5

Fig.5.3 Interaction between a and 8.
5.3.3 Further discussions
It should be noted that in the previous two sections only the dynamic

equilibrium concentration field has been considered. The boundary layer can

be studied in a similar way.
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For the simple case studied in subsection 5.3.1.the boundary layer cry-can
be written as (see Wang and Ribberink,1986)
* - .3 Y ;
e = 21 (§lexp (A7) ;
in which Ak are the eigenvalues of problem (5-26).
1 4b2 '2
i S (5-40)
Le!
€

The solution consists thus of components of exponential functions in time-.
It is clear that an asymptotic solution can only converge to those

components in (5;40) of;which the exponential coefficients are inside the
convergence domain. In fig.5.1 it can be seen that inside the cohvergence

domain of the model of Galappatti (1983) only one of the X, 1is present (b, >

k
w > b,). This means that the asymptotic solution of Galappatti can only -
converge to the first component in (5-40). The same conclusion has also been
drawn earlier from a different analysis (Wang and Ribberink, 1986). Further

none of the eigenvalues A, is inside the convergence domain of the

k
conventional asymptotic solution‘(|xl| = convergence radius). Therefore the
conventional asymptotic solution does not converge to any component of Cr1-
This explains whylno upstream boundary condition at all can be applied in

this model.

For a more general case such as the case considered in 5.3.2 not only more
boundary layers are involved but there is also another kind of variation
such as the variation of the upstream boundary condition in time. Such a
variation will interact with the corresponding boundary layer. This
interaction can be analysed in .exactly the ‘same way as in subsection 5.3.2.

This analysis is not repeated here.

Up to now only the conventional solution and the solution of Galappatti have
been considered. For the general asymptotic solution the convergence domain
cannot easily be determined. However, it has been shown above that the

number of components of c._. to which a asymptotic solution converges to is

I1
equal to the number of )\ coefficients inside the convergence domain of the
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solution and also equal to the number of initial conditions which can be
applied in the infinite order solution. This reasoning might also be used to
estimate the convergence radius of a asymptotic solution. If M initial
.conditions can be applied in the infinite order solution in a model then the

model should converge to M components in c thus the convergence radius

I1°
should can be supposed to be larger than the absolute value of AM according
to (5-40). In the previous chapter it has been shown that if an orthogonal
system is chosen for the test functions two upstream bnundary conditions can
be applied in the second order solution- (see 4.4.3, case II). It is
presumable that if the test functions form a complete system, an infinite
number of upstream boundary conditions can be applied in the infinite order
solution so the asymptotic solution coﬁverges to the .complete solution of
the original problem. Thus it is conjectured that the convergence radius of
the asymptotic solution is infinitely large when the test functions form a
complete system.

.

5.4 Morphological Behaviour of the Models (A Linear Analysis)

In order to study the morphological behaviour of the different models.a
linear analysis is carried out. The propagation characteristics of a small
disturbance in a one-dimensional flow are derived analytically from the

conventional model, the model of Galappatti and the exact model.

Consider a steady uniform flow where the suspended sediment transport is
dominant and in equilibrium. Let all the quantities in this equilibrium
state be denoted by the subscript , (e.g. u, for the mean velocity, h, for

the water depth, etc.). Consider a disturbance in the bed level

2 = oz, + 2 y (5-41)

N
I

' Z exp(it + ikx) (5-42)

This will cause perturbations in other quantities.

S . !
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U =u, + u (5-43a)
€ =2¢qy + c (5-43b)
s = sy + 8’ (5-43¢)
c, = ¢ *+ ¢ (5-43d)

For the analysis the following assumptions are made.

* The variation with t and x of the coefficients in the depth-integrated

models can be neglected.
* The discharge remains constant, thus
th = ush = g (5-44)

* The water surface level remains unchanged, this is the rigid 1lid
assumption. Thus

9z, ah
t

8

The continuity equation for the sediment can then be written as

dh  3ds
— = — 5-4
ac ~ ax (5-43)
* the sediment transport capacity is governed by the power law
s =au’ (5-46)
e
so the equilibrium mean concentration becomes
) o
c = (5-47)

a
e @419

With the help of equation (5-44) equation (5-47) can be linearized as
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. - < [1 . %] (5-48)
Thus

& - - % co (5-49)

sé = - E%L So (S-SQ)

The sediment transport s can now be determined from different models, and
the propagation characteristics can be derived from equation (5-45) which
can also be written as

oh' ds (5-51)

The conventional model

According to the conventional model the transport rate is (see chapter 4)

AR e
- L . 5-52
°Td E:: ﬂJJ[W ] ) 1 -52)

The perturbation of the transport rate is then

n+l
bs - ji-1 ,j-1
P Wt T CTR R e
h, @11 j-1
j=1 ax

w
s

Substituting this equation into equation (5-51) gives

n+l . .
) Pifa )it & e (5-53)
at h, ay vy aXj-l

i

Together with equation (5-42) this gives
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- - j-1 ’
A= - ike— 13 [ik 9—] ‘ (5-56)
j=1

The model of Galappatti

In the model of Galappatti the mean concentration ¢ has to be determined
first before the sediment transport rate s can be determined. The equations

governing ¢ and s are (see chapter 4)

n+l v §-1 .3 - L
: =Z 133 {Q_] dc . o (5-56)
e Y Wy axJ .
31 :
n+l . .
j-1 ,j- .
s =q Z .. [q—] g¢c (5-57)
4] ws BXJ N
j=1

From equation (5-56) the perturbation of the mean concentration is shown to

be

be, Vs j-11" : .
V- —— R _li['kﬂ_} 5-58
. hg E:: Y11 M - . ( )

n+l . n+l . -1

be, a,. j-1 YVis j-1] )
Y —" > —JJ[ikq—] > RAR [ikq—] ' o (5-59)
hy el vy S Yl W) )
j=1 j=1 .
Substituting this into equation (5-51) gives . . . -~
n+l nt+l -1
' ch Q.. J'l o JFen J_l ' :
L > L[ikq—] —H[ikq—], | & (5-60)
at hy ap U vy T U v ) R S
j=1 j=1 .

Together with equation (5-42) this equation gives
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. be, ntl a,. j-1 ntl Vi j-1r . - !
A = - ik — }:: -ll[ikﬂ—] 2:: —ll[ikﬂ—] : (5-61)
h, @y W Y11 Vg
j=1 j=1 ,

The exact model

According to the exact model the concentration and the transport rate are

governed by the following equations.

(s3]

P —% = D[c] : (3-62)

1
s =9q Ip(c) c(¢) dg A (5-63)
[+]

Together with the boundary conditions

L .
[c + € a§]§=1 0 (5-64)
c(6=0) = 7,8, , (5-65)

Substituting equation into the equation (5-62), (5-64) and (5-65) shows that

¢’ is governed by

P 3¢ = Dlel (5-66a)
, , dc’

[c vl g ]§=l -0 ‘ (5-66b)

e’ (§=0) = 7y,¢) (5-66c)

The solution of this boundary value problem can be shown to be
¢ =& (1) (5-67)
where ¢ is a complex function governed by

ik %— pé = Dic] } ' (5-68a)



-92-

a
[4, +er 28 ]H -0 (5-68b)
$(¢=0) = v,, (5-68c)

From equation (5-63) it follows then
1 bCo 1
s' =q IP(S')C'(C) ¢ = - - h'fp(f)qﬂ(:) a¢ (5-69)
0
o ]

Equation (5-51) can now be written as

bs 1
dh’ % gh'
3t " hy g; IP(§)¢(§) d¢ (5-70)
0

Substituting equation (5-42) into this equation gives

be,
A== &, ik IP(§)¢(§) d¢ (5-71)

0

It should be noted that if the sediment transport were only bed load the

result would be
A= =2k (5-72)

which is the same as the zero order solution from both depth-integrated

models.

Further the convergence of the propagation factor A from the asymptotic
solutions can also be analysed as in the previous section. The same
conclusions can be drawn as in the previous section. If p=1 then

B..=6.. for all j (5-73a)

@y, =1 (5-73b)
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a.. =0 for j > 1 (5-73c)
1]

For this case the results will even be exactly the same with a=ikq/ws. The
convergence radius gives thus also a limit of wave length in the river bed
for which the asymptotic solution is just convergent. The models are

compared with each other in the following section.
5.5 Comparison Between the Models

In section 5.3 the convergence domains of the different asymptotic solutions
are studied. Inside the convergence domain the asymptotic solution will
converge to the exact solution. However, for practical applications only the
first few terms in the asymptotic solution can be taken into account. .
Therefore not only the convergence domain but also the convergence rate of

an asymptotic solution is importanc.

In this section comparisons are made between the low order asymptotic
solutions and the exact solution, inside as well as outside the convergence
domains. In order to avoid unnecessary complications only two simple cases
are considered. The first case is the case considered in 5.3.2 with a is
real, and the second case is the case studied in section 5.4. For further
simplification of the problem the diffusion coefficient is assumed to be

constant and the flow velocity is assumed to be uniformly distributed.
(5-74a)

p(¢) =1 : (5-74b)

Case 1 a is real

For this case the exact solutions as well as all the asymptotic solutions
are real. For the comparison the different solutions can better be depicted

as function of b with

b = Jl-b4e'a

o (5-75)
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The exact solution can then be written as

2v5,¢'tg(b)

TR (5-76)

e} lo-

e

The conventional solution and the solution of Galappatti (1983) are already
given in 5.3.2, see equations (5-20) and (5-21). In order to examine the
asymptotic solution with an orthogonal set of test functions the second and

third order solution with the following test functions are considered.

,.q, r, ...) ; . (5-77a)

P =
with . .
q=4¢-2 . o . . . . (5-77b)
) .
r = 6 -60+1 (5-77¢)

The second order and third order solution are then respectively

p .(aﬂ1'ﬂo) ) 3
g— = Y _EEEZK;S (%econd order) (5-78a)
e . . .
with
2
Yotv0tY 7,
A, = (4-78b)
2
Baa aB, -8,
and
2 2
’é :(ﬂzaf 'ﬂ‘o)ﬂ;[a-' (B, +ﬂla+ﬂo)(l‘1°'ﬂ'0) o : v Ly
E_'= Yo - det(Ay) .(thlﬁq.ord?r) e (5-79a)
e

with
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2 3 2
Yot7,0+7a +va T1et7,a 1@
3 2 2
Az = |Bsa +Boa Baa +B,a-B, Bia (5-79b)
3 2
HB3a Boa -po  py-pg

In these.equations

7578 1410

1
ﬂj = Jq al’j+1d§
. 0

1
= o e
]

In fig.5.4 the conventional solution is compared with the exact solution. It

can clearly be observed from this figure that for a<0 .the asymptotic

6 6

Inl

o1

L= N ——2D
—=<1st order
\ - =—=-2nd order
-6 L 1 ] 1 (W -6 L I} | 1
3n 21 w 0 it 21 i3 b an 2m n 0 it 2im 3 b
( i { 1 { 1t I a L 1 1 1 L I a
-89.08 -3973 -10.12 0 9.62 39.22 88.58 -23.21 -6.55 -1.81 0 455 n2

€
3]

= -0.10 by -2 =0.40
LU u

(a)

%
*

Fig.5.4 Comparison between the conventional asymptotic solution and
the -exact solution. i
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Fig.5.5 Comparison between the solution of Galappatti and the exact
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Fig.5.6 Comparison between the asymptotic solution with
orthogonal test functions and the exact solution
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solution does not converge outside the first singular point in the exact
solution. The first singular point determines thus the convergence radius.

This agrees with the analysis in 5.3.2.

The solution of Galappatti is compared with the exact solution in fig.5.5.
In this asymptotic solution there is one singular point for a<0. It can be
observed that this singular point is an estimation of the singular point in
the exact solution. Outside the singular point the solution does no more
change sign, so the first zero point in the exact solution defines the
convergence radius of this asymptotic solution. This agrees with the result
in 5.3.2.

In fig.5.6 the solution with the orthogonal test functions is compared with
the exact solution. In this solution there are n singular points in the nth
order solution, but the way it behaves outside the first singular point does
not agree with the exact solution. This fact indicates that this asymptotic
solution does not have a infinite large convergence radius as suggested
earlier. No definitive conclusion can be made for the convergence of this

solution at this moment.
Further the following conclusions are drawn from the comparisons.

* The agreement between the model of Galappatti and the exact model is
better than that between the conventional model and the exact model.
The convergence radius is apparently also a measure for the accuracy of

the corresponding depth-integrated model.

* In the model of Galappatti as well as in the conventional model the
smaller ws/u* the higher the convergence rate. This may be explained
by the variation of the convergence radii of the two models with ws/u*

(see fig.5.2).

* Within the convergence domain the higher order solutions improve the
accuracy while outside the convergence domain this is not necessary the

case. The first order solution of Galappatti gives also a good
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- .estimation for the ‘exXact solution outside ‘the convergence domain when

a>0 .

Remark:

The phenomenon of resonance occurs in the exact solution if a is equal
_ to one of the eigenvalues of problem (5-26). This is then.called a
singular point. In such a point the boundary value problem (5-17) has
no solution, which in fact means that the exact solution cannot be
written in the form of equation (5-16). In asymptotic solutions a -

singularity occurs when the numerator is zero.

Case IT1 B is purely imaginary

_The coefficient A derived in the previous section is a important parameter
indicating the morphological behaviour of the corresponding model. It gives
information on the characteristics of the development of the disturbance on
the bed. Both the real and the imaginary part of X have important physical

meanings, i.e.

-Im()\)/k = propagation velocity

Re(X) = damping coefficient

The propagation velocity as well as the damping coefficient according to the
" different models are compared with each other in fig.5.7 and fig.5.8 for two

ws/u* values. The following conclusions have been drawn from the comparison.

* The model of Galappatti gives a good estimation for the exact solution
(both the propagation velocity and the damping coefficient) even when
kq/ws is slightly larger than the convergence radius. Within the
convergence domain the agreement between this model and the exact model
is better when a higher order solution is applied, when the wave number
is smaller and when ws/u* is smaller, as can be expected.

* The conventional asymptotic solution gives also good estimation for the

exact solution when kq/wS is small(<2). However, for larger wave
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numbers the deviation between the two models increases rapidly. The

agreement between this model and the exact model does not depend on

ws/u*.

* Higher order solutions can only improve the agreement with' the exact
solution within the convergence domain. This applies for both
asymptotic solutions.

* Concerning the overall agreement with the exact solution the first
order solution in the model of Galappatti which in the preseht case is

the same as the applied solution seems to give reasonable results.

Further it has been observed that

* the propagation velocity according to the exact model decreases as the
wave number increases; it is always smaller than that in the case of

bed load transport which is the zero order solution;

* the damping coefficient is always negative(dampfng) and its absolute
value increases with the increasing wave number (note that the damping
coefficient in fig.5.7 has been:madg dimensionléss with the wéve number
k). A consequence of this {s that bed forms -cannot be maintained in a

uniform flow if only suspended transport is present;

for ko= the damping'coefficient becomes infinitely large and the

P

propagation velocity becomes zero which agrees with the characteristic
analysis.
It should be noted that for ks the disturbance is infiﬁitely small so the
results from the linear analysis should provide the same information as the
characteristic analysis. From fig.5.7 it can be seen that according to the
exact model the propagation velocity becomes zero for kﬁm. For p=1 as in
fig.5.7 the first ordergsolutionliﬁ the modél of Galappétti gives the same

result.
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Qg2711 So

Lig’l (-Im(X)/k) = ;—1—1—7—2—2‘ b E (5-79)

However, this is always negative if the velocity is logarithmically
distributed over the depth, although the absolute value is small. This means
that a boundary condition at the downstream side is needed for the
morphological computation if no bed load transport is present, which is of

course physically unrealistic.

This problem is avoided in the present model (& = (p,...)). The first order

solution for the case under consideration becomes then (see chapter 4)

ay, [ 22 all] de 580
c = — + |ay, - — —| -
‘s @11 22 a,; ayq) 8¢ ' : ¢ )

The result of the linear analysis becomes then

bs, Yi: Qgg yi-1l”
A= -ik — }::[ SRR ———] [ikﬂ—] (5-81)
hg Y11 %12 w .

instead of (5-61). The celerity becomes then
lim (-Im(\)/k) = 0 ' : C(5-82)

the same as the exact model. This supports the choice of the first component

of the test functions made in the previous chapter.
5.6 Concluding Discussions

The depth-integrated models "are developed to fill the gap between the simple
transport formula and the complicated three-dimensional model. A depth-
integrated model can only be applied if affirmative answers are given on

both questions posed in section 5.1:

a) Is the depth-integrated model sufficiently accurate to replace the

three-dimensional model?
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b) Is it worthwhile to apply the depth-integrated model replacing the
simple transport formula?

After the theoretical analysis in the previous sections it is now possible
to answer these two. questions. Take for example case II considered-in the
previous section. The morphological behaviour of the different models are
clearly shown in fig.5.7. Obviously for k'=kq/ws>l'the-hpplication of the -
simple transport formula will cause significant errors), so it is then -
worthwhile to apply a more complicated model. From the same figure it ican’
also be observed that the limit on k’ below which the depth-integrated
models are applicable is much larger than 1. This means that there is indeed
a gap between the sophisticated three—aimensional model and the simple
transport formula, which can be filled by a depth-integrated model, or in
other words there are certainly cases for which both questions posed in the

beginning of this chapter have a positive answer.

In the previous chapter it has been shown that a series of depth-integrated
models can be developed based on the general asymptotic solution of the
convection-diffusion equation. However, when the &nsteady three-dimensional
problem is concerned only the first order solution can in general be applied
since the higher order solutions will be too complicated for application,
except the conventional approéch. For the conventional model the application
of higher order solutions means only to calculate higher order derivatives
of ée(t,s,n). As mentioned in the previous chapter the first order solution
in the general asymptotic solution is only influenced by the first component
in the set of functions ¢. For the two.dimensional case.the first order
solution in the model of Galappatti.is an examplé of 'the general first order
solution with ¢,;=1. There are:thus.only two possibilities<remaining to be
chosen, viz. the conventional model and the model based on the general :
first order solution. From the comparisons carried out in the previous
section it has been concluded that the first order solution in the model of
Galappatti performs much better than the conventional asymptotic solution
(see fig.5.4...fig.5.7). Therefore the general first order solution is

chosen. . . = . o ; L AR . .

v
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In the comparisons made in the previous section simplifications have been
made on the velocity profile and the turbulent diffusion coefficient. The
same comparison can also be carried out for the more realistic velocity
distribution (logarithmic) and diffusion coefficient(parabolic-constant).
The solutions will then also depend on the location of the bed boundary
condition (B) and the parameter ﬁ/u*. The conclusions drawn in the previous
section apply also for this comparison, only the influence of the parameter
ws/u* is now more important. The smaller this parameter the more accurate

the model.

Up to now the analysis only concerns  the two-dimensional flow case. However,
it can be expected that the conclusions drawn from the analysis apply also

for the three-dimensional cases.

| L
l
Fig.5.9

In realistic sjtuations the bed level will be irregular, but the result of
the linear analysis can still be applied for examining the applicability of
a model after a Fourier analysis. As an example the sedimentation of a
trench (fig.5.9) is considered. For such a case the bed level zb(x) can be

developed into a Fourier series.

zp(0) = 8, A, exp[i i ] (5-83)

The result of the linear analysis can now be applied to each component in

this equation.
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For numerical models it should be noted that the shortest wave which can
enter the system has the length 2Ax and the longest wave has the length 2L,
if Ax is the space step and L is the length of the region under

consideration. In other words

K19
— > >
Ax T k = L

(5-84)
Examining the agreement between the depth-integrated and the exact model in
the region defined by (5-84) one can thus obtain a good impression about the

accuracy of the model.

Examples of applications of the results from the analysis in this chapter

are given in chapter 7 and chapter 8.
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Chapter 6 NUMERICAL MODELLING

6.1 Introduction

As described in chapter 2, the morphological model considered at present can
be divided into three submodels, viz. the flow model, the sediment transport
model and the bedlevel model. The flow model used at present is an existing
model, therefore only the numerical aspects of the sediment transport model

and the bedlevel model are considered in this chapter.
6.2 The concentration Equation

The main numerical problem in the sediment transport model is the solution
of the sediment concentration equation (4-147). For convenience this

equation is written as

Bcs acs acs 3 . a . Cee Cs .
el U Frali v 3y =D —+D 7 + (6-1)

where = effective velocity in x-direction,
effective velocity in y-direction,

= diffusion coefficient,

H o < <
]

= adaptation time.
Two numerical schemes for this equation are considered, one with central
space discretization for the convective terms and the other one with

upstream discretization.

The Central Scheme

The central scheme is applied in combination with the predictor corrector
method (PCM). Thus for the predictor the forward-time central-space (FTCS)
scheme is applied while for the corrector the Crank-Nicolson (C-N) scheme is

employed. In equation form these schemes read



108-

Predictor
c* el R e . n n
sjk %sjk , n sj+lk%sj-1k  n ®sj,k+1 %sj, k-1 _
At jk 24x jk 28y a
" -2¢™, 4 n 22e® 4"
o osi+lk “%sjk%sj-1,k  n %sj,k+l "%sjk'sj,k-1
= Dyx > + Djk > +
Ax by
Cn ‘Cn
+ sejk “sjk (6-2)
Tn
ajk
Corrector
K%k n * n * *
®sik ®sjk _ (1-8) °sjk “sjk o uotl si+l,k %sj-1,k |
At At jk 2A%
* * *® 2 * *
ooyt Csi k1 %s5 k-1 n+l siel kT "%sik %51,k
A A AN ) ]
jk 20y jk Ax
* * * n+l  *
Dn+1 Csj,k+1 Csjk+csj,k-1 Csejk_csjk
" Y5k 2 A1 (6-3)
&y ajk

*
This corrector can be applied for a number of times, where c

is the last estimation for c.

for every time

This numerical method has already been analysed by Wang (1984) for the one-
dimensional case. The analysis for the two-dimensional case discussed here
is completely analogous. Therefore the analysis will not be described in

detail here, only the important results are summarized below.
For the initial state

e (0, x, y) = exp(ik x + ikyy) (6-4)

the complex propagation factor is
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_ J-1.J )
p =14+ ng 93 1z (6-5)
with
Z = Axcosf + Aycosq - Ax - Ay - B - 1ax51n§ - 1ayslnn (6-6)
£ = kxAx
=k A
n “y Yy
A =2DAt2:
X
Ax
A - 2pAt
y
Ay
o o st
X Ax
s - VAL
y Ay
At
b=
a
M = the number of iterations,

constant coefficient.

The condition for numerical stability
o] <1 , (6-7)

defines a stability domain which can be described by the following two

relations.
200, + Ay) + 8 = £,00) (6-8)

2 2 .
Oy + 0y = gy (8,800 | (6-9)
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Fig.6.1 Stability domain of
PM with three
iterations (source
term explicit 4=0.5
A AN

Xy

g-03

0 ! | 1 | |
0.0 0.2 0.4 0.6 0.8 1.0 12 14

—_— )

Fig.6.2 Stability domain of PM with three iterations
(source term implicit, 6=0.5, AX=Ay=A)
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For M>1 the functions fM and gy are too complicated to be written in
analytical form. It has been shown that M=3 gives the largest stability
domain (Wang, 1984). This stability domain is shown in fig.6.1 for 6=0.5 and
AX=Ay=A. It can be observed from this figure that the parameter B can give
negative influence on the stability when X is not too small. This can cause
serious problems in very shallow water regions where B becomes large. This
problem can easily be solved by treating the source term in equation (6-1)
implicitly instead of explicitly as in (6-2). The last term in (6-2) and
(6-3) becomes then o

cn+1 _cn+1

sejk “sjk

n+1 '

ajk

The whole scheme remains effectively explicit, but the stability domain is

enormously enlarged, as can be seen from figférz;
Another problem with the central scheme is the spatiél osciliation. A
condition for suppressing oscillation for the one-dimensional flow case is
that the cell-Reynolds number should be smaller than 2 (Vreugdenhil,l979).
—Z <2 ' : (6-10)
Suppose that
D = alh
then the condition becomes
Ax < 20h _ ' ' (6-11)
Since a has the order of magnitude 1 this condition will in genera% lead to

a unrealistically small Ax. So serious oscillation problems can be expected

with the central scheme.
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The Upstream Scheme

The upstream scheme introduces such a numerical diffusion that spatial

oscillation problem will no more occur. In equation form this scheme reads

cn+1_cn cn _cn n _cn
sjk ®sjk , yn Zsj.k sj-Lk , on %sj,k "sjk-1 _
At jk AX jk Ay
n n n n n n
-0 Csi+l,k sk Csi-1,k + Dt °si, k1l 2°sik*Csi k-1
ik o jk o *
x y
Cn -Cn
+ sejk “sjk (6-12)
n
ajk

if U and V are positive. It should be noted that the source term is treated
implicitly in order to improve the stability of the scheme. The complex

propagation factor for this scheme becomes

1
P = 175 [1 SAL Ay lo | - |oyl + (Ax+|axl)cos§ +
+ (Ax+lax|)cosn - ilo |sing - i|aX|sin§] (6-13)

The stability domain can be described by
(o | + [ayl + Al + |*yl) <1+0.58 (6-14)
and is shown in fig.6.3.

The truncation error in the central scheme is of second order while that in
the upstream scheme is of first order. Thus the central scheme is in general
more accurate than the upstream scheme. However, the spatial oscillation
problem makes this scheme unapplicable for most estuary problems, since the
space step is in general much larger than the water depth. Therefore most
computations in the present study have been carried out with the upstream

scheme.
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02+ 0,7

Fig.6.3 Stability domain for the upstream scheme
(source term implicit, 6=0.5, AX=Ay=A)

The upstream scheme introduces a substantial numerical diffusion in the
computation. However, an analysis on the order of magnitude of terms in the
mean concentration equation (Wang, 1984) shows that the source term is
dominating. Therefore the upstream scheme is accepted for solving the

present mean concentration equation.
6.3 The Bed Level Equation

The bed level in the model is calculated from the integrated sediment

transport field as follows

ntl n n n n n
(1-7) zjk - zjk . TXj+’/2,k- TXj-‘/z,k . TYj,k+‘/2- TYj,k-‘/2 _
N Ax Ay
a [*3
_ x[n ,,0 n vy [.n ,,0_.n e
2R [zj-l,k 225y zj+1,k] * N [Zj,k-l 225k zj,k+l] (6-13)

In this equation
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P = porosity of the bed,
TX,TY = x- and y- components of the total transport in one tidal period
N = number of tidal period in one morphological step,

@, ay = artificial viscosity in x- and y-direction.

Analysis on this scheme has to be carried out in combination with the
sediment transport model. This will be very. complicated for a realistic
estuary case. Therefore it has been decided to carry out an analysis with

the following simplifications.

- The flow is one-dimensional.
- The flow is quasi-steady.

- The sediment transport model can be described as

acS Cse-c‘s

= L (6-16)
a

S = qc o (6-17)

- The water level remains the same as in the initial state (rigid 1lid).

For this case the numerical solution for g and z follow from

c_.-C_. c__.-C .
sj sj-1 _ “sej "sj

Ax L (6-18)
a
Zn+1_ 0 g . gh

py _J J j+l/2 "3j-1/2 e [n  , 0 D -

A-P) =g+ Ax = 2t (35-1 %% T Fa (6-19)
With
c .+c
j j+1

sj+1/2 - q _El_ifl__ (6-20)

this equation can be written as

n+l n n n

c - c
} j i sj+l sj-1 o n L, .m A
(1-F) 9T R = 7at [zj-l 22y zj+1] (6-21)
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Examine the development of the following disturbance in the bed level
Z = z exp(ikx) = z exp(ik jax) (6-22)

where k is the wave number.

5 '

Suppose that the equilibrium transport rate can be written as

ai? ( - ' (6-23)

2}
i
£O
+]
I

With a linearization it can be shown that the disturbance in the equilibrium

concentration cSe is

(6-24)

Cse =c . exp(ik jAg) B
with
¢ N Cse R . K .
se P H 2 (6-25)
where H is the undisturbed water deﬁth.
From equatién (6-18) it can be shown that the disturbance in g is \o
C = ¢ exp(ik jax) = A o exp(ik jax) (6-26)
s s - 1-(1-B)exp(-ikax)  “se ’ :
with
Ax . - . ’
p - x (6-27)
a
From (6-20)...(6-27) it can be derived that
n+l n '
Z, " =p Z, (6-28)
J J

where p is the amplification factor
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2
off isiné

p =1 - a+ acosé - W (6'29)
with
SO
At
b (6-30)

The stability criterion is again |p|<l. In contrast with the case with
equilibrium transport model the scheme can be stable for a=0. For this case
the stability condition is

of =2 (6-31)

It is interesting that not only the Courant number is important but also the
ratio between the space step and the adaptation length is important for the

stability. It should further be noted that for é=n
p = 1-2a (6-32)
This means that for a=0 waves with length 24x will not be damped.

Although o=0 is allowed for the stability according to the analysis above,
computations for realistic estuary situations have shown that a small but
non zero value of a is required for maintaining stability of the
computation. However, a much smaller value is required than in the case of
equilibrium transport model. Furthermore a ¢ value larger than one is
allowed in contrast with the equilibrium transport model (see equation

6-31).
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Chapter 7 VERIFICATION OF THE MODEL
7.1 Introduction

Any model for sediment transport, mathematical or physical, needs to be
verified before it can be applied in practice. The applicability of the
present model has already been studied theoretically in chapter 5. In this
chapter the model is further verified by comparing it with a more

sophisticated three-dimensional model.

Verification of the model for the one-dimensional case has already been
carried out by comparison with two-dimensional computations as well as with
laboratory experiments (Wang, 1984, Wang and Ribberink, 1986). In these
comparisons only uniform flows were considered. In this chapter the
verification is extended to the three-dimensional case by considering a more

realistic test case.

The present model is a simplification of the three-dimensional model.
Therefore a comparison with a three-dimensional model provides a perfect
verification of the model if the two models are based on the same basic
theories. Van Rijn (1987) reports a three-dimensional computation for a
partially closed channel with the SUTRENCH model. This model is based on the
same basic theories as described in chapter 4. Therefore this case has been

chosen as the test case.

The case concerns a unidirectional flow in a channel of constant width
(=1000 m) and a horizontal bed. The channel is partially closed by a dam
with a length of 400 m and a width of 100 m as shown in fig.7.1. The
discharge is 4000 ms/s and cHe water depth at the outlet boundary is 6 m.

The bed material is assumed to be sand with dg,=200 pm and dg,=300 um.

The case chosen at present is an artificial case rather than a practical
case. However, the comparison between the depth-integrated model with the
three-dimensional model still can provide useful information about the

applicability of the model. It is a step between the theoretical analysis

and the test of the model with a case from practice. Together with the



-118-

theoretical analysis in chapter 5 this step should help one to distinguish

the errors due to the procedure of depth-integrating from other causes.

30 3/, 40 a1
f

|
|

“wooot

sl [ TT]

o 41

grid points of concentrations in middie of cells

- Fig.7.1 6rid schematization of the SUTRENCH computation.
After van Rijn and Meijer (1986).

In the following section the applicability of the depth-integrated model for
the present case is considered theoretically. This is an application of the
results obtained in chapter 5. The comparison between the two models for
this case will also provide a verification for the results of the
theoretical analysis. In order to keep.the computations with the two models
comparable with each other, the same flow field should be applied in the two
computations. Since the grids in the fwo models are not the same, a
transformation procedure has to be applied in order to obtain the flow field
for the present computation. This is considered in section 7.3. In section
7.4 the input parameters and the differences between the two models are
summarized. The computational results are reported in section 7.5 and

finally section 7.6 summarizes the conclusions drawn from this exercise.
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7.2 Theoretical Considerations

Before the computation with the present model is carried out the results of
the theoretical analysis can be applied in order to obtain an idea about the

validity and applicability of the model for the present case.

A simple examination of the applicability of the model can be made by
considering the basic length scales. According to Wang and Ribberink (1986)
the depth-integrated model can only be applied when the length scale of the
problem is relatively large compared with the. length scale @h/u*.tAt present
the length of ché dam may be considered as the characterizing length scale
of the problem, thus L=400 m. The water depth(is About 6 m and the roughness

hight is k_=0.25 m, so

- ’ 05
C = 18 log 1%2 =44.5m " /s
S

R L

* g

Y h=8m

Uy

Lu*

— =3

uh

Based on this consideration it can be concluded that the depth-integrated
model should be applicable for the present case but it has to be kept in
mind that this schematisation is very .rough so the conclusion is not a firm

one.

A more detailed consideration can be made by ﬁsiﬁg the result of the
analysis presented in chapter 5, with the help ofrthe result from the
SUTRENCH computation presented by van Rijn (1987). The equilibrium transport
rates along the streamlines B and C (fig.7.3) may be presented in terms of

sine functions (via Fourier series). The characterizing wave length for the
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Fig.7.3 Location of the streamlines (after van Rijn and Meijer, 1986)

two streamlines are respectively 1500 m and 2000 m (see fig.7.2). Based on

this information the equilibrium concentration may be presented as

A

. 2w .
Cee = Cge exp(i I s) (7-1)
or
Cio = cseexp(ik £) (7-2)
with
P _ 21 g -
k! = © o (7-3)

Equations (5-18) and (5-20) (a=ik;) can now be applied to determine the
actual concentration, according to the exact solution and the first order

solution respectively. Both solutions can be written in the form

e, = ¢ exp(ik’é - i#) (7-4)

~ A

Compared with the equilibrium concentration (7-2) there is a damping cs/cSe
and a phase lag 4. The damping coefficient and the phase lag according to
the exact and the present model are shown in table 7.1. for the two

streamlines (fig.7.3).
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STREAM- GENERAL INFORMATION DAMPING PHASE LAG
LINE

* ’
NR. U H L ws/u* k EXACT ESMOR EXACT ESMOR

(m/s) (m) (km)

1.0 6.0 1.5 0.18 2.0 0.574 0.559 0.383 0.475
2.0 0.20 1.35- 0.70 0.715 0.368 0.430

Table 7.1 Analytical Results

The figures in this table show that the present depth-integrated model give
similar results as the exact (2DV) model. Therefore it can be concluded with

confidence that the model is applicable for the present case.

It should be noted that the damping coefficient can be interpreted as the
ratio between the maximum value of the non-equilibrium transport rate and
the maximum value of the equilibrium transport rate. The phase lag can be
written as

P = kg =2 as (7-5)
where As can be estimated as the distance over which the actual fransport is
equal -to the equilibrium Yalue at a certain site. It is thus also possible
to compare the results from the theoretical analysis with the computation
results. This will be.done in section 7.5 whén the computation.results are

presented.
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7.3 Grid Schematisation and the Flow Field Transformation

The grid schematisation of the SUTRENCH computation is shown in fig.7.1.1It
has 20*%40 grid points. The ESMOR model is based on a rectangular staggered
grid as shown in fig.3.1l. In order to make the computations with the two
models comparable with each other, the grid size in the ESMOR computation
should be about the same as the minimum grid size in the SUTRENCH
computation. Therefore Ax=Ay=25m is chosen which leads to 41%125 grid

points.

Special attention has been paid to the schematisation of the dam. It is not
possible to obtain the smooth form of the dam with the ESMOR grid. The
schematisation can be seen in e.g. fig.7.4. According to this schematisation

the dam is some what too small.

The flow field in the SUTRENCH computation was calculated with the WAQUA
model. The ESMOR model is connected with another flow model, viz. the
DUCHESS model. In order to keep the two computations comparable it was
decided to derive the flow field in the ESMOR grid from the result of the

WAQUA model with a transformation procedure.

The flow field transformation is not such an easy problem as it seems to be.
The transformation procedure consists of three steps. First the stream
function is calculated on the SUTRENCH grid. In the second step the stream
function on the present grid is determined via bi-linear interpolation.
Finally the flow field is then determined by differentiation. The derived

flow field is shown in fig.7.4 together with the original flow field.
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7.4 Input Parameters and Differences Between the Two Computations
The basic data in the ESMOR computation are

the flow field h, Q. qy as described in the previous section,
roughness kS = 0.25 m,
particle size of the bed material so = 200 um,

d
dgo = 300 pm,
w
A

particle fall velocity of suspended material s = 0.0125 m/s,
relative density of sediment = 1.65,
constant of von Karman K =0.4,
horizontal diffusion coefficient € - 0.5 mz/s,
porosity of bed material P = 0.4,
location of the bed boundary B = 0.0082,
time step At = 10 s.

Further the coefficients in the ESMOR model have been calculated with
exactly the same vertical diffusion coefficient and the flow velocity
profile as in the SUTRENCH computation.

The following differences can be detected between the two models.

1. The upstream boundary condition

SUTRENCH c=c,
. & -&
dc e
ESMOR T T

This difference is not significant since for the eventually steady case

dc/at=0, so é=ée.

2. The closed and the outlet boundaries

SUTRENCH c=c
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dc

ESMOR o5 = 0

The present condition is more realistic but van Rijn has shown that this

condition does not influence the results very much,

3. The location of the bed boundary

SUTRENCH z, =0.05m
ESMOR B =z /h=0.05/6.09 = 0.0082

The difference is negligible since the water depth only varies from 6.00 m
to 6.18 m.

4. The vertical velocity

SUTRENCH included
ESMOR excluded

The vertical flow velocity is not large so this difference will not be very

important

5. Initial condition

SUTRENCH c(t=0) = ce
ESMOR c(t=0) = 20 ppm = constant

This difference is insignificant sidce only the steady situation is of

interest.
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7.5 Computational Results
Concentration
The ESMOR model is a depth-integrated model, so it does not produce

concentration profiles as in the SUTRENCH model. It gives only the transport

concentration which is defined as

s

1
c_ = J p(g) c(f) d¢ (7-6)
) )

The contour lines of ¢ as well as its equilibrium value C o 8T shown in
fig.7.5. It can be observed from this figure that there is clear damping and

phase lag. Further the small disturbances present in Cee have been damped

RN E )

out in ¢
s

(a) Equilibrium (interval = 40 ppm)

(b) Non-equilibrium (interval= 20 ppm)

Fig.7.5 The computed sediment concentration field.
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It should be noted that g is not equal to c. This makes the comparison with
the SUTRENCH model rather difficult. However, the comparison can perfectly

be carried out for the transport rate and the bedlevel change rate.

Transport Rate

The sediment transport field from the present computation as well as from
the SUTRENCH computation are shown in fig.7.6. Comparison between the two
computations based on this figure is difficult because of the different plot
routines used in the two computations. However, a close examination on the
numerical output shows that the agreement between the two computations is
quite good. Only in the direct vicinity of the dam head the ESMOR
computation seems to give a too small transport rate. This is at least
partly caused by the fact that the dam in the ESMOR computation is too small

and the velocity at the dam head is therefore too small.

— 25kg/sm

{a} The SUTRENCH model.

P — 0.0005 m?/s H‘

(b) The ESMOR model.

Fig.7.6 The computed sediment transport field.
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A better comparison can be made for the transport rate along a particular
streamline. In fig.7.7 this is done for streamline B(see fig.7.3). In this
figure the 2DV SUTRENCH computation is also presented in addition to the 3D
SUTRENCH and the ESMOR computation. The 2DV computation is based on the two-
dimensional model along the streamline. According to van Rijn(1987) the 2DV
and 3D computations should give almost the same result since the horizontal
diffusion for the present case is not very important. Fig.7.7 shows that the
difference between the ESMOR computation and the 3D computation has the same
order of magnitude as the difference between the 2DV and 3D computations.
This means that the agreement between the ESMOR model and the SUTRENCH model
is almost perfect. The same applies also for streamline C as shown in

fig.7.8.

In table 7.2 the different computations are evaluated in terms of damping
coefficient and phase lag (see section 7.2). The phase lag from the
computations is the averaged value at the increasing part and at the
decreasing part. Although the schematisation of the equilibrium transport
rate as a sine function of the disﬁance along the streamline is a very rough
one, the analytical results agree with the computation results quite well.
The present case gives thus not only a test for the depth integrated model,

it also provides a verification for the theoretical analysis.

STREAM- ANALYSIS COMPUTED COMPUTED ANALYSIS COMPUTED
LINE 2DV 3D 2DV 1DH 2DH
SUTRENCH ESMOR
DAMPING 0.547 0.42 | 0.47 0.559 0.42
B PHASELAG  0.383 0.28 0.40 0.475 0.36
DAMPING 0.700 0.65 0.64 0.715 0.73
c PHASELAG - 0.368 0.28 - 0.40 0.430 0.36

Table 7.2 Comparison between analytical results and computations
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Bedlevel Change Rate

The bedlevel change rate from the ESMOR computation is shown with contour
lines in fig.7.9. The result of the SUTRENCH model is represented in
fig.7.10. The erosion as well as the sedimentation pattern from the two
computations agree very well with each other. By examining the numerical
output it has been found that the maximum erosion rate is 43 mm/h and the
maximum sedimentation rate is 10.5 mm/h. The values reported by van Rijn are
respectively 100 mm/h and 25 mm/h. This large difference is only present in
the direct vicinity of the dam head. It is probably partly due to the
disturbance in the flow field introduced during transformation and partly

due to the error introduced by the depth integrated modelling.

(a) Erosion (interval = 4 mm/h)

—— A/ aw
TR

(b) Sedimentation (interval = 2 mm/h)

Fig.7.9 Bed level change calculated from the ESMOR model
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Fig.7.10 Bed level change calculated from the SUTRENCH model

Computation time

SUTRENCH: CPU time for the 40x20(x10) grid is about 90 s for 100 time steps

on a CDC CYBER 855 computer (van Rijn, 1987).

ESMOR CPU time for the 125x41 grid is about 90 s for 200 time steps on a

IBM 3083-JX1 computer.

The two computers mentioned above have about the same computation speed.
apparently the ESMOR model will be about 10 times faster than the SUTRENCH
model if they are both used on a same horizontal grid. This is logical

because the SUTRENCH computation uses 10 grid points in the vertical
direction.
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7.6 Summary and Conclusions

A computation has been carried out with the ESMOR model for a partially
closed channel which has already been calculated with the SUTRENCH model. A
comparison between the two models has been perfectly possible since they
have exactly the same theoretical background. Before the computation is
carried out the results of the theoretical analysis have been applied with
some schematizations. The conclusions from the theoretical analysis are

verified with the computation results.

The main findings from this study are summarized in the following

conclusions

* Transformation of the flow field from one grid to another grid is not
such an easy problem. It should be done via the stream function when

ever possible.

* The theoretical analysis shows that the depth-integrated model is
applicable for the present case. The conclusions of the theoretical

analysis are supported by the computation results.

* The agreement between the results from the depth-integrated model and

the SUTRENCH model is quite good.

* The computation cost of the ESMOR computation is much lower than that
of the SUTRENCH computation if the two models are both used on a same
horizontal grid. The ratio between the computation costs depends on the
number of grid points in the vertical direction in the SUTRENCH

computation.
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Chapter 8 A PRACTICAL APPLICATION OF THE MODEL

8.1 Introduction

After the verification of the morphological model in the previous chapter it
is logical to test the model further for field conditions. Testing the model
by applying it for a practical problem is not such a easy task. For ;he
application of the model a lot of field data are required which are often
not available. Special adjustment to the model and assumptions have to be
made for the absent data. It should also be noted that_the model cannot be
applied to every estuary due to the simplification made. In fact the model
can only be applied for well-mixed estuaries because the density flow effect
is not taken into account. This makes the choice of a test problem even more
difficult. Despite these difficulties attempts are made in this chapter to
apply the model to a estuary. For this purpose the Yantze estuary is chosen.

In section 8.2, it is argued that the model is applicable for that case.

Nangjing

Xuliujing Chong Ming !

Shanghai 9

Tongling i N
Datong 'gujao

0O - 60 120 180KM

Fig.8.1 The tidal region of the Yantze River.

The Yantze River (Changjiang in Chinese), with a length of 6380Akm and a
catchment area of 1.8 mil}ion ka, is the largest and the most important
river in China. It flows into the East China Sea north of Shanghai. The
river mouth is situated at Jigujiao which forms the natural downstream
boundary of the estuary. The tidal influence can reach up the river as far
as Tongling and Wuhu in the dry season during spring tide. Datong locageﬁ
640 km from the river mouth is the most.downstream tide free hydrologic

station (see fig.B.l). In order to have clegrly ﬁefined upstream boundary ..
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conditions, a study on the Yantze estuary should start from this station
although Xuliujing is usually considered as the upstream boundary of the

estuary.

The Yantze estuary is of great economic importance to China. It is the
entrance to Shanghai harbour and also the main waterway for seagoing ships.
Without this estuary the Shanghai Economic Zone would probably never have
been developed. At present various enterprises are being constructed along
the south bank of the estuary. The most important one is the Baoshan Steel
Mill with a total planned output of-six million tons of steel in 1990.
Another important one is the Shidongkou Thermal Power Plant with a total
installed capacity of 2400 MW, which will start operation in 1992.
Especially for these enterprises, jetties are built along the south bank of
the estuary for the sea going transport of raw material, fuel and products.
Further, the Luojing harbour with a total yearly transport of 24,000,000
tons and Qiyakou harbour with a total yearly transport of 60,360,000 tons
are planned along the south bank of the estuary. For these harbours and
jetties it is very important to keep the navigation channels in good order.
Therefore, investigation of the morphological development in the estuary is

of great importance.

The Yantze estuary is divided by islands and sand banks in a regular way.
Downstream of Xuliujing the estuary is first divided into the south and
north branches by the Chongming island. The south branch is then subdivided
into the south and north channels by the Changxing and Hengsha islands. The
south channel is further divided into south and north passage by the Jiuduan
sandbank. Corresponding to these ordered regular divisions the development
of the estuary seems also to happen in a systematic way. Every division is
initiated by an underwater sandbank. The sandbank becomes an island as the
division develops. The division will finally disappear when the island joins
the north bank of the estuary. At the same time a new division somewhere
downstream will start to develop. This systematic process has already
repeated itself several times in history although the period of the process
is considerable (Chen et al, 1982). At present, the north branch is
decreasing its volume due to sedimentation. It is expected that the

Chongming island will join the north bank in the near future.
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At present (1989) the Yantze estuary seems to be too large to be included in
the ESMOR model. It is certainly impossible to consider the whole region
from Datong to Jigujiao (640 km) because of the large area covered, although
it would be ideal to do so for the boundary conditions of the morphological
model. Even when Xuliujing instead of Datong is considered as the upstream
boundary the model will cover an area of about 100 km * 100 kmz. This will
not only lead to too many grid points but the available data for such a
model will also be very restricted since extensive measurements have not
been carried out in all parts of the estuary. As mentioned above, the south
branch is the main waterway at present while the north branch is silting up.
Most enterprises under construction or in planning stage are located along
the south bank of the south branch. The south branch has become the most
interesting part of the estuary for research. Most measurements are also
carried out in the south branch. Therefore it is decided to take the south
branch for the study. As upstream boundary the cross section at Xinjian is
chosen and as downstream boundary the Hengsha cross section in the south
channel and the Gongqingweil cross section in the north channel, (see

fig.8.2).

Xuliujing

4
RXY
L

9209 Xing ]

Heng Sha
5. sl

0 10 20 %
e, y /Hegsho
Gaogqiao ,’

/
!

——— River Bank
i~  Measured Sections

==—— Model Boundaries

Fig.8.2 The Yantze Estuary.
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In the following section the collected data are described and analyzed. The
calibration of the flow as well as the sediment transport model is carried
out in section 8.3 followed by a simulation of a one week measuring period
in 8.4. The long term morphological computations are described in section
8.5 followed by some sensitivity analysis in section 8.6. Finally in section

8.7 the conclusions from the study are summarized.

8.2 The Field Data

8.2.1 General Features of the Estuary

Before the ESMOR model is applied the general features of the estuary have
to be examined in order to see whether the model is applicable for the
estuary.

The most important feature of an estuary is the type of mixing which is
determined by the ratio between the river inflow and the tidal prism of the

estuary.

At the Datong hydrologic station the following data are derived from the

measurements in the period 1947 to 1983.

long term annual runoff 912*10g m3

long term averaged discharge 28900 ms/s
maximum discharge 92600 ms/s
minimum &ischarge ‘ 4620 ma/s

The tide in the Yantze estuary is semi-diurnal, with a period of 12 h 25
min. At the mouth the maximum tidal range is 4.62 m, the average tidal range .
is 2.66 m, and the minimum tidal range is 0.17 m. In different seasons,

depending on the tidal range, the tidal prisms of the estuary are:

9 3
. flood season, spring tide 5.3 % 10 m
s 3

dry season, spring tide -39 % 10 m
s 3

flood season, neap tide 1.6 * 10 m
s 3

dry season, neap tide 1.3 %10 m
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The type of mixing of an estuary can be characterized by the mixing number M
which is the ratio between the fresh water inflow (QxT) and the tidal prism
(Simmons and Brown, 1969). According to Officer (1975) an estuary is
stratified if M>1, well-mixed if M<0.0l and partially mixed if 0.01=<M<l1.0.
The type of mixing of the Yantze estuary has been studied by Huang and Zhong
(1986). Under the long term mean fresh water inflow and average tide M is
determined to be 0.29, So on the whole the partially mixed type is
predominant in the Yantze estuary. However, in the flood season during neap
tide (M=2.6), stratified flow may occur, while in the dry season during
spring tide (M=0.05) the estuary may become well mixed. At the long term
flood season mean discharge, 45500 ms/s, the ’'null point’ which indicates
the upper limit of the salt intrusion, is located at Tongsha, where the
mouth bar is formed. This is located just outside the modelling region at
present. Therefore the density flow effect at present can be neglected

although the estuary as a whole is not well-mixed.

At the Datong hydrologic station data are also collected for the sediment

transport.

3
flood season averaged sediment concentration 1.0 kg/m
3

dry season averaged sediment concentration 0.1 kg/m

3

annual averaged sediment concentration 0.544  kg/m
9

averaged annual sediment load 486%10 kg

Especially the annual sediment load is very important for the calibration of
the morphological model since it determines the morphological time scale of

the estuary.

The sediment in the estuary is quite fine. It consists mostly of silt. For
such fine méterial, flocculation can be important when the salinity is above
a certain level. Cohesive sediment particles in the Yantze estuary consists
mainly of illite ( 70 to 77% ) while the percentage of montmorillonite is
only 3.5-7.5% (Shen et al, 1986). According to Dyer (1979) flocculation of
illite and kaolinite is complete above a salinity of 0.4% if adequate’
particle concentration is present. Therefore, it can be expected that the

flocculation can be important when the salinity is above 0.4%. Measurements
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from August 28, 1984 to September 4, 1984 show that fresh water dominates in
the upstream part of the region under consideration. The salinity at the
Qiyakou (Q) cross section is below 0.16%. In the downstream part of the
region the salinity is much higher. In the south channel (S) and north
channel (N) the salinity varies between 0.6 to 1.7% in the same period. This
means that the flocculation in the upstream part of the region can be
neglected while in the downstream part it can be important. Little is known
about the flocculation of sediment in the Yantze estuary. In the present
study the flocculation effect is not taken into account. This shortcoming of

the model has to be kept in mind when computational results are interpreted.
8.2.2 Data Required for the Study

For the morphological computation with the present model the following data

are required.

Geometry and topography

Detailed information on the geometry and bed level in the area under

consideration at the initial state is required.
Roughness of the bed

The Chezy coefficient in the whole area has to be known.

Boundary conditijon for the flow
For the ideal boundary condition for the flow the water level at the
downstream boundary has to be specified while at the upstream boundary the

discharge has to be given.

Properties of the sediment

The grain sizes of the bed material as well as the suspended material have
to be known, For the suspended material the fall velocity has also to be

known. For the bed composition the porosity has to be known.
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Boundary condition for the sediment _transport

For the ideal boundary conditions the transport rate at the upstream
boundary during ebb and the sediment concentration at the downstream

boundary during flood have to be specified.

The data mentioned up to now are the necessary data to run the model. In
order to calibrate and to verify the model the following additional data are

required.

- Water level measured in some stations within the model area.

- Flow velocity measured within the region under consideration.

- Sediment concentration or transport rate in the region under
consideration.

- Bed level of the whole area at different times.
8.2.3 Collected Data

The collected data are mostly from three sources, the annual sounding of the
bed level in the estuary, the records of the hydrologic and tidal stage
record stations, and the 1984 hydrologic survey conducted in the period
between 28 August and 4 September. Among these sources the 1984 hydrologic
surQey is the most important one. In the following the required data listed
in the previous section are examined one by one in order-to see if they are

satisfied. If this is not the case a solution is suggested.

Geometry and Topography

This information has been obtained from a large scale (1:50000) navigation
map. The navigation map is updated every year with measurements (soundings)
usually conducted from April to October of the year. The bed levels
indicated on the map are thus not measured at one certain time. The

topography of the years 1984 and 1985 is selected for the present study.
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Roughness of the bed

No field data concerning the bed roughness is available. However, various
tidal flow computations have been carried out for the estuary, so some
experience about the resistance to the flow has been gained. An often used
value of n in the Manning formula for the region under consideration is

0.013, thus

¢ = G013 (8-1)
where D = water depth in m,
C = Chezy coefficient in mo‘s/s.
In the ESMOR model the Chezy coefficient is calculated as
C = A log liD (8-2)

s

Table 8.1 shows that a satisfactory agreement between equation (8-1) and (8-
2) is achieved for A = 40 and ks = 0.18 m with the water depth varying from
1 to 34 m.

WATER-  EQUATION EQUATION |  WATER- EQUATION EQUATION
DEPTH (8-1) (8-2) | DEPTH (8-1) (8-2)
|
|
1.0 m 76.9 72.9 | 4.0m 96.9 97.0
7.0 m 106.4 106.7 | 10.0 m 112.9 112.9
13.0 m 118.0 117.5 | 16.0 m 122.1 121.1
19.0 m 125.7 124.1 | 22.0 m 128.8 126.6
25.0 m 131.5 128.8 | 28.0 m 134.0 130.8
31.0 m 136.3 132.6 | 34.0 m 138.5 134.2

Table 8.1 Comparison between equations (8-1) and (8-2)
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A value ks of 0.18 m is realistic for a bed with sediment transport, but an

A value of 40 certainly needs some explanation.

It should be noted that

o de

Kk log e (8-3)

where x is the von Karman constant. For s =0.4 the usual value A =18 is
obtained. According to Einstein and Chien (1954) k value can be decreased by
the presence of the suspended sediment in the flow. Einstein and Chien
(1954) relate the x value to the relative energy required to keep the
sediment in suspension (see fig.8.3). It is difficult to apply this theory
directly to a tidal flow since the energy slope i is then not well defined.
However, using the Chezy equation the relative energy may be modified as
follows for a single fraction of sediment

2

Acw c

s
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s
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u

(8-4)

=
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For A=1.65, ¢ = 1000 ppm, v, o= lmm/s, u=1m/s, D=10m, C =112 m ° /s

this equation becomes
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Fig.8.3 Relation between von Karman constant and
relative energy
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Acws
=

=0.21 (8-3)

From fig.8.3 it follows that x = 0.18, which may explain the value A=40.

In the final computation the A value is determined by calibration. The value

given here is used as reference.

Boundary condition for the flow

The boundaries of the region are chosen such that at each boundary a tidal
stage record station is present. So the downstream boundary condition is
satisfied but for the upstream boundary condition the required discharge

record is not available.

Mathematically it is no problem to give water level boundary conditions at
both sides of the model, but it can be dangerous from a accuracy point of
view. Specifying the water levels at both sides means that the water surface
gradient is given. A small error in the water levels can cause a large error
in the gradient, especially when the difference between the water levels is
small. A large error in the gradient means a large error in the velocity.
Furthermore computations have shown that this type of upstream boundary
condition can give numerical problems. Special measures have to be taken to

assure stability of the computation as described in the following section.

In the short term computations including those for calibration and the
simulation of the measuring period, the measured water level at the upstream
boundary is used as boundary condition. In the long term morphological
computations a flow computation of one tidal period has been carried out
first, and the computed discharge at the upstream boundary during this

period is used as boundary condition for further computation.

Properties of the sediment

During the 1984 hydrologic survey the grain size of bed material at 10
locations in total in the south channel and north channel cross section has

been determined. These data are shown in table 8.2
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VERTICAL d VERTICAL d

50 50
S1 15.5 N1 53.0
S2 12.0 N2 50.5
S3 62.5 N3 90.0
S4 105.0 N4 125.0
S5 - 43.0 N5 27.5

Table 8.2 Grain size of the bed material in um

d50 in pm at the south channel cross section
VERTICAL SPRING TIDE average tide NEAP TIDE
S1 14.2 13.5 6.7
S2 12.0 13.3 7.7
S3 13.0 11.9 8.6
S4 11.6 13.5 6.6
S5 11.8 11.1 6.3
dSO in pm at the north channel cross section
N1 12.2 8.9 7.3
N2 13.7 11.4 7.0
N3 16.6 10.1 10.4
N4 16.5 12.4 9.7
N5 17.2 11.6 ° 8.8
d in pm at the Qiyakou cross section
Q 13.5 18.3 9.25

Table 8.3 Grain size of the suspendedvmaterial
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The grain size of the bed material appears to vary strongly from site to
site, but the area covered by the measurement points is too restricted to
draw a conclusion about the distribution of the bed material needed to
calculate the bed load transport. However, the bed load transport can be
neglected with respect to the suspended transport as will be shown in
section 8.6. Therefore this will not cause serious problem for the

computation.

The grain size of the suspended material was also measured in 3 cross

sections during the 1984 hydrologic survey (see table 8.3).

The suspended material appears to be more homogeneous in the region than the
bed material but it clearly depends on the amplitude of the tide. The fall
velocity is not measured. It might be estimated from the grain size as
follows

ll>
A (5]
[oR

(8-6)

12]
&l
oo}

With this formula it can be shown that the fall velocity is in the order of
0.1 mm/s. It should be noted that the fall velocity may also be influenced
by the flocculation. Reliable data for w_ can only be obtained from field
measurement. Therefore it is decided to consider w, o as a calibration

parameter.

No information about the porosity of the bed is available. In the
computations it is assumed to be 0.4, which is probably not exact,

especially in regions with fine bed material.

Boundary Condition for Sediment Transport

No sediment concentration or transport rate measurement was conducted at the
boundaries. Therefore assumptions have to be made for the boundary
conditions. At the downstream boundary during flood the dynamical
equilibrium concentration from the single point model is applied in all

computations.
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The same has been done for the upstream boundary during ebb in the short
term computations. It should be noted
condition is equivalent to applying th
upstream boundary. For the long term m
condition alone is not sufficient for
the morphological model..Therefore in

is solved analogously as for the flow

tidal period is carried out first and .

7-

(8-7)

that for the case of steady flow this
e equilibrium transport rate at the
orphological computations this

the upstream boundary condition for
the long term computations the problem
computation. A computation of one

the computed transport rate at the

upstream boundary is used as boundary condition in further computation.

Water level in the region
The tidal records of the six tidal stage stations present in the region
(fig.8.2) are collected. These records can be used for the calibration and

verification of the flow model.

Flow velocity in the region

During the 1984 hydrologic survey flow velocities at 15 verticals have been
measured during spring tide, average tide as well as neap tide. These data

are used for the calibration and verification of the flow model.

Sediment concentration

During the 1984 hydrologic survey also the sediment concentration has been
measured in the 15 verticals. These data can be used for calibrating and

verifying the sediment transport model.

Bed level at different times

The bed levels of 1984 and 1985 have been collected. The bed level measured
in 1984 is used as the initial bed level while that of 1985 is used for

testing the morphological model.
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8.2.4 Theoretical Considerations on the Applicability of the Model
Based on the collected field data the result from the theoretical analysis
as presented in chapter 5 can be applied to examine the applicability of the

model.

Basic parameters

4. f=30
* g
u ~1 m/§
so u, ~0.03 m/s
Wy~ 0.001lm/s
Vs
so — ~ 0.03
Yy

The convergence radius of the asymptotic solution of Galappatti (1983) e.g.

can now be determined. For ws/u*=0.03, Raz33. (see section 5.3).

Time Variation

The characterizing time scale for the present problem is the tidal period
T = 44700 s.

so the a value characterizing the time variation is

»—BIN
3

h
w
s

For h=10 m and w_=0.001 m/s |a|=1.4 which is much smaller than R . Therefore

the model will certainly be applicable regarding to the time variation.
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Spatial variation

As pointed out in chapter 5 the wave number k characterizing the bed level

variation in a numerical model is always in the range

=g
B
(alk]

where Ax is the space step and L is the length of the region under

consideration. At present Ax=1 km and L=80 km, so the magnitude of

2
varies from 0.4 to 32 for q=10 m /s. Thus the spatial variation is also

within the convergence domain of the model of Galappatti (1983). Therefore
it can be concluded that the model is certainly applicable for the present

case.

8.3 Baslc Parameters a?d Calibration of the model

8.3.1 Basic Parameters

The region under considerafion has a length of about 80 km and a width of
about 15 km. For the computational grid (fig.8.4) the space steps are chosen

as Ax=Ay=1 km. The time step should be restricted by the stability as well

as the accuracy requirement.

Fig.8.4 The computational grid
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In the flow model the ADI method is applied for the numerical computation,
which is theoretically unconditionally stable. According to Stelling et al
(1987) the ADI method can only be accurate if

At < 4 E (8-8)

J gd [(o.sAx)'2 + (O.SAy)-Z]

For Ax=Ay=1000m and gD = 10 m/s this gives At<200 s. Therefore At=200 s is
chosen for the computation. Computations have also been carried out with
other time steps. The influence of the time step on the accuracy is

discussed in section 8.6.

The time step for the concentration computation is chosen the same as that
for the flow computation. The time step for the transport rate is chosen

larger than that of the flow computation.

The geostrophic force is determined by the latitude # of the region, which

0
is about 31 N, so

-5 .
f =20 sind = 7.49 * 10 s
The horizontal eddy viscosity has been chosen as

E=0.03upD. (8-9)
o s

This is about u,D for C=110 m * /s.
8.3.2 Calibration of the Flow Model
The calibration of the flow model is carried out with a computation using
the field data measured during the first tidal period of the 1984 hydrologic

survey. Only one calibration parameter is used, i.e. the Chezy coefficient.

Two computations have been carried out one with

C = 40 log 61%%

and the other with
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12D
C = 30 log o.18

From the comparison between the results of the two computations the

following conclusions have been drawn.

* The Chezy coefficient does not have significant influence on the
computed water level. The agreement with the measurements is quite

good in both computations.

* The influence of the Chezy coefficient on the flow velocity is much
more important. The second computation agrees better with the
measurement than the first computation. In the first computation the
Chezy coefficient seems to be too large while in the second
computation it seems to be too small. For further computations it has
been decided to use

C - 33 log olig (8-10)

In the callbratlon computatlons the water level has been specifled at both
the upstream and downstream boundary as boundary condltlon This appears to
cause some serious numerical problems in the flow model DUCHESS. The problem
occurs at the boundary region, especially during an inflow period. At the
boundary a circulation occurs and its strength grows in time, eventually
causing ’'overflow’ in the inflow discharge. This is apparently due to the
numerical schematization at the water level boundaries. In order to avoid
this problem the inflow velocity is smoothed along the boundary after each
time step with

) (8-11)

old
i+l

i~ vy ralvy g - 2v

v [vl + a(vl_l 2v v,
where 1 is the grid number along the boundary Physically this means that a
extra VlSCOSlty of an /At is added to the water at the boundary. Therefore

the a value should be chosen as small as possible. Computations show that o

= 0.05 is sufficient to maintain stability of the computation.



-152-

8.3.3 Calibration of the Sediment Transport Model

Two parameters are used for calibrating the sediment transport model, the

fall velocity and the bed boundary condition.

The gradient type bed boundary condition is applied in the computation with

the equilibrium concentration computed from

N

U|ﬁ
©»

(8-12)

. 2 .1
where A is a coefficient with dimension T L  to be determined via the
calibration. This equation is applied only because it is often used for the
Yantze estuary (see e.g. Huang, 1986) as well as for the Qiantang estuary
(Lin et al, 1981) of which the sediment is mostly from the Yantze estuary
(Lin, 1984). At present (1989) the obtained data is too restricted to verify

this formula.

‘The fall velocity LA is the key parameter in the model. It is the only
parameter determining the adaptation time when the flow field is known. The
adaptation time is the most important parameter determining the phase lag
and the damping of the sediment concentration compared with the equilibrium
concentration. The other calibration parameter, the coefficient A has also
strong influence on the amplitude of the concentration but it does not
influence the phase lag. Therefore the agreement for the phase lag with the

measurement is used as a criterion for determining LA

Four computations have been carried out for the calibration of L
respectively with ws=0.0001, 0.0005, 0.001 and 0.002 m/s. The best agreement
has been found for W= 0.001 m/s.

It should be noted that the concentration equation is linear, so the
calib;ation with the coefficient A is quite easy when L is already v
determined. The best value for A can be found by extrapolation. However, it
appears that good agreement between the measurement and computation can only
be obtained if the coefficient A varies in the region. The eventually used

2
value (in s /m) is
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A= 0.030 for flood (8-13a)
0.030 for y>50km
A =4 0.0525 y<41km for ebb (8-13b)

[1.75 (50-y)/9 + (y-41)/9]%0.03  41<y<50

where y is the distance in km measured from the upstream boundary. No proper
explanation can be given for equation (8-13b). The final conclusion on the
formula for the equilibrium concentration will be given in the following

section after the simulation of the whole measuring period.
8.4 Simulation of the Measuring Period

From August 28 to September 4, 1984 a hydrologic survey was organized in the
estuary. This one week measuring period, in the flood season of the Yantze
river, was chosen such that spring tide, average tide as well as neap tide
were covered. During the survey the flow velocity, sediment concentration,
water temperature and salinity were measured in five cross sections
distributed in the whole estuary, among which three sections are located in
the region under consideration (see fig.8.2). In each cross section data
were collected in five verticals with five measuring points in each
vertical. A part of the data collected in this survey has already been used
for calibrating the model described in the previous section. In this section

a simulation of the whole measuring period is described.

The simulation has two aims.

1) It provides a verification of the calibrated model.

2) It gives information about the influence of the spring-neap tide cycle.
This information is useful for determining the standard tide in the
morphological computation.

The important input parameters in this computation are

v = 0.001 m/s
Ax = Ay = 1000 m
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At = Atc = 298 s
At =4 * 298 = 1192 s
89400 sec = 24 h 50 min.

At
m

The Chezy coefficient, bed boundary condition, upstream and downstream
boundary conditions for the flow as well as for the sediment transport are
as described in the previous two sections. In fig 8.5 the applied water
level at the boundaries are shown. Neither secondary flow nor bed load
transport is included in this computation. Their influence will be discussed

in section 8.6.

— <D=~
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Fig.8.5 Bdundary_conditions for the flow.

In order to restrict the computation time, the time step for the flow

computation At_. and for the concentration computation At has been chosen

£
larger than the value mentioned in the previous section. The influence of
the time step will be discussed in the sensitivity analysis in section 8.6.
Ats is the time step for the transport.rate compufation; It can be chosen
larger than Atc because it is not restricted by any stability requirement.
It has only to be small enough for an‘accurate integration of the transport

rate over the tidal period.

Atm is the morphological time step. At present it is chosen as two times the
tidal period, which means that the bed level in the model is adjusted every
day. This time step is relatively small. It is chosen to ensure an real

simulation of the measuring period.
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The results from the flow model are presented in fig.8.6 and fig.8.7.
Fig.8.6 shows the measured and calculated water level at different stations
during:spring tide, average tide and neap tide. The agreement between the
computation and the measurements is good in the whole period. The comparison
between the computed and measured flow velocities in the 15 verticals is
carried out in fig.8.7. The agreement for most verticals is reasonable in
the whole period, although in some verticals especially those near the river
bank (Q2, Q5, S4, N2, N5) considerable deviations between the measurement
and the computation are present. In general it can be concluded that the

calibration of the flow model has been satisfactory.

Fig.8.8 shows the comparison between the measured and calculated sediment

concentration in the 15 verticals. From this figure it can be observed that:

* The results in all Q-verticals are not satisfactory. Especially during
neap tide the concentration is overestimated. This is probably due to

the fact that the A coefficient in equation (8-13) is too large.

* The results in the S- and N-verticals are better, but still not really
satisfactory. However, for these regions it seems to be impossible to
make the agreement between the measurements and the calculations better

by modifying the two calibration parameters.
* The results during the average tide are reasonable in most verticals.

Fig.8.9 shows the transport rate in the three cross sections. The agreement
between the measurement and the calculation is reasonable, but during the
averaged and neap tide the transport is considerably overestimated by the
computation, especially in the cross section Q. The same conclusion is drawn
from fig.8.10 where the dayly total flood- and ebb-transport through the
three cross sections is shown. It seems thus that the calibration of the
sediment transport model has not been very satisfactory. However, with the
available field data it is not possible to improve the agreement between the
computation and the measurement very much by changing the calibration
parameters. The A coefficient given in equation (8-13) is estimated under

spring tide condition. It is too large for average tide and neap tide,
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especially during ebb. It seems to be better to take A = constant = 0.030
2
s /m instead of (8-13b) which is determined only based on computations

during the spring tide.

The net transporﬁ field and the calculated bed level change during spring
tide, average tide and neap tide are respectively shown in fig.8.11 through
fig.8.13. All three figures show similar patterns of erosion and
sedimentation. Therefore it seems to be perfectly possible to carry out the

morphological computation with a properly chosen standard tide.

The choice of the standard tide should be based on the net transport during
the tidal period. The net transport in the standard tide has to be about the
averaged net transport in the spring-neap tide cycle. Computational results
in all three measured cross sections show that the averaged net transport is
reproduced by the averaéé tide (fig.8.10). The same conclusion is also drawn
from the measurements. Therefore the average tide will be chosen as the

standard tide in the morphological computations.
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8.5 Long Term Morphological Computation

In the previous section a standard tide has been derived for the
morphological computation after studying the spring-neap tide cycle.
However, the morphological process is also influenced by the seasonal
variation of the upstream river flow. The measuring period was in the flood
seéson, during which the sediment transport rate is relatively high. As no
information is available about the seasonal variation it is decided to
adjust the coefficient A in equation (8-12) such that the morphological time
scale is correctly reproduced. In order to reproduce ﬁhe correct
morphological time scale the annual sediment transport through the estuary
has to be reproduced correctly. The computed total transport through the
estuary with the standard tide with A=0.030 sz/m appears to be about four
times the averaged transport measured at Datong station. Therefore it has
been decided to use A=0.0075 sz/m in the morphological computation. It
should be noted that the adjustment implies the assumption that in the river
reach from Datong station to the estuary no significant sedimentation and/or
erosion takes place. This river reach has a length of about 500 km and a
width of about 1 km. A averaged bed level change of 1 cm in the reach will
thus lead to a sedimentation or a erosion of about 10x10g kg of sediment,
which is about 2% of the annual sediment transport measured at the Datong

station. So the assumption is certainly a reasonable one.
The other parameters in the model are

Atf = Atc = 196.05 s,
At = & * 196.05 = 784.2 s,
At = 40T = 1788000 = 20 days, -
M =3,
r
a =0, a = 0.10,
y

X

The parameter Mr is the number of time steps of morphological computations
after each flow computation. This means that Mr-l continuity corrections are
carried out instead of a complete tidal flow computation each time. At
present the complete tidal computation is carried out after every 3

morphological time steps, i.e. about two months.
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The o and ay are the smoothing coefficients in the bed level model in x-
and y-direction respectively (see equation 6-15). The channels in the
estuary are mostly in the y-direction, so a, has been chosen as zero in
order to avoid severe "numerical sedimentation" of the channels. A small non
zero ay value appears to be necessary for maintaining the stability of the
computation. This is in contradiction with the conclusion drawn in chapter 6
from an analysis of the simplified case. However, the value of ay needed is

much smaller than in the case of bed load transport.

The other parameters have the same value as in the simulation of the

measuring period described in the previous section.

The computation is carried out for 5 years. The computed result is shown in
fig.8.14 and fig.8.15. Fig.8.14 shows the bed topography at different times
while in fig.8.15 the bed level change after every 2 years is presented.
From these figures the following general features of the morphological

development of the region can be observed

* There are three morphologically active regions, the south and the north
channel and the region near the upstream boundary. In the middle region
upstream of the Changxing island relatively less morphological changes

take place.

* In the north channel erosion is dominating while in the south channel

sedimentation is relatively more important.
* The deep channel in the south channel is shifting to the south.

The computed result after one year (fig.8.15a) can also be compared with the
measurement which is shown in fig.8.16. The following conclusions can be

drawn from the comparison.

% The time scale of the morphological development is correctly reproduced
by the model. The calculated erosion and sedimentation are of the same

order of magnitude as the measured omes.
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* The locations of the important erosion and sedimentation areas are
reasonably reproduced in the north and the south channel. In the
upstream region only areas where strong erosion or sedimentation occur

are correctly reproduced in the computation.

* In the middle region where no significant morphological changes occur

the erosion and sedimentation areas are poorly reproduced.

* The forms and extent of the erosion and sedimentation areas are not

exactly reproduced.

With the quantity and quality of the available field data in mind it is
concluded that the obtained agreement between the measurement and
computation is reasonable. The result of the whole computation is

encouraging.

The CPU time for this computation on a IBM 3083-JX1 computer is about two

hours.

8.6 Sensitivity Analysis

Sensitivity analysis is aimed to examine the influence of the parameters in
the model. It is very important for morphological computations because many

uncertainties exist about the parameters in the model (de Vries, 1982).

The following parameters are considered in the present analysis.

A

The secondary flow

* The bed load transport

* The fall velocity v

* The morphological time step Atm

* The number of continuity corrections Mr

* The time step for the flow and concentration computation Atf.
A distinction should be made between the physical parameters and the model

parameters. For the model parameters (the latter three) the sensitivity
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analysis helps to make an optimal choice of them such that sufficient
“accuracy is obtained with minimal computational efforts. For the physical
parameters (the former three) the sensitivity analysis helps to understand

the influence of the uncertainty in the parameters on the final results.

Influence of the secondary flow and the bed load transport

The influence of the secondary flow and the bed load transport is examined
with three computations over one tidal period as shown in the following
table. As reference (GO) the result of the simulation of the measuring

period during the first period is chosen.

Run sec.flow bed load
GO excl. excl.
Gl incl. excl.
G2 excl. incl.
G3 incl. incl.

No significant difference in the net sediment transport with the reference
computation has been found in any of the three computations. Therefore it is
concluded that neither the bed load nor the secondary flow is important in

the present problem.

Influence of the fall velocity

The influence of w_ on the transport field has already been considered
during the calibration of the model. Three compuﬁations over 6 months with
ws=0.0005 m/s, 0.001 m/s and 0.002 m/s respectively are carried out to

examine the influence on the long term morphological development.
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Run \4 At At M a T

s c m r y end
G4 0.001 300 20T 3 0.05 6 months
G5 0.0005 300 20T 3 0.05 6 months
G6 0.002 300 20T 3 0.05 6 months

The comparison between the computations is made in terms of the bed level
changes, see fig.8.17...fig.8.19. These figures show that the computation
result is very sensitive to the value of WS. It can be observed that the
larger the value of L the faster the morphologicalydevelopment. This can be
explained by the fact that the larger the value of L the smaller the
adaptation time, the weaker the damping and the larger the transport rate.
In addition to this systematic difference between the computations a great
scatter in the figures can be observed, which means that the computed
sedimentation-erosion pattern will be affected. It is thus very important to

use the correct value of L in the computation.

10.00

6.00

+

M)

(
2.00

&

-

-2.00
+

DZ FROM GS
+4

-6.00
i

-10.00
+

-10.00  -6.0 6.00 10.00

0 —2.00 2.00
b7 FROM GU (M)

Fig.8.17 Influence of the fall velocity.

Comparison between G4 and GS.



-187-

10.00

6.00
+

=

00
+ PN

-6.
I
+

-10.00

-10.00  -5.0 6.00

0 -2.00 2.00
DZ FROM GU M)

Fig.8.18 Influence of the fall velocity.
Comparison between G4 and G6.
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Fig.8.19 Influence of the fall velocity.
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The influence of At
~m

The influence of the morphological time step is examined with the following

computations.
Run Atm Mr ay Atf tend
G4 20T 3 0.05 300 s 6 months
G7 10T 3 0.025 300 s 6 months

G8 40T 3 0.10 300 s 6 months

The ay value is adjusted to Atm in order to ensure that the effective

diffusion coefficient

2
a Ax /At (8-14)

=
1
| b

is the same in all computations.
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Fig.8.20 Influence of the morphological time step.
Comparison between G4 and G7.
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Fig.8.21 Influence of the morphological time step.
Comparison between G4 and G8.
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Fig.8.22 Influence of the morphological time step.
Comparison between G7 and G8.
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The results of the computations are compared in fig.8.20...fig.8.22. The
differences between the three computations are small. Even the difference
between G7 and G8 is acceptable. Therefore it can be concluded that Atm can

be enlarged to 40T, but it is expected that this is about the limit.

The influence of Mr

The influence of the continuity corrections is analysed by the following

computations.
Run Mr Atm ay Atf Tend
G8 3 40T 0.10 300 6 months

G9 1 40T 0.10 300 6 months

Mr=1 in G9 means that the tidal flow field is recalculated after each

morphological time step.
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Fig.8.23 1Influence of the continuity correction.
Comparison between G8 and G9.
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The two computations are compared in fig.8.23, which shows that the
difference between the two computations is acceptable. This means that
computation with Mr=3 is allowed. Moreover, the continuity correction seems
to cause some small systematic error, especially for erosion regions. The
complete computation G9 gives higher erosion rates. Thus larger values for

Mr would not be allowed.

The influence of Atf

The influence of the time step in the flow computation and the
concentration computation (Atf=AtC) is examined with the following

computations.

Run Atf Atm Mr ay ?end

G8 300 40T 3 0.10 6 months
G10 150 40T 3 0.10 6 months

10.00

00
¥

6.

-6.00

+

-10.00

Moo -5.oo -2.00 2,00 6.00 10.00
DZ FROM G8 (M)

Fig.8.24 Influence of the time step.
Comparison between G8 and G10.
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The results of the two computations are compared in fig.8.24. It is clearly

shown by this figure that At_. = 300 s is too large. The large difference

£
between the two computations is probably caused by the difference in the
computed flow fields. The adaptation time is about h/ws =~ 10/0.001 = 10000

s, so AtC/Ta = 0.03. It seems that this must be small enough.
8.7 Discussion and Conclusions

The analysis of the collected data has shown that they are actually not
sufficient for calibrating, verifying and testing the morphological model.
The most serious problem is concerned with the properties of the sediment,
especially the fall velocity which is a key parameter in the model.
Moreover, too little is known about the sediment transport mechanism to
specify a realistic bed boundary condition for the suspended sediment
transport model. The upstream boundary condition is another problem. This is
mainly caused by the fact that the present model covers only a part of the
estuary. To avoid this problem the upstream boundary should be situated at
the Datong hydrologic station, which is located 640 km from the river mouth.
At present this is impossible since the available data and the computer
capacity are too restricted. The present study is mainly based on the data
collected during one hydrologic survey. This is obviously much too
restricted because no information is available about the long term variation
of the flow in the estuary such as the seasonal variation. In the hydrologic
survey the sediment concentration is only measured during a typical spring
tide, average tide and neap tide. This is also an important shortcoming of
thé data. However, with the present measuring technique and the available
financial means it seems to be impossible to improve the field data
significantly in the near future. Nevertheless the following suggestions are

made for the collection of data.

* More hydrologic surveys should be organized in a year. The surveys

should thus not only be carried out during flood seasons.

* The surveys should cover a larger area than in 1984. Especially the

region upstream of Xuliujing should also be covered by the surveys.
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* The measurements during a survey should be continued in the whole

period, thus not only during a restricted number of tidal periods.

* Special attention should be paid to the measurements of the sediment
properties and the sediment transport. Especially the fall velocity of

the sediment particles should be measured in the field extensively.

A simulation of the 1984 survey has been carried out after calibrating the
flow and sediment transport model using a part of the data collected during
this survey. The following conclusions have been drawn from the results of

the simulation.

* The agreement between the measured and calculated water level in the

region is very good.
* The agreement between the measured and calculated flow velocity is good.

* The agreement between the measured and calculated sediment concentration

is fair.

* The agreement between the measured and calculated sediment transport

through the three cross sections is reasonable.

* The average tide can be used as the standard tide for the morphological

computation representing the spring-neap tide cycle.

A long term (5 year) morphological computation has been carried out. Only
the result after one year can be compared with the measurement. The

following conclusions have been drawn from the comparison.

* The general features and the time scale of the morphological development

are reasonably reproduced by the model.

* The agreement between the measured and calculated bed level change is
better in regions with strong morphological changes than in regions with

small changes.
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* The agreement in the downstream region (South and North Channel) is

better than in the upstream region.

An extended sensitivity analysis for the model has been carried out
concerning physical parameters as well as model parameters. From the

analysis the following conclusions are drawn.

* The secondary flow and the bed load transport seem to be not very

important for the case under consideration.

* The computational result is very sensitive to the value of the fall

velocity L Therefore it is very important to make accurate estimates

for w
s

* The maximum morphological time step allowed is about 40 times the tidal

period, i.e. about 20 days.

* The continuity correction method can be applied to restrict the
computational efforts. At present this method can be applied at least

two times after each complete tidal flow computation.

* The time step for the flow computation should not be too much larger
than 150 s in order to assure sufficient accuracy of the morphological

computation.
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Chapter 9 SUMMARY AND CONCLUSIONS
In this study a two-dimensional morphological model for estuaries (ESMOR)
has been developed. The ESMOR model is aimed at well mixed estuaries,
because the density flow effect is not taken into account. Further the
influence of wind and short waves is not included. The model should thus

still be considered as in developing stage.

The ESMOR model consiéts of four submodels, the main flow model, the
secondary flow model, the sediment transport model and the bed level model.
Special attention is paid to the formulation of the sediment transport
model, especially for the suspended load transport. A depth-integrated model
has been developed based on an asymptotic solution of the convection-
diffusion equation governing the sediment concentration. This asymptotic
solution is a generalization of the one presented by Galappatti (1983, also

see Galappatti and Vreugdenhil, 1985).

A series of depth-integrated models can be developed based on the general
asymptotic solution by choosing different sets of test functions. Although
not all mathematically proved, examples of various models based on the

general asymptotic solution lead to the following statements.

* The conventional asymptotic solution as well as the solution of
Galappatti are included in the presented general asymptotic solution.
These solutions can be derived from the general solution by making

certain choices for the test functions.

* More sophisticated solutions than the conventional solution or the
solution of Galappatti may be obtained by choosing proper test

functions.

* The asymptotic solution can only converge to the complete solution of
the convection-diffusion equation if the test functions together form a

complete system.
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* The convergence rate of the asymptotic solution depends on the linear
dependence between the test functions. The optimal convergence seems to

be obtained when the test functions form an orthogonal system.

Extensive theoretical analysis has been carried out for the depth integrated
model for suspended sediment transport. Good insight into the validity and
the applicability of the model have been gained from the analysis. The

following conclusions have been drawn.

* For each asymptotic solution a convergence domain can be determined. It

depends on the properties of the test functions.

* For the one-dimensional case the convergence domain is a circle. For the
multi-dimensional cases the convergence domain is a cylinder in the

multi-dimensional space.

* The convergence radius of an asymptotic solution is an important
indicator for the validity and applicability of the model. The larger

the convergence radius the better the solution is.

* The convergence radius of the solution of Galappatti (1983) is larger

than the one of the conventional solution.

* Within the convergence domain the higher order solution is always better
than the lower order solution, but outside the convergence domain this

is not always the case.

* Concerning the overall agreement between the depth-integrated models and
the models based on direct solution of the convection-diffusion equation
the first order solution of the model of Galappatti and the first order

solution proposed in this study are quite good.

* In the one-dimensional cases the difference between the non-equilibrium
concentration field and the equilibrium concentration field can be

characterized by a damping coefficient and a phase lag. This difference
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causes a decrease of the propagation velocity as well as a damping of

the bed forms.

After the theoretical analysis the model has been verified with a comparison
between the present model and the three-dimensional SUTRENCH model. The
comparison between the two models is perfectly possible because they are
based on exactly the same basic theories. The flow field in the computation
with the ESMOR model is derived from that in the SUTRENCH computation with a
interpolation procedure. The following conclusions have been drawn from this

exercise.

* The agreement between the ESMOR model and the SUTRENCH model for the

present test problem is very good.

* The applicability of the model for the present case can be well analyzed
with the results from the theoretical study. The exercise provides also

a verification for the analytical results.

Finally the ESMOR model has been applied to a real estuary, the Yantze
estuary. Despite many difficulties the model has been applied to simulate a
survey period of one week and to predict the morphological development of
the region in 5 year time. The following conclusions have been drawn from

the application.

* Despite of the large effort spent in the measurements, the available
data are insufficient for the calibration, verification and test for the
model, concerning both the amount and the quality of the data. More
measurements covering larger region are required for these purposes.
Special attention should be paid to the properties of the sediment in
the estuary, both the bed material and the éuspended material. For the
suspended material the fall velocity of the particles is extremely
important since it is a key parameter in the model. Field measurements

- for this parameter should be carried out.

* Reasonable agreement has been achieved between the measured and

calculated concentration as well as sediment transport. Concerning the
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morphological development the comparison between the measured and
calculated bed level change after one year shows a reasonable agreement

in regions with significant changes while in regions with minor changes

the agreement is worse.

This study has shown that long term morphological computations in estuaries
can be realized with the present computer facilities. The ESMOR model
presented here forms a good basis for further development in mathematical
mpdelling of morphological, processes in estuaries. To improve the model much
more work has to be carried out. Especially the influences of the density
flow effect, wind and short waves, flocculation of cohesive sediment, etc.,
which are not taken into account here, should be reconsidered. However, this
study has provided a good insight into the behaviour for the sediment

transport model, especially the depth-integrated model for the suspended

sediment transport. : !
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MAIN SYMBOLS

Symbol

»>

Coefficient

sediment concentration

a o

Chezy coefficient

O

depth averaged concentration

(¢}
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ith order term in the asymptotic solution

mean equilibrium concentration
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grain size
water depth
coefficient of geostrophic acceleration

gravity acceleration

o - I o R A s R e X1

water depth (=D-za)

=N

gradient

intensity of the secondary flow

[

o

intensity of the secondary flow due to curvature

intensity of the secondary flow due to geostrophic effect
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wave number

resistance hight of Nikuradse

oo m
0

length scale

coordinate in the normal direction to the streamline
coordinate normal to the boundary

normalized velocity profile

normalized secondary velocity profile

L0 oa 9oz s

®

discharge in x-direction per unit length

discharge in y-direction per unit length

Q
«

discharge in the flow direction per unit length

radius of curvature of the main flow streamline

oo
n

convergence radius

R

coordinate in the main flow direction
sediment transport

sediment transport in the flow direction

72}

sediment transport in the normal direction
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ot total sediment transport in a tidal period
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time

tidal period

flow velocity in x-direction

depth averaged flow velocity in x-direction
secondary flow velocity

main flow velocity

depth averaged main flow velocity
flow velocity in y-direction

flow velocity in z-direction

fall velocity of sediment particles
horizontal coordinate '
horizontal coordinate

vertical coordinate

location of the bed boundary

bed level

coefficient

coefficients

za/h

coefficients

coefficients

delta function

coefficients

relative density of the sediment
time step

space step in x-direction

space step in y-direction

diffusion coefficient in s-direction
diffusion coefficient in n-direction
diffusion coefficient in z-direction
normalized diffusion coefficient
profile function

test functions

collection of test functions

von Karman constant

dimensionless time

dimensionless coordinate in s-direction

(T
(L)
(L)

2
(LT )
2 .
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2 .
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)
(-)
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(-)
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dimensionless coordinate in n-direction
dimensionless coordinate in z-direction
exponential coefficient

coefficient

density of the fluid

Courant number

coefficient

coefficient

coefficient

)
)
)
)
.3
(ML )
)
)
()
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Lange-termijn morfologische berekeningen voor estuaria zijn
mogelijk met de huidige computerfaciliteiten.

In een niet-uniforme stroming zijn er altijd een demping en een
faseverschuiving van de sedimentconcentratie ten opzichte van de
evenwichtsconcentratie. De demping heeft vooral tot gevolg, dat de
voortplanting van de beddingvormen wordt vertraagd, terwijl de
faseverschuiving vooral demping van de beddingvormen veroorzaakt.

Het integreren van de convectie-diffusie vergelijking over de
diepte geeft niet voldoende informatie om een diepte-gemiddeld
model, zoals in dit proefschrift beschreven, op te stellen voor
zwevend transport. Diepte-gemiddelde modellen zoals dat van Lin et
al, zijn impliciet gebaseerd op een aanname over de sediment
uitwisseling tussen de stroming en de bedding.

Lin Pin-nam, Huang Juqing and Li Xinguen, Unsteady
Transport of Suspended Load at Small Concentrations,
J. of Hydr. Eng., Vol. 109, No. 1, 1983, p.86-98.

Het niveau van het waterloopkundig onderzoek in China zou
aanzienlijk  kunnen worden verbeterd als de wetenschappelijke
uitwisseling tussen de verschillende instituten wordt vergroot.

Het rendement van grootschalige metingen, zoals die in het Yantze
estuarium, kan aanzienlijk worden verbeterd door een adequate
organisatie.

Aangezien veel terroristische akties vooral zijn bedoeld om
aandacht te trekken, heeft uitgebreide berichtgeving in de pers een
stimulerend effect op terrorisme.

Het Lleren van vreemde talen is stimulerend voor het denkproces van
de mens.

De karakternotatie wvoor de Chinese taal is een symbool van de
Chinese cultuur. Toch dient deze notatie vervangen te worden.

China heeft thans meer behoefte aan goed opgeleide managers dan aan
gespecial iseerde wetenschappelijke onderzoekers.



