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SUMMARY

General
At the Cao Jing district in Shanghai, China, a rec1amation
project is planned.
The object of this project is to stimu1ate the natura1 process of
sedimentation.
The object of the present report is to determine the optimum
1ay~out, which combines a fast accreticin of sediments and low
construction costs of the dikes (see Fig. 0.1).

In this ana1ys is, ·the prob1em is handled by estimating the
sedimentation pattern for several lay-outs.
First the water movement is determined by a numerical simulation
using the program DUCHESS, next the sediment transports are
determined by the program MORPHOR, which uses the resu1ts of
DUCHESS as a basis.

FoLl.ow i.ng data were ava iLabl.et

._-_ --,..
normal conditions extreme conditions

WATERLEVEL.
low water-level 0.20 m - 0.60 m
high water-level 3.70 m 5.30 m

CURRENT
maximum (flood) 1.04 mIs 2.0 mIs
average 0.60 mIs 1.0 mIs
maximum (eb) - 0.80 mIs - 1.6 mIs

SEDIMENT CONCENTRATION
maximum (flood) 1.60 kg/m3 S.O kg/m3
average 1.00 kg/m3 2.0 kg/m3
maximum (eb) 1.20 kg/m3 4.0 kg/m3

Tab1e 6.1: general data for the Cao Jing district
(at a level of -2 m (Wu Song level)")
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0.2 Schematization
The optimization of the dike lay-out concerns the fo11owing items:

I - the 1ength of the dams;

- the distance between the dams;

I the width of the opening at the seaward end.

I
In the simulations fo11owing lay-outs have been tested:

250 x 250 m;

I 500 x 500 m;

- 1,000 x 1,000 m;

I 1,000 x 1,000 m plus a longitudina1 dam with an opening at the
seaward end, of 333 m (see Fig. 0.2).

I

For the bottom configuration, the natura1 situation has been
simu1ated (see Fig. 0.2); the hydrau1ic and morphologica1
characteristics of the simu1ation are given in tab1e 0.2 and
tab1e 0.3.

I
In general, the sediments are brought into the rec1amation basins
by the fo11owing mechanisms:

I incoming water is rich in sediments, outgoing water is not; as
a resu1t of storage the incoming sediments sett1e to the
bottom; accretion resu1ts;

I

I

in the basin an eddy deve1ops, driven by the long-shore
current. This eddy guarantees a continuous exchange of "new"
(sediment rich) water from outside with "old" (sediment poor)
water from inside the bas in.
Since the velocity inside the eddy is much smaller (about one
third) than in the long-shore current, sediments sett1e inside
the basin; extra sedimentation occurs;

I

I
I

the water inside the basin (ca1m area) has a lower density of
sediment than the water outside; as a result a "tongue" of
heavy (sediment rich) water wil! form into the basin, causing
extra accretion.

I
I
I
I
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I
0.3 Results

I
I

The resu1ts of the numerical simu1ations are given in Fig. 0.3;
the re1ations between sedimentation and lay-out are given in
Fig. 0.4.

I

A comparison of the effectivity of each of the lay-out mode1s is
given in table 0.4; where the results of the simu1ations (the
tota1 amount of exchange of water and sediments) are given; a1so
these figures are given in case on1y storage causes an exchange
of water and sediments.

I

I

LAY-OUT MODEL 250 * 250 m 500 * 500 m 1,000 * 1,000 m 1,000 * 1,000 m
plus dam

T = 3,600 s

~i~!.a~iQ.n~
- DUCHESS

tota1 in [m3] 188.103 541.103 1,847.103 858.103

tota1 out [m3] 129.103 371.103 981.103 27.103

Ah [mm] 960 948 925 900

- MORPHOR
tota1 in [m3] 53.0 197.0 673.2 211.0
tota1 out [m3] 5.5 33.5 100.9 -AZ [mm] 0.76 0.65 0.60 0.22

~tQ.r~g~
- water
tota I in [m3] 60.6103 244.103 716.103 716.103

tota1 out [m3] - - - -Ah [mm] 969 969 969 969

- sediments
tota1 in [m3] 22.83 91.50 270.0 270.0
total out [m3] - - - -AZ [1lIII] 0.61 0.61 0.45 0.45

T = 7,200 s

~i~u!.a~iQ.n~
- DUCHESS

tota1 in [m3] - 1,019.103 3,723.103 1,597.103
tota1 out [m3] - 671.103 2,"138.103 27.103Ah [mm] - 1,683 1,670 1,656

- MORPHOR
tota1 in [m3] - - 1,468 476.4
tota1 out [m3] - - 266.5 -AZ [mm] - - 1.34 0.59

~tQ.r~g~
- water

tota1 in [m3] 106.103 426.103 1,576.103 1,576.103

tota1 out [m3] - - - -Ah [UID] 1.696 1.696 1.696 1.696
- sediments

tota1 in [m3] 40.13 160.5 594 594
tota1 out [m3] - - - -At. [om] 1.07 1.07 0.99 0.99._

I
I
I

I
I

I
I
I
I
I
I
I Tab1e 0.4: tota1 amount of exchanged water [m3] and sediments [m3];

average rise of the bottomlevel [mm] and water-level [mm]
in case of DUCHESS, MORPHOR and (on1y) storage.

I
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Due to initial effecls the calculated sedimentation is still
underpredicted; it is assumed that the results of the "1,000 x
1,000 m plus dam" lay-out are typical for a storage dominated
sedimentation pattern (the increase of the sedimentation during
the second hour of simulation is comparable to the increase of
the storage quantity. In the other lay-outs, the increase of
sedimentation is much larger than the storage quantity).

Conclusions
TIDAL MOTION

On the basis of the numerical calculations (considering the tidal
motion, wave influence is neglected) following conclusions can be
drawn:

1. ~e~i~e~t~tio~ ~a~s~d_by ~tQr~g~ forms an important part of the
total sedimentation (causes about 1/3 of the maximum exchange).
The actual sedimentation equals or exceeds this quantity
(provided that the wave influence is not able to disturb this
pattern) .
The penetration of the incoming water by storage is very
limited; most of the sedimentation is concentrated in the
first few hundreds of meters of the basin (neglecting the wave
influence);

2. ~e~i~e~t~tion ~a~s~d_by ~d~y_d~v~lQPing forms the main part of
the total accretion (causes about 2/3 of the max. exchange).
Since the adaption length of the suspension (can be compared
to the total length over which the sediments stay in
suspension when reaching calm water) is limited to about 300
to 400 m, also the penetration of the sediment-rich water is
limited (500 m).
For the increase of sedimentation by eddy exchanging the
opening of the basin must be large; the larger the opening the
more extra accretion; when the opening is reduced to 1/3 of
the distance, all the advantageous influence of the
eddy-developing disappears, only the storage-exchange causes
sedimentation.
The eddy itse lf also has a limi ted size (due to the bo ttom
friction) of (a maximum of) 500 m;

3. ~e~i~e~t~tio~ ~a~s~d_by ~iff~r~n~e~ in_d~n~i~y has not been
taken into account; since the programs were of a two-
dimensional nature, this effect can't be schematized (a
typical three-dimensional problem). It is assumed that this
effect on the total sedimentation will be negligible.

As aresuit, the optimum lay-out can be described as follows
(taking into account only the tidal influence) (see Fig. O.SA):

- length of the basin: as short as possible (500 m);

- distance between the cross-dams: as wide as possible (1,000 m);

- width of the opening at seaward end: as large as possible
(small longitudinal dams are avoiding erosion around the
cross-dam heads) (z 800 m).
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I
WAVE INFLUENCE

I The waves cause an increased shear stress at the bottom, this
causing an increased tendency of the particles to go into
suspension.
This effect wi1l cause a reduced sedimentation (sedimentation
wi11 on1y occur where the waves have been reduced considerably).
The optimum lay-out of the reclamation fields on the basis of
wave inf1uence is shown in Fig. 0.5B (see report LAY-OUT part 11).

I
I
I COMBINATION

I

The combined effect of tida1 influence and wave inf1uence causes
an increased penetration of high sediment concentrated water into
the basins, it also causes the necessity of a small opening size
at the seaward end of the basins (Fig. 0.5C).
The optimum size of the basin is in the order of 1,500 x 1,500 m,
determined by the admissable fetch-1ength of the waves, and by
the maximum size of the eddy (about 500 m). In a larger basin,
sedimentation could concentrate at some disadvantageous spots
(near the opening, or only at one side of the basin).
The minimum size of the opening is 150 m, based on the admissab1e
storage ve1ocities, and the a1lowab1e contraction of the flow
(when the opening becomes very sma1l a jet stream develops
instead of an eddy); the optimum size of the opening is about
300-500 m. .

I
I

In order to continue the project, first the wave climate at the
Cao Jing district has to be determined, in order to find the
width of the openings and the height of the dams.

I N.B.: due to the very short numerical simu1ations, the results of
the simu1ations have na practical va1ue. They show a
tendency on1y. A1so the watermovement is sa much
schematized (a 10ngshore current combined with a rise of
the water-level) that it has 1itt1e re1ation to the
watermovement in the rea1 situation. Due to initial
effects, the resu1ts of the simulations can't be trusted to
be representative; only to fo1low the tendency of the
practical. situation.

I
I
I
I
I
I
I
I
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INTRODUCTION
Problem
In the delta-area of the river Yangtze Kiang and along the coast of
the Hangzhou Bay at Shanghai Province, a reclamation plan is being
prepared concerning particularly the Cao Jing district (see
Fig. 1.1).
In the forgoing study ltst udy about landreclamation" (Li t , (l))
it was suggested to use a system of cross-dams and longitudinal
dams to stimulate the natural accretion. These dams consist of
geotextile membranes filled with soil (see Fig. 1.2).

The next phase in this project is to perform a teasibility study
resulting in a preliminary design of the landreclamation system.
This study comprises the following three items:

A. LAY-OUT the location of the dams in relation to the
expected sedimentation. Relations might be
found between the speed of siltation and
the total length of dams.

B. CONSTRUCTION DESIGN: the dimensions of the soil filled tubes,
the kind of geotextile required to resist
loadings caused by waves, wind, currents_
and tidal action.
An optimization might be possible
concerning the costs per m' cross-section
related to the chance of failure.

C CONSTRUCTION METHOD ways to fill and handle the tubes in a way
that they can be used as construction
elements.
An optimization might be possible
concerning the total costs of the project
related to the way of construction.

This report focusses on the first item: to determine arelation
between the configuration of the dams and the expected rate of
sedimentation in order to give an advice about a lay-out design.
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Approach
Sedimentation is mainly governed by the flow pattern of the water,
caused by waves and tidal currents. To determine this flow pattern
and the resulting sedimentation pattern, several instruments are
available: prototype tests, scale model simulations and numerical
simulations.

Starting point for this study is that only the tidal motion is
included in the computation of the water and sediment movement, it
is presumed that the tidal movement has a dominant effect on the
sediment transport on long term. The influence of shorter waves
like windwaves and swell is examined in a succeeding report:
"LAY-OUT part II" (Lf t , (2».

It is chosen to use numerical models available from the Technical
University Delft:

1. the two-dimensional tidal program DUCHESS
(lit. (3»;

2. the two-dimensional morphological program MORPHOR coupled to the
program Duchess (lit. (4».

The model Duchess is used to calculate the flow pattern around and
inside the dams, the model Morphor is used to determine the
siltation pattern plus the resulting changes in the bottom level.
In order to find arelation between the siltation pattern and the
configuration of the dams several lay-outs are tested with these
modeis.

Chapter two describes the mathematical models Duchess and Morphor,
chapter 3 describes the stepwise schematization of the problem made
in order to solve it by means of two-dimensional numerical
simulations. Chapter 4 discusses the results of the computations,
resulting in an advice about lay-out design in chapter 5.
The appendices A to C go deeper into the theoretical backgrounds:
Appendix A discusses the problems that occur when a
three-dimensional flow is schematized in two dimensions: the
closure problem for depth-averaged flow.
A summary of the thesis on sediment transport, as developed by Van
Rijn, is given in appendix B.
Appendix C describes a numerical model for sediment transport that
is suitable to be used in two-dimensional flow problems.
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I
This analysis has been performed as an assignment of the
co-operation between Rotterdam (harbour engineering division) and
Shanghai (bureau of waterconservancy). Originally it was the
intention to calculate the tidal velocities of the entire
Hangzhou-Bay, resulting in tidal velocities and water-levels at
Cao Jing. However enough data were found concerning the tidal
motion at Cao Jing. The next phase was to find the optimum
lay-out, where eddy-developing was expected to have significant
influence.

I
I
I

The programm MORPHOR, which is not in effect yet, came available
with the aid of mr. Wang, its inventor.
MORPHOR is a two-dimensional horizontal morphological program,
based on a vertical integration of the sediment-movement in
(shallow) water. It can be coupled to a two-dimensional,
horizontal tidal program, like DUCHESS, by storing the water-data
on a tape-unit, which will form the input of MORPHOR. This
opportunity, to compute the watermovement inside fictionary
basins with stepwise dimensions together with the morphological
changes during the tidal motion, seems a logical step to take if
one wants to optimize the dimensions of reclamation-basins. By
choosing certain intervals between lengthwise dimensions,
cross-wise dimensions and opening sizes, one can find the
relation between sedimentation and lay-out (provided that the
mechanics of the sediment-motion are right).

I
I
I
I

Unfortunately, the MORPHOR-program does not include wave-action.
It is based on the equations of Van Rijn (a publication of
Van Rijn is summarized in Appendix B), which are valid for
"uniform currents" only (based on the average current velocity in
streamwise direction). The tidal motion of the sediments is
calculated on the basis of the model of Galapatti (a publication
is summarized in Appendix C), which uses the "Van Rijn-results"
as an equilibrium solution; the actual situation will reach this
equilibrium taking into account an adaption-time and an
adaption-length. In a later stage MORPHOR will be including the
wave-influence.
However, the results of MORPHOR and DUCHESS can be used to find
the eddy-influence; the watermovement; the sedimentation-pattern
when the opening-size is small; etc. At least the order of the
rate of siltation can be found.

I
I
I

I
Thus the numerical simulations wil1 give an impression of the
possible dimensions of the reclamation fields; the resulting
velocities and the size of possible eddies. The wave-calculation
wil1 give rise to a more detailed view of the optimum dimensions.

I
I
I
I
I
I
I
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THE MATHEMATICAL TOOLS
The model Duchess
Because of its specific facilities a choice has been made to use
the two-dimensional model DUCHESS (lit. (3), lito (5». The
following are important possibilities of the Duchess-model:

1. the DUCHESS-model computes two-dimensional flow patterns caused
by tides and surges. It has been in effect since 1980, the last
version originating Erom Sept. 1986;

2. Goupled to the DUCHESS-model a morphological program is
available that computes morphological changes in the bottom. It
computes concentration and transport rates simultaneously with
the water movement;

3. the model allows nesting of coarse and finer grids in the
computational grid. The boundary data for the finer grid model
can be obtained from the results of a coarse grid model;

4. the program allows certain parts of the computational area to
become dry or get inundated during numerical integration;

5. the model can handle a very irregular type of bottom topography,
dams in the computational reg ion can be model led by means of
internal boundary-conditions.

The DUCHESS-model is based on two-dimensional long wave equations
(integrated in vertical direction).

There are three basic equations in the model. One of them is the
continuity equation, which follows from the conservation of mass:

aH a a
+ Qx + Qy = ° . . . . . . .. . . . . • . . Cl)

at ax ay

The others are the equations of motion in X and Y-direction
(vertically integrated).

a a Qx' a QxQy a
[DE

a Qx ]Qx + +
at ax D ay D ax ax ·D

a
[DE

a Qx

J
a

[ H + P J Qx
+ g D + Fr I Q I

ay ay D ax D'

Co Qy + Wx = °
T

........ • . • • • . • (2)
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and

a a QxQy a Qyz a [DE 0 Qy]
ox D

Qy + +at ox D 3y D ax

I
0

[ DE
0 Qy ] 3

[H P]
Qy

+ g D + + Fr I Q Ioy oy D oy DZ

+ Co Qx + Wy = 0 . . . . . . . . .. . . . (3)
p

The terms present in the equation are the following:I

I

- local acceleration term;
- advective acceleration terms;
- viscosity terms;
- slope and pressure term;
- bottom friction term;
- coriolis term;
- wind shear stress component.

I

Notations:

g = gravitational acceleration

I
I
I

p = surface air pressure =
head

[m/ sZ]

[m]

[mJ

[m2 Is]

Cm]

[-]

[Rf / sj

Cm/sZ]

I D = water depth (H - Z)

I Z - bottom level

E = eddy viscosity coefficient

Fr = friction coefficient

I Q I
Co = coriolis coefficient

Wx and Wy = X and Y-components of wind shear
stress divided by the mass-density
of water j!n2 I sJ

I Qx and Qy = ave rage current velocity multiplied
by depth (in X and Y-direction) [mZ/~

I H = water level [m1

I
The equations (1), (2) and (3) are solved by means of an
Alternating Direction Implicit Method. Current vector and water
level are calculated at alternate points.

I In the computational procedures, new values for Qx, Qy and Hare
calculated at every half time step. In the first half time step
computation along the X-direction takes place and in the second
half time step computation along the Y-direction.

I
I
I
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In the computation along the X-direction the derivatives with
respect to X are treated implicitely and the derivatives with
respect to Y explicitely and vice versa. The water levels are
advanced in time using the continuity equation, the currents using
the equations of motion. The partial differential equations are
approximated by means of a numerical scheme which is central in
space and nearly central in time.

The finite difference approximations to partial differential
equations(1)--(3) are given below. Only computation in the
X-direction is described since computation in the Y-direction is
identical, apart Erom the swapping of the variables Qx and Qy. The
superscript - indicates the known value at time t, the
superscript + indicates the as yet unknown value at a time half
step ahead (t + ~ 6t).

In the first halE time step (implicit in X-direction) the
continuity equation (1) is approximated by the fo11owing
expressions:

+

Q- - Q~
+ (1 - R) [ xi 6x i-I =

= 0

See (fig. 2.1) for the definitions of directions and the meaning of
the superscripts ! ,j etc. The equation for the computation in the
second half time step is found by swapping Qx and Qy and by
substituting C-I,j) by C,j-I) etc.

R = 29, where 9 is a coefficient 1ying between 0.5 and 1 which
is used to control the amount of numerical damping. The equation of
motion in X-direction (implicit in X-direction) is approximated by:

Q~ - Q~
(local acceleration: aat Qx)+

Y~t

2 Rl I Q~L
+ (Q~ + Q~

i , j i + I , j

2 RI [ Q:
(Q~ + Q~

i , j i - I , j

(advective acce1eration: a ~z)at D

I
I
I
I
I
I
I
I
I
I

(4) I
I
I
I

I
I
I,
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+
(Di, j + Di' I , j + Di , j • I + Dl+l,j+l) ~y

[Q~ i , i + Q~ ]* [ Q; + Qy ]
i i - I i i-I i + 1 , i-I+

(D i , j + Di + 1, j + Di, j - 1 + Di+1,j-l) ~y

(advective acceleration: a
ay

2E i ,j Dl, j

Di,j + Di+l,j

2Q~ ]i + 1

2E i-I ,j Di - 1 , j 2Q~ ]i-I

Di,j + Di-l,j

~)
D

(viscosity terms:

(slope and pressure term)

+ (bottom friction term)

- Co
[Qy i ,j + Qy i + I ,j + Qy i ,j 1 + Qy i + I , j - 1 J

(coriolis term)
4

o= . . . .. . . . . . . . . .
(wind shear stress term)

The term Rl in equation (5) performs a similar function as R.
The superscript -- means that values are used at the time
(t - Yillt),this is necessary in order to maintain stability,
using the values of time (t) causes unstable behaviour. In the
numerical experiments R = 1 and Rl = 1 is used Eor computations.

(5)
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I
IThe computation in Y-direction (implicit in X-direction) is

approximated by (this is still the computation in the first half
time step):

+

[ Qy i ,j - Qy i ,j] I
(local acceleration a Qy)

(Di,j + Di,j+l + Di+l,j+l

I
[ Qy i,j + Qy i+ ! ,j] 11
+ Di+!,j+!) ilx J.'

I
I

at

- 2 (QXi-l,j +
_ . . [ R! [Q; i- !,j + Q; i,j1 + (l-R l) [Qy i- !;j

QX1-l,J+!)
(Di-I,j + Di_l,j+! + Di,j + Di,j+!) ilx

(advective acceleration: a ~)

Iax D

[Qy i ,j + QYi ,j-! J 1. lQy i ,j + Qy i ,j+! ] I+
2Dl ,j+ 1 t:.y

[Qy i ,j + Qy I,j- 1] * [ QYi ,j + Qy i ,j- 1 ] I
2Di ,j t:.y I

(advective acceleration: a ~2)
ay D

(Dl,j + Di,j+l + Dl+l,j + Q;i ,j J
+ Di, j + 1 I

E

Di, j

(viscosity terms:

Q;i -1, j I
--

D~; j ".
D

Di - I ,j +

E
...

[
QYi ,j

(Dl,j + Dl,j"'l + DI ...1,j + Di+l,j+l)
Di,j + Dl,j"'l

+

DE

2ilx
I

+ (H i , j ...1 - H i , j

(slope and pressure term) I
I
I
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I 4 Fr I Q I Qy i , j

I
(bottom friction term)+

I
+

Co -lQ~ i ,j + Q~ i + 1 ,j + Qx i , j - 1 Q~i + 1 , j - 1 ]

(coriolis term)
4

I + WYi, j = o . . . . . . . . . . . . . . . . . . . (6 )

(wind shear stress term)

I Analogous equations are used for the computation implicit in
Y-direction.
In the manner described above a set of llneair equations is
solved efficiently by means of the Thomas-Algorithrn, new values
for H, Qx and Qy result. This procedure is followed for every
line in X-direction, then the time is increased by half a time
step and the procedure is applied in Y-direction.

I
I

I
I
I
I
I
I
I
I
I
I
I
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INPUT

I The model DUCHESS demands following input data:

I
I

1. the gridsizes frx (m)
~y (m)

and orientation: left or right

2. the computational area nx dimensionless
ny dimensionless

I
I

3. the bottom level B in each gridpoint given with
respect to a certain reference level (B=ZB) (m)

4. the time-step ~t (m)

5. the bottom friction coefficient Fr: g/Cz dimensionless

I 6. the viscosity coefficient E (m2/s)

I
7. the numerical damping in the main acceleration

terms and in the convective terms 81 and 82 dimensionless

8. the wind-stress coefficient W = wip (m2/s )

I
I

9. the atmospheric pressure P = p/pg (m)

10. initial conditions for Qx
Qy
H in each gridpoint

I
I
I

11. boundary conditions for Qx
Qy
H

OUTPUT

Output data as provided by DUCHESS are:

1. discharge in'X-direction Qx for each gridpoint
(per unit of width)

I 2. discharge in Y-direction Qy for each gridpoint
(per unit of width)

I
3. waterlevel H in each gridpoint (m)

I
I
I
I,
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I
RESTRICTIONS

The input data of the DUCHESS model must satisfy following
requirements. I
In order to maintain stability and in the view of the
computational accuracy the courant number crmay not become too
large; an upper limit is 10.

~t
Courant number: cr= c -- < 10

ÓX

I
I

Time step in relation to mesh size

-------------------------------------------------------------------
I
I

Time required to minimize the influence of (initial) disturbances

At least several times the time a wave needs to travel through
the model must be considered as adjustment time, and as such
irrelevant.

Propagation velocity of a wave c = Igd I
In order to check whether a solution has become periodic, at
least a few tidal periods should be simulated. I
Bottom schematization I
Sharp transitions in the bottom level may cause problems,
especially when located near an open boundary. One is advised to
smoothen the bottom, if such problems happen. If necessary the
boundary should be shifted outward somewhat if one does not want
to change the topography of the model and smoothening is still
necessary.

I
I
I
I
I
I
I
I
I
I
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The model MORPHOR
The morphological program MORPHOR is based on an integrated model
for suspended transport, as proposed by Galapatti (lit. (6».

The basic equation for this model is a combination of the
two-dimensional flow model and the two-dimensional (vertical)
convection-diffusion equation for the sediment concentration in
the vertical plane.

ac Be ac
+ u- + w- = Ws

ax az

ac a ac
+ -(€:z -) •••••••••••.•• (1)

az az azat

c = sediment concentration
Ws = fall velocity of sediment particles
€:z = turbulent diffusion coefficient for sediment transfer

in vertical direction (see Fig. 2.2)

Galapatti (see Appendix C) proposed to solve this equation by
means of an asymptotic solution for the depth-averaged
concentration, which resulted in following equation:

first order unsteady solution:

h ac uh äc
YI ICe = yIIC + Y21 + Yz z . . . . . . (2)

Ws at Ws ax

c = depth-averaged concentration
Ce = depth-averaged equilibrium concentration
yll = coefficient concerning zero order concentration profile

(see appendix C)
Y21 =.coefficient concerning first order concentration profile

with respect to time (see appendix C)
Y22 = coefficient concerning first order concentration profile

with respect to location (see appendix C)

YII can be found from a bed-boundary condition. It is assumed
that the bed-load concentration immediately adjusts to the local
flow conditions, whereas the suspended load demands a certain
length and time to adjust to the new flow conditions.

The bed-boundary can be of a concentration type:

ceyll=cal·········
z = bottom

• • • • • • • • • . • (3A)

I
I

~a = sediment concentration of the bed-load
Ce = depth-averaged equilibrium concentration

I
I
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I
I
I

The bed-boundary condition can also be of a gradient type, for
example wh en entrainment at the bot tom is obstructed or a sudden
change of bottom-material:

8c
= o. . . . . . . . . .. . . . . . . . . . . . . . (3B)

8z % = bottom

I
I

These bed-boundary conditions are applied at a height Za above
the bed, the suspended transport is defined as the transport of
particles above this level.

Ca and Ce can be found by means of the regular transport-load
formulas. Here the method of Van Rijn (lit (8» is used as
described in Appendix B.

I
Ca can be found, according to Van Rijn:

Ds 0
Tl. S

Ca = 0.015 . . . .. . . . . . . . . . . . . . . . . . . . (4)

I
I

a D", 0.3

Ca = sediment concentration of bed-load
a = reference level (see Fig. 2.1)
Ds 0 = ave rage particle diameter
T = transport stage parameter (see Appendix B)
D. = particle parameter (see Appendix B)

I Ce can be found, according to Van Rijn:

I Ce =
hü

• • • (5)

I 'Ce =
qb =
qs =
h =
U =

depth-averaged equilibrium concentration
(equilibrium) bed-load transport (see Appendix B)
equilibrium suspended-Ioad transport (see Appendix B)
waterdepth
depth-averaged velocityI

Yl2 and Y22 can be found according to Galapatti (see
Appendix C).

I·
For the computa!ion of each of these parameters, the local flow
variables like u, u"" Ws, h must be known. These parameters
are considerably dependent on the value of especially ws/u •.
Appendix C specifies the effect of the local flow variables on
the parameters.

I
I
I
I
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I

The model MORPHOR calculates the depth-averaged concentration in
eaeh gridpoint by means of the following seheme: I
the first-order solution (2) ean also be written as

. . . . . . . . . . . • • . . • . . . . . . (6)

Y2. z uh
LA = adaption-length = . . . . . . . (6A)

YII WS

Y2.1 h
TA = adaption-time = . . . . . . . . . . . . (6B)

YII Ws I
A six point-seheme as deseribed in Appendix C is used for
expressing this equation in finite-difference form, the
expressions for (6) are solved for each time-level independently.

,
+ ct.2. 2. ac 1

Ws ax
(7)

I
I
I

-Once the concentration c at each gridpoint is known, the sediment
transport rate is calculated from

-uh

~s = suspended load transport
u = depth-averaged velocity
h = waterdepth
ct.ll, ct.2. I and ct.zz = eoefficients related to sediment

transport, see Appendix C I
Again this equation is expressed in finite-differenee form (see
Galapatti, lito (6». Af ter Ss is known for eaeh gridpoint, a
new bed-level is calculated from I
az 1

. . • . . . • . . . • . .. • . . . . . (8)+at 1 -

Pb = porosity of the bottom
Sb = bed-load transport

Equations (6), (7) and (8) form the basis of the first-order
morphological computations of MORPHOR. Appendix edescribes the
model as developed by Galapatti, with some features of interest.

I
I

I
I
I
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I, The finite-difference expression of (8) is
X-direction) :

(with respect to the

I
I

+ O.Sa. 'Zb jl i+l
..•...•.•.••. (9)

i = X- (or Y)-level
j = time-level
a. = pseudo-viscosity term (see Appendix C) necessary for

stability

I.,
I
I
1

The model MORPHOR uses the results of DUCHESS as an input.

First the values for H, Qx and Qy are computed by DUCHESS, for
each time step. These results are stored on tape. MORPHOR uses
the hydraulic data to compute first the depth-averaged
concentration C at each time-step (in the same gridpoints as for
which H was computed).

The transports Tx and Ty are determined according to eq. (7);
during each time-step the transports Tx and Ty are added
(integrated in time), becoming TxT and TyT.
The morphological changes in the bed-level are computed at given
time-interval. MORPHOR integrates the sediment transport
according to eq. (9) and computes the sedimentation or erosion at
each grid-point.

I
I
I
I
I
I
I
I
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INPUT

Input data for MORPHOR are:

1. morpho1ogica1 time step 6T (s)

2. the order of the asymptotic solution:
zero order solution
first order so1ution
second order solution

n = 0
n = 1
n = 2

I
I
I
I
I
I
I

3. the pseudo-viscosity term in the morpho1ogica1 (-)
computation a which must be as sma11 as possib1e
(a < 1)

4. specification of the bed-boundary condition: (-)
concentration type
gradient type

5. specification of the transport formula used to (-)
calculate Ce and Ca:
Van Rijn
Engelund and Hansen
Power1aw
zero (if bed-boundary is of gradient type Ce = 0)

6. the introduction of secondary flow in the
calcu1ation (see Appendix A) (-)

7. the diameter parameters of the bed-material
D50 and (m)
D90 (m)

8. the fall-velocity of the material Ws (mis)

ps - p

I
I

9. relative density of the material 6 = (-)
p

10. porosity of the bottom Pb (-)
11. correction for the transport with respect to

the slope of the bot tom a
5 = 50 (1 - adz)

dx
(-)

I
I
I,
I
I

12. the reference level of the bed-load material
a = ~ h (m)

13. the introduction of extra diffusion in lateral
direction;
dif1at = 0.0 means no extra diffusion (m2/s)

14. initial conditions for Tx
Ty
C

(mz/s)
(mz/s)
(m3/m3

)

15. boundary conditions for Tx
Ty
C

(mz/s)
(mz/s)
(ml/ml)

•
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IOUTPUT

MORPHOR provides fo11owing output:

1. the depth-averaged concentration C at each
grid point I

I2. the total transport in X-direction Tx per
unit of width

3. the tota1 transport in Y-direction Ty per
unit of width

4. the new bed level Za for each grid point (m)

I
I
I
I
I

5. the tota1 integrated transport in X-direction TXT
per unit of width (mz)

6. the total integrated transport 1n Y-direction TYT
per unit of width (mz)

I
I
I
I
I
I

I
I
I
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RESTRICTIONS

In addition to the requirements on the model-variables by
DUCHESS, MORPHOR demands as follows.

Time step

The adaption time of the depth-averaged concentration to a new
equilibrium concentration is given by, according to Galapatti
(see Appendix C), TA:

I
I

YZl h

Yll ws

The adaption time is defined by the time that the difference
between the actual depth-averaged concentration and the
equilibrium concentration needs to decrease by a factor e.

If the time step of the computation (At) is more than 2 times
this adaption time, a zero order approach (~ = ~) is sufficiently
accurate to perform the computation.

If the time step of the computation (At) is much smaller than
this adaption time (At < 0.1 TA), a higher order approach
will be necessary.

On the other hand, Wang (lit (9» has shown that the model (first
order) is not valid directly af ter a sudden change in the flow
conditions, change of bed-material, sudden deepening of the
bottom or narrowing of the stream-surface (see Appendix C). The
error function which describes the deviation between the first
order solution and the actual depth-averaged concentration
decreases with a factor e af ter an error time T~:

~I
I

T~ = h/u~

The time scale of the flow-variation (tidal period) must be much
larger than this 'error time'.

Mesh size

According to Galapatti (see Appendix C) the adaption length of
the mean concentration of the suspended sediment can be given by

yzz uh

I Y 1 I Ws

I
If the mesh size (Ax, Ay) is larger than 2 times this
adaption length, a zero ord~r aEEroach will satisfy to compute
the average concentration (c = Ce)'

I
I
I
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I
IIf the mesh size is much smaller than this adaption length, a

higher order approach must be applied (A < 0.1 LA).

On the other hand, the mesh size may not become too small: Wang
(lit (9» showed that the asymptotic model is not valid directly
af ter a sudden change in flow conditions. The error function
decreases with a factor e af ter a length Lw

-uh

I
I

The length scale of the flow variations must be much larger than
this 'error length' L•. Therefore the mesh size (/,b{, Ay)
must be larger than this L., unless the flow is more or less
uniform (straight boundaries). I
Ratio particle fall velocity to friction velocity I

~I
I
I

The model of Galapatti is not valid for ws/u. < 0.3.
Therefore:

As Wang showed (lit (9» then the adaption time and length become
of the same order as the error time and length, where the model
is not valid.

I
I

I
I
I

I
I
I
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Computing facilities
All the numerical computations were carried out using the
facilities available at the computer centre of Delft University
of Technology, department of Civil Engineering.

The computer

The Delft University of Technology has a ·fourth generation
mainframe computer: IBM 1383 JX.
With a user available memory of 24 Mbytes, it has a virtual
memory unit of 16 Mbytes and as such, programs that demand a
memory storage up to 16 Mbytes can be run on the mainframe
computer.

The computer has compilers in Fortran, Cobol, Pascal, Algol.

Outputs of computations can be obtained either in the form of
hard copies (print output) or plots. It can be routed to local
line printers. Plotting is done using a remote TECTRONIX
terminal. The mainframe has 30 disc-units and 6 tape-units with
densities of 6250 (5) and 1600 (1) BPI (bites per inch). lts
execution speed is in the order of 3 MlPS (million instructions
per second).

The system

The editing and job-scheduling can be done by any system in
principle. In this analysis the VSPC-system (Virtual Storage
Personal Computing) was used (see lito (10».
The total time necessary to become familiar with a system, and to
understand the facilities of the computer-centre is about one
week, in case the system is new.

The programs

DUCHESS requires a storage-capacity of 800 K, independent of the
grid. For a grid of 25 * 25-nodes, each time-step consumes about
1.0 CPU-second.

MORPHOR requires a storage-capacity of 1,920 K, and at least one
tape-unit. For a grid of 25 * 25-nodes each time-step consumes
about 2.25 CPU-second (dependent on the order of the problem).

I
The grid can be extended, but the facilities of the output cause
a limitation in the maximum of data to be printed; it is only
25 nodes (in x-direction). In y-direction there is no limitation
in output; for an economical use of the computer however the grid
should not become too long.

I
I
I
I
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SCHEMATIZATION
General
If in some reclamation area, situated in an estuary, siltation is
to occur, this implies that sediment, which flows into the area
as a result of the water movement, must settle (partially) in
this area. The water movement therefore is determining the
behaviour of the sediments and must be described accurately by a
numerical simu1ation.
The water movement a10ng the reclamation area can be brought
about in three ways (lit (11)).

1. Exchange of water as a resu1t of storage (of the tida1 prism)----------------------------------------------------------------
The storage in each field is the amount of water that flows in
and out the field, caused by changes of the water level in and
outside the field. These changes in water levels are caused by
tida1 movement and by f1uctuations in river discharges.

2. Exchange of water as a resu1t of 10ngshore currents------------------------------------------------------
Water running along the field can cause an eddy to deve10p
inside the field having a vertical axis. As a resu1t water __.
from inside the field is constantly being exchanged with water
from outside the field (secondary flow and mixing phenomena
play a prominent part in the behaviour of the eddy).

3. Exchange of water as a result of differences in density-----------------------_._- ------------------------------
If differences in density exist between the water inside and
outside the rec1amation field, the water with higher density
wi1l penetrate the water with lower density (forming a
'tongue' into the field). Differences in density can be caused
by differences in salinity, temperature, sediment
concentration and combinations hereof.

I

As the reclamation area is situated near to the seaward end of
the Qiantang estuary (Hangzho~ Bay); the inf1uences of
fluctuations in salinity wi1l be neglected. The water is
considered to be weIl mixed, with respect to salinity and
temperature. Because of the sma1l dimensions of the reclamation
fields in relation to the opening sizes, the effect of
differences in sediment concentration inside and outside the
field wi11 be neglected.
One can therefore suppose the first two processes to be the main
causes for the exchange of water and sediment in the fields, and
thus determining the resu1ting water movement.

I

I
To separate the effect of storage and eddy developing in the
reclamation fie1ds, it has been thought best to perform the
numerical computations in three stages.

I
I
I
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I A. Simulation of steady flow

I
A steady flow running along a reclamation field can cause an
eddy to develop inside the field (see Fig. 3.1). The formation
of an eddy can be advantageous for the sedimentation,
depending on the resulting flow veloeities inside the field. A
slow circling motion exists inside, being fed with sediments
from outside. This mechanism might result in more accretion
than in the case of au inside flow parallel to the mainflow
causing severe erosion around the damheads (see Fig. 3.lA)~

I
I This (numerical) simulation should show the time necessary to

get rid of the initial effects (after a while, the results of
the computation must become invariable) and the time that the
eddy needs to develop.I

I B. Simulation of unsteady flow

I
An unsteady flow, characterized by a linear rise (or fall) of
the water level outside the field is representative for the
storage properties of each field and the resulting water
velocities inside the field (see Fig. 3.lB).

I This simulation should show the water velocities caused by
storage exclusively, in order to compare this effect with thë
water velocities caused by longshore currents.

I C. Simulation of the tidal movement

I A combination of storage and eddy developing should give a
proper image of the behaviour of a field under 'natural'
conditions with respect to flow pattern and siltation (or
erosion).I

I
It should show the resultant flow velocities inside and
outside the reclamation fields (a combination of eddy and
storage) and the periodic behaviour of the boundaries, the
water level, the flow pattern and the sedimentation pattern.

I

In order to investigate arelation between lay-out and resulting
sedimentation inside the fields, different lay-outs will be
subjected to the same flow conditions. The differences in
resulting flow pattern inside the fields will be determining for
the sedimentation.
Af ter the flow pattern for each lay-out has been determined
sufficiently accurate by means of DUCHESS, MORPHOR will give an
idea about the sedimentation that might occur.

I

I
I
I
I
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1.2 Grid and bottom configuration
In the foregoing study "study about landreclamation" (Ut (1)) it
was already suggested to apply a system of crossdams and
longitudinal dams as a reclamation structure (see _Fig. 1.Z).

The tidal eb and flood currents are running mainly parallel to
the coast at Cao Jing, therefore the lay-out of one specific
reclamation field (i.e. an area bounded by dams), consists of a
four-angular field, two sides are formed by crossdams
perpendicular to the coast, one side is formed either by a
longitudinal dam parallel to the coastline, or the coastline
itself •The fourth side, at the seaward end of the field, consists of a
water-stream-line or short longitudinal dams with an opening (see
Fi.g. 3.2).
Thus the meaning of the word "lay-out" is the exact dimensions of
each field, bounded by two crossdams (that have a specific length
and distance) and possible longitudinal dams (that have a
specific length and distance).
For economie design it is the objective to design a
landreclamation structure which combines a quick sedimentatio

n

with a minimum total length of dikes per field.

I
I
I
I

I

I
I
I
I
I
I
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I
I
I
I
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I
The main problems with respect to lay-out design are:

- the length of the dams;
the optimum distance between the dams;

- the actual configuration.
I

To investigate the influence of the length on the behaviour of
the sedimentation 3 different lengths are chosen:

I
250 m;
500 m;

1000 m.
I

To investigate the influence of the distance between the dams
three different distances (between the dams) are chosen:

I
250 m;
500 m;

1000 m.
I

The configuration of the dams is not explicitely investigated. It
is taken into account as the addition of longitudinal dams.
Investigated is the effect of two additional (longitudinal) dams
having an opening of 333 mand an inner reclamation field of
1000 * 1000 m. The most economie solution is to use extra
longitudinal dams in combination with an 'inner area' as extended
as possible (see Fig. 3.3).

I
I
I

Summarizing,the next four lay-out models are chosen to examine
the influence of configuration on the sedimentation pattern: I
1. 250 * 250 m (cross dams only) ;
2. 500 * 500 m (cross dams only);
3. 1000 * 1000 m (cross dams only);
4. 1000 * 1000 m plus 2 longitudinal dams with an opening of

333 m (see Fig. 3.3) .

N.B.

I
I

The lay-out of 500 * 500 m is chos~n as a 'reference lay-out'
because it is expected that this specific distance, 500 m, is a
boundary distance for a free eddy to develop, as the energy
fluctuation caused by friction and the energy fluctuation caused
by water velocity (which is the main motor for the eddy
confirmation) are of thé same order of magnitude:

I
.1

2u
~H fr iet ion :: i L = . L = 6. 10- 2 m

C2R

-2
u

~Hve loc i t y :: = 5 10-2 m
2g

(C ::50 '/m/s) I
I

L = distance between dams
u = depth-averaged flow velocity
R = hydraulic radius of flow-cross-section
g = acceleration of gravity

I
I
I
I
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Therefore it is expected that the opening shou1d not exceed
500 m, in order to avoid that the bottom-friction will prevent
the eddy to deve10p along the reclamation-field-opening.

Grid

The maximum computational area that can be reproduced by DUCHESS
(and MORPHOR) efficiently is in the order of 25 * 25 computational
nodes.
In order to give a proper image of the behaviour of eddies in a
two-dimensional flow, the eddy should be covered at least by 5
computational nodes in longitudinal and cross direction. Also the
open boundaries of the model must be taken away from the
reclamation field, in order to take into account the curvature of
the streamlines around the (cross) damheads.

Summarizing it is chosen that the reclamation field itself covers
a grid of 15 * 15 nodes, the rest of the flow field is covered by
the 25 * 25 meshes of the computational grid (see Fig. 3.4). This
results in a mesh size of 16.67 * 16.67 m in the case of a
lay-out of 250 * 250 m, a mesh size of 33.33 * 33.33 in the case
of a lay-out of 500 * 500 mand a mesh size of 66.67 * 66.67 m in
the case of a model of 1000 * 1000 m.

BOUNDARIES (see Fig. 3.4)

~._d~fin~s_t~e_l~c~tio~ ~f_t~e_(fr~s~)_d~m~ built 2f_g~o!e~til~
tubes

They are schematized as impermeable walls (the height of the
dams is somewhere around the average highwater level).

Q._d~fin~s_tge_12c~tio~ 2f_P2s~iQl~ lo~git~din~l_d~m~ built of
ge2t~x!ile_t~b~s

They are also schematized as being impermeable walis.

In the case only cross dams are applied (cases 1, 2, 3) c does
not exist as a physical boundary. Nevertheless c is also
schematized as an impermeable wall for a bet ter insight in the
water movement.
In this model the area surrounded by band c is excluded from
the grid in order to prevent the model from getting too
complicated.

Here physical boundary conditions can be applied in the model
(H- or Q-boundary conditions).
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Actually this also is an open boundary, but to reproduce the
flow parallel to the coast properly, in the case of steady
flow and tidal flow, it is schematized as a closed boundary,
an impermeable wall.
In the case of unsteady flow it is treated in the same way
as d.

Bottom

The location of the computational area in the actual bathymetry
of the reclamation district is shown in Fig. 3.3. The seaward end
of each fictious model is situated along the LW(low water)-line
of the mud flat of Cao Jing district. Reasons for this:

- to compare the effectivity of each lay-out the conditions at
the open (= influenced by the general water movement) end of
the fields must be similar;

- the seaward end of the reclamation area is also situated along
the LW-line of the mud flat (level: 0.00 m);

- the conditions for sedimentation are most unfavourable along
the edge of the mud flat:

current velocities are large (1.5 - 2.5 mis);
the-tidal difference is maximal (4.5 m average) and here the
sediment is permanently under water;
the slope of the bottom is steep.

Thus, in order to compare the effectivity of each of the lay-out
modeis, it is important that the seaward part of each model is
situated at the same bottom-Ievel. The results for the
bottom-schematization are shown in Fig. 3.4.
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Hydraulic characteristics
In Fig. 3.5 the tidal movement of the water at Cao Jing is given
for flood season (typhoon season) and the dry season.

The current velocity measured along the coast where the bottom
level is -1 m below the LW-line is

maximum 1.5 mis during ave rage tides;
maximum 2.0 mis during extreme tides.

Because of the small mesh sizes (see par. 3.2) the computation of
complete tidal periods for each lay-out model is too uneconomic.
Of each lay-out only 3600 s (one hour) are computed.

It is thought that these results will be illustrative to compare
the effectivity of each lay-out model.

The initial conditions for each numerical simulation are chosen
similar: the water level is 2 m above LW (which is about the

still-water level);
the currect velocity is 0 mis, thus the adaption time of
the influence of initial conditions can be checked.

Hand Q conditions

In the case of two-dimensional modeis, two boundary conditions
must be given in the case of subcritical flow (see lito (12».

STEADY FLOW

Steady flow is characterized by constant boundaries in time. In
the model it is chosen to prescribe the water level in the left
and right open boundaries in the model (see Fig. 3.6A).

~H = . L

u = 1 mis
C = 50 ~m/s
R - 5.0 m-
Ltot = 25 x (16.67, 33.33, 66.67) m
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I 1. 250 * 250 m Hl e ft = const. = +2.000 m
mesh size = 16.67 m Hright = const. = +1.967 m

2. 500 * 500 m Hl e f t = const. = +2.000 m
mesh size = 33.33 m Hright = const. = +1.933 m

3. 1000 ,'( 1000 m Hl e f t = cons t. = +2.0,00 m
mesh size = 66.67 m Hright = const. = +1. 86 7 m

4. 1000 * 1000 m + dam similar to 3.
mesh size = 66.67 m

I
I
I
I

The initial conditions: H
Qx =
Qy =

= +2.000
o
o

I UNSTEADY FLOW

I
The tidal movement of the water level H, as shown in Fig. 3.5, is
schematized by a homogeneous rise and fall of H. There are no
differences in water level along the seaward boundaries. The tide
is schematized by a simple wave with a period of 44700 s and one
harmonie component having an amplitude of 2.25 m (~H = 4.5 m).
See Fig. 3.6B.I

I
1. 250 * 250 m H = 2.25 sin(21l't/44700)

2. 500 * 500 m H = 2.25 sin(21l't/44700)

3. 1000 * 1000 m H = 2.25 sin(21l't/44700)

4. 1000 * 1000 m + dam similar to 3.

The initial conditions for each numerical simulation:
the water level H = +2.000 m;

Qx = 0 mZ/s;
Qy = 0 mZ/s.

I
I
I
I

TIDAL FLOW

I
I
I

The tidal flow is eharacterized by a harmonie rise and fall of
the water level H, plus a difference in water level over the left
and right boundary (see Fig. 3.6C).

1. 250 * 250 m Hl e f t = 2.25 sin(21l't/44700)
21l't

Hright = 2.25 sin(--- - 0.0148)
44700

Hl e f t = 2.25 sin(21l't/44700)
21l't

Hright = 2.25 sin(--- - 0.0296)
44700

2. 500 * 500 m

I
I
I
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3. 1000 * 1000 m Hl e f t = 2.25 sin(21Tt/44700)
21Tt

Hright = 2.25 sin(--- - 0.0593)
44700

similar to 3.4. 1000 * 1000 m + dam

Initial conditions: H
Qx =
Qy =

= +2.000
o
o

Friction, viscosity and coriolis parameter

FRICTION

The friction coefficient is related to the Chézy coefficient
fr = g/C2•
In general the Chézy coeffient is described by:

[lk
2
sRJ . .C = 18 log . . . . . . . . • . . . . . . . . . . . . . (1)

R = hydraulic radius = h (depth) in this model
ks = roughness of the bottom

According to Van Rijn (lit (8)) the effective roughness of a
movable bed surface can be computed by:

. . . • • . • . . • . . . (2)

D90 = 90% partiele diameter
6 = bedform height
~ = bedform steepness parameter = 6/À
À = bedform length

Herein 3 D90 is the roughness related to grains, and
1.1 6(1 - e-2S

.) is the roughness related to the
bedform.

[

DSo]O.3
0.11 -

d
(1 - e- 0 . 5 T ) (25 - T) . • . .. . . . • . . . . . (3)

d

Dso = average particle diameter
d = waterdepth
T = transport stage parameter (see Appendix B)

À=7.3d .... . . . . . . . ... (4)

Sa the length of the bedform is only related to the flow depth!
The bedform height is dependent on the flow parameters via T.
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I T = . . . . . . . . . . . . . . . . . . . . . . . . . (5)

I = bed shear velocity related to grains
= {g u, C' = 18 log 12h

I
C'

U~,cr = critical bed shear velocity according to Shields
(see Appendix B)

I Using eq. (1) t/m eq. (5) and u = 1 mis
h = 3 m
Ds 0 = 50 }.1IlI

D90 = 100 }.1IlII
I

it shows that ks = 0.05 m, which is a reasonable value in
this area.The value for the friction used in the numerical simulations is
calculated by:

I C = 18 log 1.12R:l
LO.05J

Caverage
Cmin

Cmax

= 50
25 (R=O.lm)

= 60 (R=8. Om)

I for all over the computational area. lt is assumed that the
roughness is about 0.05 m all over the reclamation field. This
means that Caverage over the flow section is about 50 m~/s.I The friction coefficient thus is not constant over the
computational grid, but is dependent on the water depth. If the
depth becomes smaller than 0.1 m, the friction coefficient is
fixed on the one of 0.1 m (threshold depth). Otherwise the
friction would become infinite.

I
I

VISCOSITY

I In general the turbulent viscosity is not constant over the water
depth and over the flow field.

I Usually it is described by a parabolic distribution over the flow
~eEt!!:

I z z
c = (1 - -) K u~ d

d d
. . . . . • . • . • . • • • . . . • . . . . . . (6)

I E: = turbulent diffusion coefficient
z = vertical co-ordinate, o at the bottom
d = flow dep th
K = constant of Von Karman = 0.4
u~ = bottom shear velocity

= {gu
C

u = depth averaged flow velocity

I
I
I
I
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I

~max = 0.25 K U* d . . . •. . . • . . • . • ..•. (7 )
IThe maximum va1ue of ~ is:

and the average va1ue over the depth I
~ = 1/6 K u* d = o.o71u·ld ................ . (8)

For the computation of flow fields in vertica1 direction it is
not wise to use a constant viscosity, because ~ varies strongly
over the depth.

I
In two-dimensiona1 hOEi~o~t~l flow prob1ems, the viscosity is
of ten taken constant over the flow field. Such is the case with
the DUCHESS model (see par. 2.1).
In OUCHESS E stands for the ~ffe~tiv~ ~i~cQsity, the horizontal
transport of momentum in transverse direction.

I
I

In the case of wide channe1s there is an empirical expression for
the diffusion coefficient Do in transverse direction: I
Do = 0.1 à 0.2 dlu. I· . . . . . . . . . .. . •... (9) I
Because this coefficient is ana1ogous to the effective turbulent
viscosity of the two-dimensiona1 mode1s such as OUCHESS, E has
this va1ue: I
E = 0.1 à 0.2 dl u* I . . ... (10)

IThis va1ue is two or three times as high as the average va1ue for
èxchange in vertica1 directi.on (eq. (8», caused by+t he f ac t that
exchange of momentum is prevented at the bottom and at the water
surtace. In transverse direction of a flow this is not the .case
and the va1ue of E can therefore be higher (see lito (14».

I
Summarizing: when u = 1 mis, d = 3 m, C = 50 ~m/s: I
E = 0.04 mZ/s (constant over the computationa1 grid).

IHowever, in order to improve stabi1ity, it may be necessary to
introduce an extra viscosity. According to Kuipers and
Vreugdenhi11 (lit. (15» this viscosity is dependent on the mesh
size and time-step; (a. iS'a weighting-factor).

t.x2
I

~ = a. . . . . . . . . . . . . . . . . . ..... (11)

I2t.t

N.B.
When schematizing the viscosity by means of an approximation for
the effective turbulent viscosity, it is never physica1ly right
to use a constant viscosity. In fact, especia11y for eddy
developping phenomena the viscosity varies over the flow field.For
better approximations of E: see Appendix A.

I
I
I
I
I



I
I - 49 -

I CORIOLIS PARAMETER

I
In the model the value of Cx and Cy is appointed zero. The
influence of the coriolis parameter is not directly important for
the results of the calculations; it will only complicate them
(since the rest of the external conditions are all sim?lified).

I SLIP PARAMETER

I DUCHESS has the option to give a value to a slip parameter CSLIP.
It concerns the dis charge (velocity) normal to the boundary.

I CSLIP = 0 means free slip.
CSLIP = 1 means no slip.

I
Any real number in between is allowed.

At closed boundaries following boundary conditions are prescribed:

I u~ = 0 . . . . . . (12A)
a

uH CSLIP + 6(1-CSLIP) w/ = 0 (e F 0)
an . . . (12B)

I
I

u~ = velocity perpendicular to the boundary
uH = velocity parallel to the boundary
6 = length related to the distance between boundary and nearest

grid point

I
The models tested in this report have such large grid sizes
(16.67 m minimum) that the boundary layers where the no slip
condition is valid are very small (compared with the grid).This
means: free slip is valid along the closed boundaries.

I
I
I
I
I
I
I
I
I
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Time step and stability I
TIME STEP

The choice of the time step At is dependent on the courant
number 0, which is not to exceed 10 while using DUCHESS. I

At Io = c

c = wave propagation velocity = /gd
At = time step
Ax = (largest) mesh size

I
This results in following time steps in the simulations: I
l. 250 * 250 m Atmax = 25 s

mesh size = 16.67 m
/gdmal< = 6.32 mis At = 20 s

2. 500 * 500 m Atmal< = 40 s
mesh size = 33.33 m
jgdma• = 7.7 mis At = 40 s

3. 1000 of. 1000 m Atmal< = 70 s
mesh size = 66.66 m
/gdmax = 8.9 mis At = 60 s

4. 1000 * 1000 m + dam simi lar to 3.

I
I
I
I

STABILITY I
To get a proper insight in the stability of a two-dimensional
numerical scheme is very difficu1t. An attempt is described in
'Waterloopkundige berekeningen II' (lit (12». Prob1ems rise in
solving the scheme analvtica1ly caused by non-1inear aspects of
the differentia1 equations. For these reasons and for reasons of
accuracy the courant number, even in this implicit method, may
not become too large.

I
I

Another way to improve stability is the introduction of nurnerical
damping, via Rand R' (see par. 2.1). In the simulation described
in this report this option has not been used.

I
IThe final option is to introduce a pseudo-viscosity a in the

nurnerical scheme, via the parameter E, as a1ready pointed out
under 'viscosity'. I

I
I
I
I
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,Morphological characteristics
The program MORPHOR is coupled to DUCHESS, as such all the
conditions required by DUCHESS are a1so va1id for MORPHOR.
Besides these hydrau1ic characteristics, characteristics of
sediment and transport must be given.

In Fig. 3.8 a typica1 grain size distribution lS given for the
coastal area of Cao Jin district.
The fo1lowing grainsizes may be noted;

Dso = 50
D90 = 100

10- 6 m;
10- 6 m.

According to local data, the average concentration along the
coast of Cao Jing during high tide are varying:
1.000 - 1.200 mg/1 is characteristic for 'normal' conditions
(see Fig. 3.9). This indicates a concentration C of
377 - 452 . 10-6• As such the initial conditions for each
simulation are chosen:

C = 377 .
o
o

10- 6;
mZ/s (transport in X-direction);
mZ/s (transport in Y-direction).

Tx =
Ty =
(The time necessary for the transport, which is 0 in the
beginning, to get homogeneous over the flow direction, is
representative for the adaption time of the scheme, the time
initial conditions inf1uence the result.)

that

C and T conditions

Simulations with MORPHOR are on1y performed in connection with
tidal flow.

According to Galapatti the upstream concentration must be given
as a boundary condition for the computation of the depth-averaged
concentration and transport rates.

As the exact number of the concentration in time is not known, in
this model the concentration is taken constant at both open
boundaries (when the tide continues the flow direction changes).

C = 377 • 10-6

(When a zero order approach of the computation is used, MORPHOR
will reproduce the equilibrium concentration. This way the value
of Cboundary = 377 10-6 can be checked.)

The boundary for the concentration at the bottom is given by the
bed-load transport: a BED-BOUNDARY type.
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Other parameters

PARTICLE FALL VELOCITY

For D < 100 ~m the fa11 velocity of a solitary sand partiele is
given by Stokes:

1 (s - l)g Ds2

Ws = . . . . . . . . . . . . . . • . . . . ... (13)
18 v

s = specific density of grains = Ps/p = 2.65 (sand)
Ds = diameter of suspended grains
v = kinematie viseosity of water = 1 • 10-s mZ/s

= 1 + 0.11 (crs - l)(T - 25) ..•..••• (14)
Ds 0

crs = geometrie standard deviation of the material = 2.5
T = transport stage parameter (see Appendix B)

In the simulations of the model, given crs = 2.5, u = 1 mis,
Dso = 50 • 10-s m, the resultis:

Ds = 32 ~
and Ws = 1.1 . 10-3 mis (for D = 50 ~: Ws = 2.3 . 10-3 mis)

REFERENCE LEVEL

Aecording to Van Rijn (see Appendix B) the referenee level of the
bed(-boundary) 1ayer:

a = 0.5 ~ or a = ks and a > 0.01 d.

According to Galapatti (see Appendix C, 1it (6» the referenee level
shou1d be chosen as sma11 as possib1e
and O.OOld < a < 0.05d

a = reference level; ~ = aid;
d = flow depth.

For these reasons a was chosen O.Old (a1though ks = 0.05 m which is
1arger than O.Old in most grid points) (see Fig. 3.10).

POROSITY OF BOTTOM MATERlAL, RELATIVE DENSITY

For the porosity p a value of p = 0.4 is taken. The material at the Cao
Jin district is fine sand (si1t) with a density of p = 2650 kg/m3

,

this means that the relative density
ps - p~ = = 1.65.

p
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I ORDER OF THE ASYMPTOTIC SOLUTION

I
The order of the solution that must be used in the morphological
computation is dependent on the mesh size and time step of the
schematization and on the flow characteristics.

I
Galapatti gives for the adaption time and length of the depth-averaged
concentration to the equilibrium concentration:

I

y22 uh
LA =

yll ws

Y21 h
TA =

yll ws

The value of Yzz,
characteristics:
u, u* and Ws (see

. . . . . .. . . . . . . .... (C16)I adaption time

. . . . . . . . . . . . . . . ........ (Cl?)
adaption length

I yZI and yll are dependent on flow

Appendix C).

I For u = 1 mis, C = 50 Im/s, d = 3 m it results in:

I
LA = 205 m (Y2z/YII = 0.075);
TA = 136 S (Y21/YII = 0.05).

I
This results in the fact that a fi!s~ ~r~e! solution is
necessary, as the mesh sizes small and therefore the time-step
6t is small also (this is valid for each lay-out model).

I
1For a check: in the mixing 1ayer between main flow and eddy,
u = 0.5 mis, C = 50 Im/s, d = 2 m.)

I
LA = 180 m (YZZ/YII = 0.2);
TA = 300 S (YzI/YII = 0.17).

I
A zero order solution is also applied to check the results of the first
order approximation, to get an impression of the equilibrium values and
to check the deviation of the actua1 (computed) concentrations from the
equilibrium value.

I SECONDARY FLOW

I

In these mode1s the flow is considerably curved, especia11y where eddies
develop (in the mixing 1ayer). As such the inf1uence of secondary flow
on the sediment movement wil1 not be neg1igible. Secondary flow is taken
into account (see Appendix A) (see Fig. 3.10).

I

I
I
I
I
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I
Time step and stability I
TIME STEP

The morphological time-step AT can be chosen freely. In these
simulations it is taken as 3,600 s (in the case of the
computation of cidal motions it is wise to take Ar as a
multiple part of the tidal period).

I
I

For the time-step At used in calculating the depth-averaged
concentration C a courant-number condition applies: IAt
o = u (1 ...........................•• (15)

Lbc I
u = depth-averaged velocity
At = time step
Lbc = minimum mesh size I
As the concentration is calculated by an explicit scheme, this
courant-number must be smaller than one to maintain stability. I
For the numerical simulations this results in:

1. 250 x 250 m Atmax = 14.0 s
mesh size ::: 16.67 m
Umax = 1.2 mis At ::: 10 s

2. 500 x 500 m Atmax = 27.8 s
mesh size = 33.33 m
Umax = 1.2 mis A ::: 20 s

3. 1000 x 1000 m Atmax = 55.5 s
mesh size = 66.67 m
Umax = 1.2 mis A = 40 s

4. simular to case 3.

I
I
I
I
IOne can see that this forms a severe limit to the time step of the

morphological computations.
The calculations of the concentration are very sensitive to changes
in u, and therefore the depth of the flow. Therefore it is wise to
smoothen the bottom for the MORPHOR-computations, which has been done
by taking the depth constant in the reclamation fields (the veloci.ties
result from the DUCHESS-computations and are realistic).

I
I
I
I
I
I
I
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I LATERAL DIFFUSION

I
An analogy for the diffusion of the sediment-concentration in
lateral (in this case lengthwise) direction, can be found from
the empirical expression for the dispersion of matter in a
turbulent flow:

I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(16 )

in which

I
I

K = empirical factor, varying from K = 6 (Euler) to
K = 100-500 (rivers) (-)

d = waterdepth (m)
u* = bed-shear velocity (mi s )•

I
I

The scheme which is used to calculate the sediment-concentration
is a (implicit) six-point scheme, in which e, the
weighting-factor, is 0.5. The differential-equation is of a
convection-diffusion type.
As sueh, the diffusion parameter D also has to satisfy
stability-restrictions in the explicit schemes:

Llt

I À = 2 Dl < 1 => Dl <
Llx2 2 Llt

.. . . . . . . . . . . . . . . . . . . .(17)

I Since the weighting-factor e in the six-point scheme is 0.5, a
pseudo-viscosity is introduced (or a pseudo-diffusion)

I D = e . . . . . . . . . . • . • . . . . . . . . . . . . . . . . .. (18 )
2 Llt

I

If we take into account that the diffusion of the scheme consists
of the schematized diffusion, plus the numerical diffusion, and
that this diffusion shou1d satisfy stabi1ity (17 ), we find (using:
u = 1 mIs; d = 3 m; Llx2S0 = 16.67; Llxsoo = 33.33;

ÓXl,OOO = 66.67 m, 6tZ50 = 10 S; ~tsoo = 20 S;
Lltl,OOO = 40 S; D6 = 1.12 m2/s and Dloo = 20 m2/s):

I

I

D2S0 < 7 m2/s; Dsoo ~ 14 m2/s; Dl ,000 < 28 m2/s.

In the mode1-simulation the following values are chosen:

1. 250 x 250 m D = 1 m2/s
2. 500 x 500 m D = 2,5 m2/s
3. 1,000 x 1,000 m D = 5 m2/s
4. 1,000 * 1,000 m plus dam: D = 5 m2/s.

I

I
I
I
I
I



Stability morphological computation

::::::::::::::':':']:l~\~~_!l!ll~l;!~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
:.: ;:l:::!:.~!:..!W~~4l·.:.~l~:l:U\rl>.,----4--------'---1:-------.t---+------f I
C~ ))W)?))))~{{I\

--'_--~~---+----~I

2.0

) ~~ ~~ ) ~ ) ~
~ ----~~~~~~~~~~~-i)~)~)~~~)~>->~~&_
::J-) ) ) ) ) )) ) ) )

--------,------------------------
:3uqNG;-,.J I
~E=t::O!C Fl..UW 2r:,)·:!5~

-:'E :dCO ,,oe
20 H
o. :CO " 3

3

;3;3) )",,;3) """" ') ')" ') ".~
') ') ') " ') ') " """ €> ') ') ') " ') ') " ') ')9;

::::::::::::::::::::2!:::::::;;:;;::~~~;,!

/ I

I

3 i,"" :~OU sec
............ 50
'-. - :l.50J M/5

SHQNGHR[ 3
r t /'4( !aoa 3EC
~ ;00 ~

0.300 "'s

and flow variation over the grid
s~qNS~OI
r :D~L ':L:" t JOO. !OCCD~11

il:o!f :300 SE':
---; 100 "

0.500 :-t/S
4

I

I

I

I

I
I
I
I

............

~~!:,~'"e,'(or. l~s\"h

I
I
I
I
I
I

3.11 I
I



I
I

- 61 -

I STABILITY

In order to assure the numerical stability of the morphological
computation, a pseudo-viscosity a is introduced, which can be
computed by means of a courant number 0 for the morpho1ogical
computation (see Fig. 3.11):

I a = 0.01 + (J~ 0.01 < a < 1 ...............• (19)

Om = morphologica1 courant number

I Om = Cm AT
Ax

. . • • • . • . • • • . . . . • • (20)

I Cm = propagation velocity of bottom disturbances

From the power1aw equation for the transport

I
I

• • . . • . • . (21)

S = transport
~, b = constants, b = 5 (powerlaw)
u = average velocity

,I
I

it follows
Cm = b • S/h • • • • • • • • • • • • • • • ( 22:)

I

The minimum value of a = 0.01.
Using u = 1 mis, d = h = 3 m, c = 377 • 10-6, AT = 3,600 s,
it fo1lows that (S/h) max = 0.8 10-3 m2/s= 4.0 10-3 m2/s= 14/Ax

= (14/Ax)z + 0.01

Cm
Om
a

I
I

Results for the model simulations:

l. 250 * 250 m a = 0.71
Ax = 16.67 m

2. 500 * 500 m a = 0.18
Ax = 33.33 m

3. 1,000 * 1,000 m a = 0.05
Ax = 66.67 mI

I 4. 1,000 * 1,000 m + dam similar to 3.

I VALIDITY OF THE MODEL

I
According to Wang (Appendix C, lito (9» the time and length for
which the model is not va1id af ter a (sudden) change in flow
conditions:

error time . (C41)

I
I

L~ = uh/u. error 1ength (C42)

I
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Besides this, the value of ws/u., which is a measurement for
the degree of suspension (see Appendix B), must be smaller than 0.2. I
Considering u = 1 mis, d = 3 m, C = 50 fm/s, Ws = 1.1 . 10-3 mis:

ws/u. =
T. =
L. =

0.017;
47.4 s;
47 m.

I
I

In the mixing layer (where the main flow drives the eddy) the
variations in flow conditions are considerable, considering
u = 0.5 mis, d = 2 m, C = 50 fm/s, Ws = 1.1 . 10-3 mis: I

ws/u. =
T. =
L. =

0.035;
63 s;
32 m. I

This shows that the time steps and mesh sizes of the simulations
are in the same order as the error length and time. I

IAs the tidal period (44700 s) is very large, the flow variations
in time are also large enough to neglect the influence of the
error time.

The influence of the error length however is not negligible (see
Fig. 3.11), especially in the transition area between main flow
and eddy, where flow conditions change in each mesh. The result
of the first order solution cannot be trusted in this area. This
also is a reason to check the results of a first order approach
using a zero order approach.

I
I

However, for the computation of morpho1ogical changes in the
bottom the results will satisfy. Bed level changes are hardly
influenced by deviations in sediment concentration. Even in the
area that the Galapatti model actually is not valid, it gives the
right order of magnitude of the depth-averaged concentration.
The model will be more accurate for larger mesh sizes.

I
I
I
I
I
I
I
I
I
I
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COMPUTATIONS AND RESULTS
Flow-pattern
Starting point for the numerical computations were the results
and calculations as performed in chapter 3.

Results

STEADY FLOW

The results of the steady flow computations are shown in
Fig. 4.1. The purpose of this simulation was to find the time
that a possible eddy needs to develop, the time the program
(DUCHESS) needs to produce steady flow (invariable to time) and
the resulting flow-velocities inside the reclamation fields of
the various lay-outs, due to a longshore current.

250 * 250 m it shows that af ter : 1,800 sec the
eddy covers the total field, then the
computational results also become rather
invariable. Velocities inside the field are in
the order of 0.3 mis, which is about one fourth
(X) of the longitudinal velocity.

500 * 500 m it shows that the eddy covers the rec1amation
field af ter : 3,600 sec, the results
then also become more or less steady. Resulting
ve10cities inside the field are in the order of
0.4 mis.

1.000 * 1.000 m: it shows that the eddy does not cover the entire
field; the diameter of the eddy increases until
about 300 m in 2,400 sec, apparent1y then the
bottom-friction limits further growth of an
eddy, confirming the suspect that 500 m forms a
maximum opening size. Resulting velocities are
: 0.4 mis inside the eddy and up to
0.7 mis near the darnheads.

1.000 * 1.000 m
plus dam it shows a complex formation of eddies inside

the reclamation field. The results of the
computation become rather steady af ter 2,400 sec
Resulting velocities inside the field are in the
order of 0.2 mis (very favourable for
sedimentation) .

The driving forces that cause an eddy to develop in a sideward
expansion are transported to this expansion through a
mixing-layer that develops between the mainflow and the sideward
expansion.
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The total mass of water that must be accelerated and the length
of the mixing layer determine the time that an eddy needs to
develop. In the case of the 250 * 250 m lay-out, compared with
the 500 * 500 m lay-out, the mass of water in the field is about
one fourth of that in the 500 * 500 m field, but the length of
the mixing layer is at most 250 m, half of the maximum length in
the case of 500 * 500 m. So. the total time that the eddy needs to
develop is about half the time in the 500 * 500 mmodel, which
indicates that the numerical model might reproduce realistic
eddy-formation, and the actual time an eddy needs to develop is
in the order of the time as shown in Fig. 4.1.

I
I
I
I

UNSTEADY FLOW
The results are shown in Fig. 4.2 .The purpose of this simulation
was to determine velocities inside the reclamation fields due to
storage, and the initial effects of unsteady boundary conditions.

I
250 * 250 m almost immediately (360 sec) the results become

rather invariable. Resulting storage velocities
are in the order of 0.05 mis.

I
500 * 500 m initial effects vanish af ter 360 sec, resulting

storage velocities are in the order of 0.1 mis.
I

1,000 * 1,000 m: after 360 sec the results become more or less -
invariable, storage velocities are in the order
of 0.2 mis.

I
1,000 * 1,000 m
plus dam

I
again it takes about 360 sec before the initial
effects have vanished, the resulting storage
velocities inside the field are in the order of
0.2 mis and between the damheads 0.4 mis.

I
It shows that the velocities due to storage are smaller than the
velocities inside the reclamation fields due to the longshore
current, which confirms the expectation that eddy-developing is a
major mechanism for the stimulation of sedimentation.

I
I

TIDAL FLOW
The tidal motion is simulated by a one-harmonical component
having an amplitude of 2.25 m (Fig. 3.6). Purpose of this
simulation was to determine the resulting velocities due to a
combination of storage and longitudinal currents. The results are
shown in Fig. 4.3.

I
I
I
I
I
I
I
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I
I

250 * 250 m the initial effects damp out in about 600 sec,
the eddy covers the entire field in about
1,200 sec, af ter this time the shape of the eddy
changes somewhat, but the order of the magnitude
of the resulting velocities remain the same:
0.4 mis (about one third of the main
f1ow-ve1ocity).

I
I

500 * 500 m initial effects damp out in about 600 sec, the
eddy deve10ps in about 2,400 sec, resulting in
velocities in the order of 0.4 mis (one third of
the main velocity).

I
1,000 * 1,000 m: again the initia1 effects vanish af ter 600 sec,

the eddy increases unti1 it reaches a diameter
of 400 m, af ter 2,400 sec. Then the eddy changes
its shape and the centre moves in time, but the
order of magnitude of the resulting ve10cities
remain the same: 0.4 mis in the eddy and upto
0.8 mis in the transitiona1 area. As the
waterlevel rises, the eddy becomes larger and
the velocities decrease.

I
I

I

1,000 * 1,000 m
plus dam it takes about 600 sec for the initia1 effects

to vanish, after 1,200 sec an eddy forms over
the entire innerfield, this eddy increases in
velocity until about 3,600 sec, then the resu1ts
become stable, resu1ting velocity in the eddy is
about 0.4 mis; in the opening between the
longitudinal dams ve10cities up to 0.8 mis occur.

I

I

I

It shows that the extra storage increases the eddy-ve1ocities
inside the reclamation fields, one could say that both effects
can be superimposed. Especially in the smaller lay-outs, the
velocities increase considerably by the combined effect (0.3 mis
due to steady flow, 0.4 mis in the case of periodical flow!).
Also the time that the eddy needs to deve10p decreases as a
resu1t of storage. Striking is the lay-out of 1,000 * 1,000 m
plus dam, where an eddy develops rather "fast" (1,200 sec) over
the entire field (diameter: 1,000 m). Altogether one
can say that the rising waterlevel has a positive effect on
eddy-developing.

I
CONCLUSION:

I
the effect of extra storage has a positive influence on the
development of eddies.
The bottom friction limits the size of the eddy. If the opening
between the damheads becomes larger than 500 m, extra
longitudina1 dams are necessary to stimulate eddy-development and
to prevent eros ion around the damheads.I

I
I
I
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LAY-OUT MODEL

Sensitivity-ana1ysis
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In chapter 3 the input-parameters for the model DUCHESS have been
discussed. By means of numerical simu1ations, the effect of some
of these parameters has been investigated. Fo11owing items are
discussed:

- the inf1uence of the main-f1ow-ve1ocity;
- the inf1uence of the (battom) friction;
- the inf1uence of viscosity;
- the inf1uence of the 1ength-distance ratio;
- the inf1uence of the time-step.

In the fo11owing tab1e an overview is given of the simu1ations
with respect to the f1ow-pattern:

- mesh size: Ax- - - - -
t:.y

- ~ain_flo~-~elo~i!y:
diff. in waterlevel: t:.h
Ü

diff. in waterlevel: t:.h

- friction:
roughness: ks
bottomlevel opening:

250 * 250 m

16.67 m
16.67 m

0.033 m
1.0 mis
0.055 m
1.3 mis

0.05 m
-2.0 m

0.04 m2/s

1:1

10 s
20 s

500 * 500 m

33.33 m
33.33 m

0.067 m
1.0 mis
O.lll m
1.4 mis

0.05 m
-2.0 m

0.04 m2/s
1.0 m2/s
10.0 m2/s

1:1

20 s
40 s

1:1 1:1
0.5:1

40 s 40 s
60 s 60 s

120 s

1,000 * 1,000 m

66.67 m
66.67 m

o .l33 m
1.0 mis
0.222 m
1.5 mis

0.05 m
-2,0 m
-10.0 m

0.04 m2/s

4.1: overview of simu1ations with respect to the ana1ysis of
the f1ow-pattern.

I
I
I
I

1,000 * 1,000 m
plus dam

66.67 m
66.67 m

o .l33 m
1.0 mis
0.222 m
1.5 mis

0.05 m
-2.0 m

0.04 m2/s
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I INFLUENCE OF THE MAIN-FLOW-VELOCITY (see Fig. 4.5)

I
The veloeity of the main flow is a eharaeteristie parameter for
the longshore current. By changing this veloeity, the effect ean
be determined on the development and the veloeity-distribution of
the eddy inside the reclamation fields. This velocity is
schematized by a differenee in the waterlevel H at the open
boundaries of the model.'I

I
The standard model velocity is 1.0 mis, schematized by a slope of
the waterlevel:

i = = 8.0.10-5

I
I

In this sensitivity analysis, the slope of the waterlevel is
inereased, thus u = 1.3 mis:

I
ü2

i = = 1.33.10-4eR

I
In order to eompare the results of the simulations a number of
eontrol-points are introduced (see Fi&. 4.4) at whieh the
numerical values of the waterlevel H; the horizontal diseharge
Qx, and the vertical diseharge Qy are eompared (see table 4.2)

I CONCLUSION:

I
inerease of the main flow-velocity causes an increase of the
veloeities in the eddy (of comparable magnitude). The
flow-pattern is not ehanged, nor the time necessary for the eddy
to develop.
So the main flow-velocity only influences the !!!agnit.!:!d~of the
eddy-velocities.I

I
I
I
I
I
I
I
I
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I
I INFLUENCE OF THE (BOTTOM)-FRICTION (see Fig. 4.6)

I
The (bottom)-friction is one of the major parameters that
dissipates the energy which can cause an eddy to develop (see
also appendix A). In this model f~iction is mainly induced by the
bottom.
To check whether the bottom-friction is actually determining the
size of the eddy, a very deep bottom (-10.00 m) was applied on
the 1,000 * 1,000 lay-out, under the same circumstances as the
original simulation (see Fig. 4.6).I

I The results of this simulation confirms the expectation that the
bottom-friction determines the maximum opening between the dams,
if eddy-developing is objected. In case of the Cao Jin-district,
where the bottomlevel is 2 m below the still-waterlevel, this
maximum distance is 500 m.I

I CONCLUSION:

I
an increase of the bottom-friction causes a decrease of the size
of the eddy. This influence is considerable, especially forvery
shallow water.

I
It is important that the bottom-friction is schematized in a
proper way, in order toobtain realistic results of a numerical
computation.

I
N.B. the applied roughness of the bottom, k s = 0.05 m seems a

reasonable value. This value will have to be confirmed by
measurements.

I
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I THE INFLUENCE OF VISCOSITY (see Fig. 4.7)

I
The viscosity-parameter as schematized in the·Duchess-programm,
is an artificial "eddy-viscosity", introduced to solve the
closure-problem of the depth-averaged-flow (see appendix A). In
fact the E-parameter stands for the turbulent viscosity, a
parameter to schematize the large scale transfer of momentum as
caused by the turbulent (Reynolds) stresses.I

I

As the eddy in this analysis is mainly caused by convection of
the main flow, the viscosity-parameter has no direct physical
meaning, neither in the function of generating eddies, nor in the
function of substituting the Reynolds-stresses. However, the
eddy-viscosity does influence the velocity-distribution and the
shape of the eddies.

I

I
In order to investigate the influence of the viscosity-parameter,
different magnitudes of this parameter were used in numerical
simulations of the reference lay-out (500 * 500 m). The rest of
the parameters were kept constant.

I The results of simulations, using E = 1 (m2/s) and E = 10 (m2/s)
are shown in Fig. 4.7. It shows that increasing viscosity causes
the velocity-distribution to "flatten", and delays the
development of eddies. This effect has been observed in Kuipers
and Vreugdenhill (lit. (15» and Stelling and Wang (lit. (16».
The model WAQUA (see Fig. 4.7) is based on the same equations as
DUCHESS, it is available from the Delft Hydraulic laboratory.
Simulations (source: lito (21» with several viscosity parameters
show the same tendency as the simulations with DUCHESS.
If the viscosity-parameter of DUCHESS is taken EO= 0.04 (m2/s),
sometimes two or more eddies develop (see also Fig 4.1 and
Fig. 4.6). It seems realistic that several eddies exist if the
dimensions of the side-expansion are large.
Altogether it is maybe rather vital that the viscosity-parameter
E is schematized in a proper way. Further research will be
necessary to determine whether it requires a more extended
viscosity-model, or even a three-dimensional model in order to
improve the simulation of the velocity-distribution in the eddy.

I
I
I
I
I

CONCLUSION:

I an increase of the viscosity parameter E causes a smoothening of
the velocity-distribution and a suppression of secondary eddies.
This influence increases with decreasing mesh-sizes.

I It is important that a proper value is taken for this parameter.
It seems that an approach as given by eq. 10 forms a reasonable
approximation. Measurements on prototypes will have to confirm
this approach.I

I
I
I
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I INFLUENCE OF THE LENGTH-DISTANCE RATIO (see Fig. 4.8)

I
In these simulations, the length-to-distance ratio was taken 1:1.
One would expect the eddies to change shape when the ratio
length-distance varies.
Numerical models (two-dimensional) always reproduce only one,
main, eddy (see Fig. 4.8).

I

I

From prototype measurements and practice-experiences it is known
that eddies tend to take a l:l-shape. If the basin in which they
develop is of an other shape, secondary or even tertiary, eddies
develop (see Fig. 4.8). Secondary eddies (this implies eddies
with an opposite current direction) develop if the
length-distance ratio becomes larger than 2:1 (see Booy and Yu
(lit. (21». Two eddies (of the same direction) develop if the
length-distance ratio becomes smaller than 0.5:1, or even in the
case 1:1 if the dimensions of the basin (the sideward expansion)
are very large (see Fig. 4.1, Fig. 4.6 and Fig. 4.8) (lit.:
Stelling and Wang, (16».

I

I
I

The reason for the discrepancy between the results of numerical
simulations and practice could be found in the two-dimensional
nature of the model, and the three-dimensional nature of reality.
Especially in basins with a length-to-distance ratio of more than
2:1, the influence of secondary flow (see appendix A) which is a
typical three-dimensional phenomenon which can't be reproduced by
a two-dimensional model, can become large enough to cause the
developmènt of secondary eddies as shown in Fig. 4.8.

I
I CONCLUSION:

I
I

if the length-to-distance ratio of numerical simulations is
considerably different form 1:1, one cannot expect the model to
reproduce the realistic eddy-pattern due to the tree-dimensiona1
nature of the eddy-phenomena. In the case of 1:1 ratios the
agreement between numerical results and measurement is quite good.

I
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I THE INFLUENCE OF THE TIME STEP (see Fig. 4.9)

I
In the case of numerical computations, the best way to check the
accuracy of the results is to decrease the time-step and to
compare the new results with the old ones. In this case, all the
time-steps were reduced to half the original va1ue (see page 71).
this was due to the fact that for the morphological computations,
the original time step was too large (see par. 3.4).
It showed that the result~ for the flow-velocities were exactly
the same.

I
I
I

Also, for the 1,000 * 1,000 plus dam-lay-out·, the time-step was
doubled. This caused considerable changes in the results, and
even instability af ter T = 7,200 s (see Fig. 4.9).

CONCLUSION:

I the time-step found by taking the Courant-numbre cr = 2 is
sufficiently small to ensure the accuracy of the results of the
numerical computations. Increasing the time-step causes reduced
accuracy and instabilities.

I
I
I
I
I
I
I
I
I
I
I
I
I
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Sedimentation-pattern
Starting points for the nurnerical computations of the
sedimentation-pattern were the calculations and the results as
found in par. 3.4, plus the flowpattern of the tidal flow as
found in par. 4.1.

Results

LAY-OUT 250 * 250 m

The resu1ts of this simu1ation, with a 1ength of T = 3,600 s, are
shown in Fig. 4.10. The objective of this simulation was to find
the time necessary for the initia1 effects to damp out, and the
sedimentation-pattern. In table 4.3 the va1ues in the
control-points (see Fig. 4.4) are given.

250 * 250 m EOin! A EOin! B EOin! C Eoin! D-

velocity (mis) 1.15 0.25 0.05 0.30
bottomlevel (mrn) +5 +2 0 0
concentration (-) 378.10-6 122.10-6 16.10-6 33.rO-6

Eoin! E Eoin! F Eoin! G Eoin! H

velocity (mis) 0.10 0.21 0.26 0.25
bottomlevel (mrn) +2 0 +5 +2
concentration (-) 78.10-6 6.10-6 178.10-6 91.10-6

Tab1e 4.3: results sediment-concentration at T = 3,600 s of the
250 * 250 lay-out model.

Af ter T = 600 sec the sediment-concentration has "reached" the
other end of the model, af ter T = 1,800 s the concentration of
the main flow becomes rather invariable. Af ter T = 3,300 s the
concentration of the tota1 model becomes rather invariable (the
initial effect has vanished).

The changes of the bottomlevel are also given in Fig. 4.10.
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I
LAY-OUT 500 * 500 m IThe results of this simulation, with a length of T = 3,600 s, are
shown in Fig. 4.11. The object of this simulation was to find the
time necessary for the initial effects to damp out, and of course
the sedimentation-pattern. In tab1e 4.4 the values in the
controle-points are given:

I

500 * 500 m Eoin~ A Eoin~ B Eoin~ C Eoin~ D

velocity (mis) 1.3 0.45 0.21 0.15
bot tomlevel (mm) +5 +5 0 0
concentration (-) 438.10-6 161.10-6 32.10-6 1.10- 6

Eoin~ E Eoin~ F Eoin~ G Eoin~ H-

velocity (mis) 0.10 0.11 0.30 0.33
bottomlevel (mm) 0 0 +3 +1
concentration (-) 88.10-6 3.10-6 168.10-6 74.10-6

------ -

I
I
I
I
I

Table 4.4: results sediment-concentration at T = 3,600 s of the
500 * 500 lay-out model.

I
Af ter T = 600 s the sediment concentration has "reached" the
other end of the model and af ter T = 2,100 s. The value of this
concentration in the main flow becomes more or less stable.
Inside the basin the sediment-concentration becomes rather
invariable at the most interesting parts af ter T = 2,700 s.

I
I

The changes of the bottomlevel are also shown in Fig. 4.11. It is
obvious that sedimentation does not occur in the total bas in. The
estimated adaption-length inside the basin (eddy) is about 200 m
and the adaption-time 300 s (this implies the time and length the
average concentration needs to adapt to the new concentration
profile; inside the eddy, flow veloeities decrease and the
sediments will settle). Since the total size of the basin is 500
x 500 m, sedimentation will occur in only a part of the bas in.

I
I
I
I
I
I
I
I
I
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I LAY-OUT 1,000 * 1,000 m

I
The results of this simulation, with a length of T = 3,600 s and
7,200 s, are shown in Fig. 4.12. The objective of this simulation
was to find the time necessary for the initia1 effects to damp
out, and the sedimentation-pattern. In tab1e 4.5 the va1ues of
the resu1ts of the simu1ation in the contro1-points are given:

I

I

1,000 * 1,000 m Eo!.n~ A Eo!.n~ B Eo!.n~ C Eo!.n~ D-

velocity (mis) 1.60 0.70 0.22 0.10
bottomleve1 (mm) +6 +7 0 0
concentration (-) 541.10-6 285.10-6 19.10-6 0

E°!.n! E Eoin~ F E°!.n! G E°!.n! H-

velocity (mis) 0.12 0.11 0.45 0.14
bottomlevel (mm) +4 0 0 0
concentration (-) 103.10-6 5.10-6 81.10-6 1.10-6

.~.~.

I
I
I

I Tab1e 4.5: results sediment-concentration at T = 3,600 s of the
1,000 * 1,000 lay-out model.

I
I

Af ter T : 900 s the sediment-concentration has "reached"
the other end of the model and in the main flow the
sediment-concentration becomes stabie af ter T = 2,200 s. Inside
the basin the concentration in the most interesting parts becomes
stable af ter T = 2,800 s.

I The changes of the bottom-level are also shown in Fig. 4.12A and
4.l2B. Also a computation has been made with a total length of
T = 7,200 s. It shows that the total sedimentation is doubled
af ter this time (the sedimentation is nearly proportional to
time). It also shows that a large part of the basin is useless
with respect to sedimentation.

I
I
I
I
I
I
I
I
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LAY-OUT 1,000 * 1,000 m PLUS DAM IThe results of the simu1ations, with a 1ength of T = 3,600 s and
T = 7,200 s, are shown in Fig. 4.13. The objective of this
simu1ation was to find the sedimentation-pattern and the time
necessary for the initia1 effects to vanish. In tab1e 4.6 an
overview is given of the resu1ts in the contro1-points:

I

1,000 * 1,000 m Eoin~ A Eoin! B Eoin! C Eoin! D
plus dam

ve10city (mis) 1.60 0.30 0.25 0.10
bottomleve1 (mm) +2 +3 0 0
concentration (-) 569.10-6 148.10- 6 5.10-6 0

Eoin! E Eoin! F Eoin! G Eoin! H- -

velocity (mis) 0.05 0.06 0.22 0.25
bottomlevel (mm) 0 0 +1 0
concentration (-) 47.10-6

° 147.10-6 5.10-6

-
._-- -

I
I
I
I
I
I

Tab1e 4.6: resu1ts sediment-concentration at T = 3,600 s for the
1,000 * 1,000 plus dam lay-out model. I

Af ter T : 900 s the sediment-concentration "reaches" the
other end of the model, and the magnitude of the concentration in
the main flow becomes stab1e af ter T = 2,600 s. Inside the basin
this is the case a1ready af ter 1,800 s.

I
The changes of the bottom-1eve1 are a1so shown in Fig. 4.13A and
Fig. 4.13B. Again a large part of the basin is not usefu1 for
sedimentation. Ca1culations (see page 89) show that the total
amount of sediment which has accreted, is comparable to the
arnount of sediment that wou1d have been carried into the basin by
storage.
It seems logical that the smaller the openings, the 1ess the
advantageous inf1uence of the eddy-developing becomes, and the
more the tata! amount of sedimentation equa1s the magnitude of
the "starage"-contribution.

I
I
I
I
I
I
I
I
I
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I
I

CONCLUSION

I
In the following table 4.7, a comparison is given of the total
exchange of water and sediment in and out the fields during the
numerical simulations with DUCHESS and MORPHOR. Also the average
increase of the water-level and the bottomlevel are given.

I The second set of data are based on a storage-analogy (the only
mechanism of exchange is storage).

I

LAY-OUT MODEL 250 ..250 m 500 ..500 m 1,000 ..1,000 m 1,000 .. 1,000 m
plus dam

T = 3,600 s

~i~la';_i2n~
- DUCHESS

total in [m3] 188.10] 541.10] 1,847.103 858.10]
tota1 out [m3] 129.10] 371.10] 981.103 27.103
Ah [!IUD] 960 948 925 900

- MORPHOR
tota1 in [m3] 53.0 197.0 673.2 211.0
tota1 out [m3] 5.5 33.5 100.9 -
AZ [!IUD] 0.76 0.65 0.60 0.22

~t2r~g~
- water

tota1 in [m3] 60.6103 244.103 716.103 716.103

total out [m3] - - - -
Ah [mm] 969 969 969 969

- sediments
total in [m3] 22.83 91.50 270.0 270.0
total out [m3] - - - -
AZ [!IUD] 0.61 0.61 0.45 0.45

T = 7,200 s

~i~la~i2n~
- DUCHESS

total in [m3] - 1,019.103 3,723.103 1,597.103
tota1 out [m3] - 671.103 2,138.103 27.103

Ah [!IUD] - 1,683 1,670 1,656
- MORPHOR

tota1 in [m3] - - 1,468 476.4
tota1 out [m3] - - 266.5 -
AZ [!IUD] - - 1.34 0.59

~t2r~g~
- water

tota1 in [m3] 106.103 426.103 1,576.103 1,576.103

total out [m3] - - - -
Ah [!IUD] 1.696 1.696 1.696 1.696

- sediments
tota1 in [m3] 40.13 160.5 594 594
tota1 out [m3] - - - -
AZ [!IUD] 1.07 1.07 0.99 0.99

"_

I
I
I
I

I
I
I
I
I
I
I
I
I

Table 4.7: total amount of exchanged water [m3] and sediment [m3] and
the average rise of water-level ~h [mm] plus bottomlevel ~z
[mm], in case of DUCHESS, MORPHOR and the storage-analogy.

I *): parts of the basin, so the ave rage rise of the bottomlevel is smaller
than in the case of lay-outs.
Per square meter.

I
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I
In case of storage, it is assumed that all of the sediment
settles to the bottom; in this case the total arnount of sediment
can be calculated by: I
Sst 0 rag e = ( C i n - Co ut) 6h. A. • • • • • • • • • • . . . . . . . (23) I

I
S = total nurnber of m3 sediment brought in by storage [m3]
Cln = incoming concentration of sediments = 377.10-6 [-]
Cout = outgoing concentration of sediments = 0.10-6 [-]
6h = rise of the waterlevel if T = 3,600 s: 6h = 0.97 m

and if T = 7,200 s: 6h = 1,69 m [m]
A = surface of the basin [m2]. I
The average sedimentation can be calculated by:

Stotal
6Z = (24)

(l-p)A

I
6Z = average rise of the bottomlevel over the total surf ace of

the bas ins [m]
S = total number of m3 sediment settled on the bottom [m3]
p = porosity = 0.4 [-]
A = surf ace of the basin [m2] .

I
I

In case of MORPHOR, the programm gives the rise of the
bottomlevel per mesh. This can be re-calculated to 6Z (see
table 4.7). MORPHOR also gives the total transports in x- and
y-direction; by integration the total incoming arnount of
sediment, and the outgoing amount can be determined (see
table 4.7).

I
I
I
I
I
I
I
I
I
I
I
I
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I The sedimentation af ter T = 3,600 s and T = 7,200 s as given by
MORPHOR is underpredicted; this is due to the initia1 effects.
(In MORPHOR the initial value of the concentration is zero; the
time necessary for the concentration along the basin to adapt to
the boundary-value of 377.10-6 is rather long; so that the
total amount of sedimented material is too low.)
However, in order to compare the effectivity of each lay-out
model, the results of MORPHOR can be used.

I
I
I

Doing so, table 4.7 shows that the storage-mechanism is an
important feature, but the exchange by the eddy is much stronger.
The 1arger the basin, the more this is true. For sedimentation it
is advantageous that a large amount of sediment-rich water enters
the basin, whereas the concentration of the outgoing water shou1d
be 10w.
From this point of view, the distance between the cross-dams
shou1d be as large as possible (say, in the order of 1,500 to
2,000 m). Such a lay-out provides a streampattern in which the
longshore current spreads over the fields, being reduced by the
cross-dams sufficient1y to cause sedimentation in the fie1ds.

I
I
I By the 1imited adaption-1ength of the sediment-concentration, the

sediment does not penetrate deep into the basins (in the order of
500 m). From this point of view the 1ength of the fie1ds shou1d
be short, at least not longer than 500 m.I

I
Furthermore, the opening-size at the seaward end is a significant
parameter. If this opening is reduced to one third of the
distance between the cross-dams, on1y the storage-mechanism
remains as transport-system of the sediment. In such a case the
advantageous effect of the eddy, the longshore current, is
comp1ete1y vanished. From this point of view the opening at the
seaward end shou1d be as large as possib1e.I

I
I
I
I
I
I
I
I
I
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I
I 4.2.2 Sensitivity-analysis

I
In chapter 3 the input-parameters for the model MORPHOR have been
discussed. By means of numerical simu1ations, the inf1uence of
same of these parameters has been investigated. Fo11owing items
are discussed:

I

- the influence of the grainsize Ds 0 and Dso;
- the inf1uence of the fall-ve1ocity Ws;
- the influence of secondary flow;
- the influence of the order of the model;
- the inf1uence of the transport formuia;
- the inf1uence of lateral diffusion D;
- the inf1uence of the time-step 6t.

I

I In the fo110wing table 4.8 an overview is given of the
simu1ations with respect to the sedimentation-pattern:

I
I
tY-OUT MODEL 250 * 250 m 500 * 500 m 1,000 * 1,000 m 1,000 * 1,000 m

plus dam

I!!!e!h_siz~: ~ 16.67 m 33.33 m 66.67 m 66.67 m6y 16.67 m 33.33 m 66.67 m 66.67 mIgr~i~s!z~s: Ds 0 50.10- 6 m 50.10- 6 m 50.10-6 m 50.10-6 mDso 100.10-6 m 100.10-6 m 100.10-6 m 100.10-6 mDs 0 500.10-6 mI Dso 1,000.10 -6 m

1,110-3 1,110-3 1,110-3 1,110-3 mis- f.al)::-v~12Citl: Ws mis mIs mis

I!e~o~d~rl
1,110-4 mIs

flow: yes yes yes yes ,
i- - ,no ,

112r~eE 2f_m2d~1:
I

N 1 1 1 1 !
0

lI!r~n!P2r! iOEm~l~: v. Rijn v. Rijn v. Rijn v. Rijn
- lateral diffusion: D 1 m2/s 2.5 m2/s 5 m2/s 5 m2/s1- - - - - - - - - 25 m2/s 25 m2/s

100 m2/s

l!i!!!e_S!eE: 6t 10 s 20 s 40 s 40 s
20 s 40 s 60 s 60 s

rale 4.8: overview of simu1ations with respect to the sensitivity-
ana1ysis of the sedimentation-pattern.

I
I
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I INFLUENCE OF THE GRAINSIZE (see Fig. 4.15)

I
The grainsize is one of the parameters determining the rate of
entrainment. In the model MORPHOR, this rate is determined by the
shields-relation (see appendix B). As the size of the particles
is very small (Dso = 50 ~, D~ : 1.27) the
critical shear-stress velocity will decrease for increasing
grainsize! So for larger partieles it will be easier to go into
suspension than for the small particles of the simulation (the
so-called "plastering"-effect of the small partieles: the
roughness is so small that a laminar layer develops along the
bottom, thus increasing the (critical) shear-stress necessary to
go into suspension) (see also appendix B).

I
I
I
I

This effect is considerable, as shown in Fig. 4.15, where Dso =
500 ~ and D90 = 1.000 ~ (ten times as much as in the
original simulation) is compared to the original situation.
In table 4.9 the values for C (the concentration) are given in
the control-points.

I
The sedimentation occuring af ter T = 1,800 s turns out to be
larger than in the original case af ter T = 3,600 s.

CONCLUSION:

I the influence of the grainsizes on the sedimentation-pattern is
considerable; increase of the grainsize causes increase of the
average concentration and increase of the sedimentation.

I It is important that the grainsizes are schematized in the proper
way, in order to obtain realistic results of the numerical
computations with MORPHOR.I

I
I
I
I
I
I
I
I
I
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inf1uence of grainsize Ds 0 = 50 urn Ds 0 = 500 um

- Eoin~ A C [-] 396.l0-6 1,286.10-6

Tx [m2/s] 1,839.10-6 6,041.10-6
Ty [m2/s] -55.10-6 -252.10-6

- Eoin~ ~ C [-] 241.10-6 926.10-6

Tx [m2/s] 338.10-6 1,310.10-6
Ty [m2/s] -225.10-6 -885.10- 6

- Eoin~ ç C [-] 33.10-6 118.10-6

Tx [m2/s] _8.10-6 -27.10-6

Ty [m2/s] -13.10-6 -49.10-6

- Eoin~ ~ C [-] 0.10-6 0.10-6

Tx [m2/s] 0.10-6 0.10-6

Ty [m2/s ] 0.10-6 0.10-6

- Eoin! .§ C [-] 56.10-6 176.10-6

Tx [m2/s] 28.10- 6 59.10-6

Ty [m2/s] -2.10-6 9.10-6

- Eoin~ F C [-] 4.10 - 6 12.10-6

Tx [m2/s ] _1.10-6 -2.10-6

Ty [m2/s] 1.10-6 3.10-6

- Eoin! G C [-] 124.10-6 486.10-6

Tx [m2/s] 144.10-6 569.10-6
Ty [m2/s] 67.10-6 263.10-6

- Eoin~ H C [-] 3.10-6 10.10-6

Tx [m2/s] 1.10-6 2.10-6

Ty [m2/ s ] -1.10-6 _3.10-6

I
I
I
I
I

I
I
I
I
I
I
I

Tab1e 4.9: va1ues of C, Tx and Ty as found in the origina1 I
simu1ation and Eor increased grainsize, at T = 1,800 s.
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I
I INFLUENCE OF THE FALL-VELOCITY (see Fig. 4.16)

I

The fall-velocity is, together with the shear-stress-velocity, a
parameter which determines the rate of suspension of the flow.
Increasing the fall-velocity influences the equilibrium between
settling and entrainment of the particles, and causes a lower
concentration.
In this analysis, the influence of the particle-fall-velocity is
determined by decreasing the fall-velocity with a factor of 10.
The results of this simulation are given in Fig. 4.16 and in
table 4.10, compared with the "normal" fall-velocity Ws =
1.1 . 10-3 (mis).

I
I

I
It shows that the effect of increasing the fall-velocity by a
factor 10 is hardly noticeable; some increase of concentration
can be found. The effect on the (bottom) sedimentation is
negligible.

I CONCLUSION:

I
the influence of the partiele fall-velocity on the sedimentation
pattern is rather small, decrease of the fall-velocity causes a
small increase of the ave rage concentration, and a small increase
of the penetration in the reclamation field.

I As the results do not seem to be very sensitive to the
fall-velocity value, this parameter can be schematized rather
crude.

I
I
I
I
I
I
I
I
I
I
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I
INFLUENCE OF SECONDARY FLOW (see Fig. 4.17)

IAs described in appendix A, secondary flow is a typical
three-dimensional phenomenon, and can't be described by a
two-dimensional model. However, its influence on the
sedimentation-pattern could be significant; at the bottom of a
circular flow, a net inward movement results from the secondary
effect.

I
According to appendix A, the secondary flow-component can be
approximated by:

I
I

IUs [h
Un = 2 fb (~,

K
Z Rs h

/g
a. =

KC

a.) . . . . . . . . . . . . . . . . . . . . . . (25) I
I

!!n =
Us =
h =
t<: =
g =
C =
Rs =
fb =

secondary flow component [mis]
average main flow component [mis]
waterdepth Cm]
constant of Von Karman = 0.4
acceleration of gravity [m/s2]
Chézy roughness parameter [/m/s]
radius of curvature of the main flow Cm]
function which describes the profile of the secondary flow-
component as a function of the waterdepth, here it is taken
a linear function with fb,max = 0.5.

I
I
I

Assuming IUsl z 0.6 mis; h z 2 m;
C = Sa/mis; Rs = 125, 250 and 500 m (radius of the eddy),
the secondary flow-component at the bottom is in the order of:

I
I

Un = 0.06 mis (lay-out 250 * 250 m)
Un = 0.03 mis (lay-out 500 * 500 m)
Un = 0.015 mis (lay-out 1,000 * 1,000 m). I

I
I
I
I
I
I
I
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I
I This normal velocity causes a fluid exchange (outward at the

upper half of the eddy, inward along the bottom) of:

I

EseC.flow ::: ~ Un,mal( Y2 h . . . .(27)

and

Esec.flow = 0.03 m2/s (lay-out 250 x 250)

Esec.flow = 0.015 m2/s (lay-out 500 x 500)

Esec.flow = 0.008 m2ls (lay-out 1,000 x 1,000)

I
I

I
These values are comparable to the exchange of fluid caused by
the turbulent viscosity CE = 0.04 m2/s), especially in case of
the smaller lay-out.

I
The effect on the concentration of sediments however, is hardly
noticeable. The effect on the transports of sediment is
noticeable, but still of a very smallorder (see table 4.11 and
Fig. 4.17).
It seems that for the determination of the sedimentation pattern
the subtle deviations of the rnain flow velocity are negligible.
Eq. (25) shows that the main parameters are the main flow
velocity ü, the waterdepth hand the radius of curvature Rs.
So for deep water, and strongly curved flows, where the ave rage
velocity is large, the influence of secondary flow can be very
important, and also the movement of the sediments will be
strongly influenced. This wilt be the case for riverbends, flows
through pipelines, etc.

I
I
I
I CONCLUSION

I
In case of shallow and slowrnoving eddies, the influence of
secondary flow can be neglected with respect to the sedimentation
pattern. A small calculation however, is necessary in order to
estimate the influence, before neglecting it.

I
I

influence of secondary flow secondary flow no secondary flow

- Eo~n~ E C [-] 88 · 10-6 88 · 10-6

Tx [m2ls] 18 · 10- 6 18 · 10- 6

Ty [m2ls] -63 · 10-6 -65 · 10-6

I
I Table 4.11: values of Ct Tx and Ty as found in point Et

where the main flow is strongly curved
at T = 600 s

I
I
I
I
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INFLUENCE OF THE ORDER OF THE MODEL (see Fig. 4.18)

The model MORPHOR is based on an asymptotic shape of the
concentration profile. This shape can be approximated by order zero
or higher. A zero order solution indicates that the calculated
concentration profile is identical to the equilibrium profile, as
found by using the equations of Van Rijn (Appendix B).
Higher order approximations take into account a time and a distance,
necessary for a momentane profile to adapt to this equilibrium
profile.
As already pointed out in chapter 3, it is considered necessary to
apply a first order approximation in this analysis.
In order to investigate this assumption a numerical simulation has
been done with a zero order approximation. The results are shown in
Fig. 4.18 and in table 4.12.

It shows that the order of the approximation is significant for the
sedimentation inside the basins. A zero order approximation (mostly
used in the conventional morphological programs) would never result
in any accretion in the bas ins and is in fact unusable in this kind
of sedimentation prediction.

CONCLUSION

The order of the asymptotic approximation is of significant
importance. It emphasizes the importance of models like MORPHOR -to
predict the suspended load transport of two-dimensional problems.
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I

inf1uence of order N first order zero order

- Eo!n~ t:. C [-] 438 · 10-6 416 10- 6

Tx [m2/s] 2,482 10-6 2,359 · 10- s

Ty [m2/s] -52 · 10- 6 -50 · 10- 6

- Eo!n! ~ C [-] 161 · 10- 6 3 10-6
Tx [m2/s] 209 · 10-6 8 · 10-6

Ty [m2/s] -35 · 10-6 -53 · 10-6

- Eo!nE_ ç C [-] 32 · 10-6 0 · 10-6

Tx [m2/s] -12 · 10-6 0 · 10-6
Ty [ro2/s] 2 · 10- 6 0 · 10-6

- Eo!nE_Q C [-] 1 · 10- 6 0 · 10-6

Tx [m2/s] 0 · 10-6 0 · 10-6
Ty [m2/s] 0 · 10-6 0 · 10-6

- Eo!nE_ ~ C [-] 88 · 10-6 0 · 10-6
Tx [m2/s] 8 · 10- 6 0 · 10-6
Ty [m2/s] 0 · 10-6 0 · 10-6

- Eo!nE_ f C [-] 3 · 10- 6 0 · 10-6 - -
Tx [m2/s] -1 · 10- 6 0 10-6

Ty [m2/s] 1 · 10 - 6 0 · 10-6

- Eo!nE_ Q C [-] 168 · 10-6 0 · 10-6
Tx [m2/s] 205 · 10- 6 3 · 10-6
Ty [ro2/s] 35 · 10- 6 9 · 10-6

- Eo!nE_ H C [-] 74 · 10- 6 0 · 10-6
Tx [m2/s] -11 · 10-6 0 · 10-6
Ty [m2/s] -45 · 10- 6 0 · 10-6

I
I

I
I
I
I
I
I
I
I Tab1e 4.12: va1ues of C, Tx and Ty found for a zero order

approximation and a first order approxirnation,
for T = 3,600 s and a lay-out of 500 x 500 m

I
I
I
I
I
I
I
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INFLUENCE OF THE TRANSPORT FORMULA

In this analysis the approach of Van Rijn (Appendix B) has been
used to determine the equilibrium concentration profile.
In oFder to investigate the suitability of these formulas,
calculations can be made using other approaches, and the results
can be compared.
In this comparison the following approaches have been used:

- the results of MORPHOR;

- the formulas according to Van Rijn (Appendix B) ;

- the formulas according to Bijker (lit. 18);

- the formulas according to Engelund and Hansen (lit. (8) , (18».

Bijker uses the modified Kalinske-Frijlink formula:

BDso uv'g [ -0.27 t:. pg Dso
Jo . 0 0 0 0 0 0 0 0 0 0 (28)Sb = exp

C j.11: e (1+Y2 <.~..f!b)2 )

u

in which

B = dimensionless coefficient varying from 1 to 5
~b = bottom sediment transport
u = average flow velocity
g = acceleration of gravity
C = Chézy roughness parameter
t:. = relative density = (ps - pw)/pw
p = density of water
Dso = average graindiameter
j.1 = ripple factor= [C/C,]3/2
C' = Chézy roughness parameter related to grains

= 18 log (12h/3D9o) 2 -2/ ~
1:e = shear stress due to current = pu. or pgu C-~ = wave parameter (not taken into account here)
Ub = maximum orbital wave velocity at the bottom

[-]
[m2/s]
[mis]
[m/s2]
[,fm/sJ
[-]
[kg/m3]
[m]
[-]

[,fm/sJ
[N/m2]
[-]
[mis ]

and

Ss = F • Sb (29)

in which F is dependent on the suspension parameter Z,

Z = Ws/~u. (see Appendix B).

The Bijker formula is valid for grain sizes in the order of 100-500
It has been developed to predict long-shore sediment transport due
to waves and currents.

I
,I
I
I
I
I
I
I
I
I
I
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I
I

Engelund and Hansen give the following expression for the total
load transport:

5--zo

g )..l h I

Do D 50

............. (30)S = 0.083

I in which:

I
S = total load transport [m2/s]
C = Chézy roughness parameter [';m/s]
g = acceleration of gravity [m/s2]
Do = relative density [-]
Ds 0 = ave rage grain size [m]
l.I = ripple factor (-]
h = waterdepth [m]
I = slope of watersurface = ~2/C2h [-]

I
I For each of the control-points we can compare the values for the

transport rate of each of the formulas (see Fig. 4.14).

I The average concentration in each point can be found by

Stot Tx Ty

I C = = = •.......................... (31)
h ü Qx Qy

I
in which

I
S = the total load transport as

calculated by (28), (30) [m2/s]
h = waterdepth [m]
u = average velocity [mis]
Tx,Ty = sediment transport in

x,y direction [m2/s]
Qx,Qy = water discharge in

x,y direction [m2/s]I
I The comparison is given in table 4.13.

CONCLUSION

I The transport formula of Engelund and Hansen underestimates the
sediment concentration of fine graded materials in a steady flow,
whereas the Bijker formula and Van Rijn's equation give more or
less the same values for the main flow concentration.
Van Rijn assumes the existence of a critical shear stress, thus no
transport of sediments possible for low velocity values; Bijker not
includes such a phenomenon.
Since the theories on which the Bijker formula and Van Rijn's
formulas are based are much alike it is expected that the results
of both theories, when applied in MORPHOR, will result in an
analogous sedimentation pattern. So for a comparison of the lay-out
models, the formulas of Van Rijn (or Bijker) give comparable
results.

I
I
I
I
I
I
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DUCHESS MORPHOR VAN RIJN BIJKER E/H

- 438.10- 6 370.10-6 507.10-6 .10-6Eoin! A h 4.615 C 88.7
u = 1.24 Qx 5.713 Tx 2,482.10- 6 2,113.10-6 2,892.10-6 50.7 .10-6

Qy -0.117 Ty -52.10-6 -43.10- 6 -59.10-6 -10.4 .10-6

- 161.10-6EOin! ~ _ h 2.816 C 0 0 0
u = 0.15 Qx 1.296 Tx 209.10- 6 0 0 0

Qy -0.326 Ty -35.10-6 0 0 0
- 32.10-6EOin! C h 2.016 C 0 0 0

u = 0.19 Qx -0.374 Tx -12.10-6 0 0 0
Qy 0.110 Ty 2.10-6 0 0 0

- 1.10-6Eoin! .Q _ h 1.219 C 0 0 0
u = 0.17 Qx -0.202 Tx 0.10-6 0 0 0

Qy 0.016 Ty 0.10-6 0 0 0
- 88.10- 6Eoin! .;_ h 2.818 C 0 0 0

u = 0.06 Qx -0.066 Tx 8.10-6 0 0 0
Qy 0.141 Ty 0.10- 6 0 0 0

- 3.10-6Eoin! F h 2.018 C 0 0 O·- -u = o .l3 Qx -0.096 Tx _1.10-6 0 0 0
Qy 0.248 Ty 1.10-6 0 0 0

- 168.10-6 0.17.10-6 0.16.10-6Eoin! Q _ h 2.824 C 0
u = 0.23 Qx 0.594 Tx 205.10-6 0 0.10.10-6 0.09.10-6

Qy 0.248 Ty 35.10-6 0 0.05.10-6 0.05.10-6

- 74.10-6 14.10-6 0.71.10-6Eoin! !! _ h 2.019 C 0
u = 0.31 Qx -0.105 Tx -11.10-6 0 -1.5 .10-6 -0.07.10- 6

Qy -0.615 Ty -45.10- 6 0 -8.6 .10-6 -0.44.10- 6

I
I
I
I
I
I
I
I

Table 4.13: comparison of values of C, Tx and Ty as found
for the different transport forrnulas
at T = 3,600 s, for the 500 x 500 lay-out
h in [m], Qx, Qy in [m2/s], C in [-] and
Tx, Ty in [m2/sJ
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INFLUENCE OF LATERAL DIFFUSION (see Fig. 4.19)

As already pointed out in par. 3.4, the lateral diffusion is
important for the stabi1ity of the calculation of the average
concentration, and for the dispersion of the sediments.
In this analysis, the influence of the Dl-parameter is
determined by increasing the parameter several times; it is taken
Dl = 25 (m2/s] for the 500 x 500 lay-out and the 250 x 250
lay-out; and Dl = 100 m2!s for the 500 x 500 lay-out model
(originally D500 = 2.5 and D250 = 1).
The results are shown in Fig. 4.19. It shows that the numerical
model becomes unstab1e for increasing Dl-numbers, and in fact
that the Dl-parameter can be chosen in a small interval only
(as given in par 3.4).

CONCLUSION

The lateral diffusion parameter Dl schematizes the dispersion
of the sediment in lateral direction, and can be found from an
analogy with the dispersion of matter in turbulent flow. Also
this parameter has to satisfy rather strict stability
restrictions. As such the lateral diffusion may not be chosen too
large, since this will cause instability of the calculation.
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I
I

INFLUENCE OF THE TIME STEP (see Fig. 4.20) IThe time step Eound appropriate for calculations with DUCHESS,
was also app1ied on MORPHOR (~t = 40 s in case 500 * 500 m).
It showed that the numerical computations became unstable (see
Fig. 4.20) for time-steps oE which the courant number cr = 2. I
CONCLUSION I
The time-step of the morphological computation is restricted by
the courant number of the calculation of the average sediment
concentration; this courant number should not exceed cr = 1 in
order to ensure the stabi1ity of the numerical computation (see
par. 3.4).

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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I
5. CONCLUSIONS I
5.1 Relation between lay-out and sedimentation I

In the foregoing it has been described how the problem of
determing arelation between sedimentation and lay-out is tackled
in this analysis.
In chapter 3 it is described which schematization has been
chosen, to find arelation between the length of the dams and
sedimentation, the distance between the dams and sedimentation,
and the influence of reducing the width of the opening.
In chapter 4 it is described which influence the chosen
schematization of the parameters (flow and sediment) has on the
results of the computation.
On the basis of the numerical results, an effort is given here to
determine arelation between lay-out and sedimentation.

,I
I
I

The results of the calculations give rise to a number of
relations:

I
a. arelation between the area of a field and the average

sedimentation per square meter;
I

b. arelation between the length of the dams and the average
sedimentation per square meter; I

c. arelation between the distance between the dams and the
average sedimentation per square meter; I

d. arelation between the width of the opening and the average
sedimentation per square meter; I

e. arelation between the total length of dikes and the average
sedimentation per square meter. I

The first relation can directly be taken from the results of the
numerical simulations, the rest of the relations follow more or
less from the first relation. I

I
I
I
I
I
I
I
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LENGTH AND DISTANCE OF THE DAMS

From the results of the nurnerical simulations following table 5.1
can be composed; considering the fact that the exchange of water
by storage is about one third of the maximum total exchange, and
the exchange by eddies is about two third of the maximum exchange
(in case of a reduced opening only storage causes exchange).

distance:
250 m 500 m 1,000 m 333 m

length : (1,000 m)

250
~~-"'"

? ? ?m
~I

500 m 0.50 ~) 1.00 0.44

1,000 m 0.30 0.45
~ @

I
I
I
I

Table 5.1: average sedimentation [mm] as a function
of the distance between the dams, and the
length of the field (at T = 3,600 s).

~ = sirnulated

From Fig. 5.1 it ean be seen that the penetration of sediments in
the fields is dependent on the dirnensions of the fields; but the
penetration does not exceed 500 m. Also the flow pattern (see
Fig. 4.3) and specifically the eddy developing is mainly
deterrnined by the first 500 m of the bas ins (influenced by the
bottom friction).
So for lengths above 500 m, sedimentation will not increase so
much anymore (only extra storage); this part of the basin
functions as a "death end" and causes a decrease of the average
sedimentation per square meter of basin.

I
I
I
I

In case of the other lay-outs it is not possible to predict the
sedimentation Eor a different length, since the flow pattern in
this case will be considerably different from the one calculated
in the numerical sirnulations.

I
I

However, since the waterexchange due to the eddy-exchange forms
two third of the total exchange it is expected that the extra
length only causes extra storage-exchange. On this basis the
figures of table 5.1. result.

I
IThe influence of the distance between the dams, the leng th of the

dams on the average sedimentation is shown in Fig. 5.2 (relations
a, band c).

I
I
I
I
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I
WIDTH OF THE OPENING

From the results of the numerical computations, it shows that the
sedimentation inside the field is directly related to the size of
the opening at the seaward end of the basin (see Fig. 5.2)
(relation d).
For the 1,000 x 1,000 m,lay-out plus dam, the width of the
opening is 333 m. The resulting sedimentation (considering a
length of 500 m, see table 5.1) is about 0.44 mm, and in case of
an opening of 250 m (considering also a length of 500 m) the
sedimentation is 0.38 mmo
So the advantageous influence of increasing the distance between
the dams is decreased by reducing the width of the opening (see
Fig. 5.2).

I
I
I
I

However, the flow pattern outside the basin is increasingly
disturbed for increasing distance between the dams (see Fig. 5.1).
Already when the distance is 500 m disadvantageous erosion occurs
around the dam heads, getting worse in case the distance is
1,000 m (see also the flow pattern). By introducing longitudinal
dams, this situation is much improved.

I

TOTAL LENGTH OF DIKES IN RELATION TO THE SEDIMENTATION

I
I

In order to compare the total necessary stretch of dikes of each
of the lay-out solutions an area of 1,000 x 1,000 m is
considered. The total length of dikes which have to be
constructed, in time, can be found by:

I
250 x 250 m: 6,000 m' /km2

500 x 500 m: 3,000 m'/km2

1,000 x 1,000 m: 1,000 m' /km2

1,000 x 1,000 m: 1,000 - 2,000 m'/km2, dependent on the size of
+ long. dam the opening

These figures can be related to the total expected sedimentation
(relation e, see Fig. 5.2).

I
I
I
I

Since the cost of the project is directly proportional to the
number of running meters dike, this relation is also illustrating
the most economie solution. An increase of the total length of
dikes hardly causes an increase of sedimentation. So the most
economie design is the "large" lay-out, in which the distance
between the cross-dams is large.

I
,I
I
I
I
I
I
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I Based on the foregoing, the optimum solution, which combines a
high sedimentation with a minimum length of the dikes, would be
(see Fig. 5.3):

I - length of the (cross-)dams: 500 m;

I
I

- distance between the dams: 1,000 m or more;

.- small longitudinal dams at the end of the cross-dams to prevent
eros ion at the dam heads.

COMMENT

I
It should be kept in mind that the ca1culated sedimentation is
nog equa1 to the rea1 sedimentation. This is due to the
schematization of the prob1em:

I
I

* the watermovement is entire1y schematized; an entirely
long-shore motion combined with a rise of the water-level;

I

* only 3,600 s of a watermovement have been simulated; the effect
of initial conditions is still large (see also par. 4.2). Also
the real tidal motion consists of about 6 hours rising tide
(thus more sedimentation) and about 6 hours declining tide
(thus some (?) loss of sedimentation);

I
* the effect of the waves caused by wind etc. has been neglected;

this is discussed in par. 5.2 and in the f01lowing report
lay-out part 11 (lit. [2]).

I

Nevertheless the results of the simulations do have some
practical significance, since the lay-outs can be compared with
each other. Also it shows that the expected sedimentation is
stimulated by eddy deve10ping and is larger than the storage
quantity. (In case of the lay-out of 1,000 x 1,000 m plus
longitudinal dams, the sedimentation is about the same as can be
found by the storage quantity; due to the initial effects the
total sedimentation af ter 3,600 s is somewhat smaller, but the
increase of sedimentation during the next 3,600 s is comparable
to the estimated storage quantity. This effect will be more
obvious when the wave influence is taken into account; see
par. 5.2.)

I
I
I

I
I
I
I
I
I
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I
5.2 Influence of wind waves I

In the numerical simulations, the influence of wind waves has
been totally neglected. It has been supposed that the tidal
motion forms the main mean of transportation of sediments from
the sea to the reclamation fields.
Since the long-shore tidal current is very strong (up to 2 mis)
and the average wave height along the coastline is rather low
(about 0.50 m), this assumption will be largely true: waves will
not cause an extra large-scale watermovement of importance,
compared with the tidal movement (during normal conditions).

I
I
I

In Bijker (lit. [8]) a formula is described to estimate the
maximum (long-shore) current caused by breaking waves: I
v =

C
--- Y h m •••••••••••••••• (32)

8/2 Co Ifw
sin 4>0

normal conditions extreme conditions

I
I

EXAMPLE:

H = 0.50 m (wave height)
T = 3 à 5 s (period)
m = 1/150 (beach slope)
hbreak = 0.8 H = 0.40 m

(waterdepth breaking waves)
4>0 = 150 (SE-direction) 4>0
y = 0.8 (breaker index) y
Co = 1.56 T = 4.7 mis Co
fw = exp (-5.977 + 5.2l3(ab)-o.194)fw

r
ab = H/(2 sinh kh) = 0.60
r = 0.05 m (roughness)
= 0.069

Hs = 2.50 m (sign. wave height)
T = 5 à 8 s (period)
m = 1/150 (slope)
hbreak = 0.8 H = 2.0 m

I
= 150 (SE-direction)= 0.8 (breaker index)
= 1.56 T = 9.4 mis

I

ab = H/(2 sinh kh) = 2.5
r = 0.05 m (roughness)
= 0.030

I
I

= friction coefficient

~max = 0.10 mis ~rnax = 0.32 mis I
Thus the longshore current due to wave influence can be neglected
during normal conditions, if compared with the tidal influence. IAnother reason for the neglect of the influence of the waves, as
far as the transportation of sediments is concerned, is the fact
that the breakerzone, where the waves do have a dominant effect
on the transport of sediments, is most of the times situated
inside the reclamation fields. As such the waves do not
contribute to the large-scale watermovement along the coast. I

I
I
I
I
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I However, the waves do have an important effect on the settling
and entrainment of the sediments.
The waves cause an extra shear-stress at the bottom, and thus
increase the tendency of particles to go into suspension.I For example: Bijker (lit. [8]) describes a formula to
estimate the shear stress caused by waves.

I
I currents: 'te = pg ...................... (33)

I
waves 'tw = ~p fw us 2 ••••••••••••••••••••••• (34)

"normal conditions":

I u = 1 [mis] (depth averaged flow velocity)
C = 50 [~m/s] (Chézy roughness parameter)
p = 1,000 [kg/m3] density of water
g = 10 [m/s2] acceleration of gravity

thus 'te = 4 [N/m2]

I Ub = wH/2 sinh kh (maximum orbital velocitiy at bottom)
= 1.3 [mis]

H = 0.5 m (average wave height)
h = 2.0 m (average water-depth)
w = 2~/T = 2.1 [rad/sJ (angular velocity)
fw = 0.04 (roughness parameter)I

I thus A

'tw = 57 [N/m2]

I
So even for "normal" conditions the shear stress caused by waves
is much higher than the current shear stress.

The effect on the transport formulas and the sediment
concentration wi1l be such that the bed shear velocity u. is
(much) larger than calculated; the suspension number Z wil1 be
larger; and in general the adaption length and time of the
suspended concentration will be larger than estimated by MORPHOR.

I
I

The waves will prevent the sediment particles to settie to the
bottom, especially in the breaker zone.
The critical shear stress, at which particles go into suspension,
was estimated at 0.16 N/m2 (u*= 0.0125 mis), thus even "normal"
waves will completely disturb the calculated sedimentation
pattern.

I
I
I
I
I
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I
Concluding we find that the wave influence must be banned from
the reclamation fields, otherwise the sediments will not settle
(the incoming water will be of high sediment concentration, but
also the outgoing water; so the storage analogy and the MORPHOR
analogy both are not realistic).
This ean be done by constructing a longitudinal dike along the
seaward end of the reclamation fields.
The height of this dike is determined by the allowable wave
transmission. In this dike also openings are necessary, to allow
the tidal motion to enter the basins. The size of these openings
must be small, and can be determined by wave diffraction.
These approaches are described in more detail in part 11 of the
lay-out analysis: the effect of wind waves (lit. [2]).

I
I
I
I

CONCLUSION I
The influence of the waves causes a requirement on the dike
lay-out, which is in conflict with the requirement found on the
basis of the tidal motion. I
TIDAL MOTION opening at seaward end should be as large as

possible. I
WAVE INFLUENCE: opening at seaward end should be as small as

possible. IAn optimum should be found between these two requirements.

I
I
I
I

N.B.: The smaller the opening size of the lay-out, the more
realistic results MORPHOR will produce, since in this case
the effect of waves inside the basin decreases. In case of
the 1,000 x 1,000 m lay-out, with an opening size of 333 m,
we already saw that the expected sedimentation inside the
basin will be in the order of the storage quantity
(incoming sediment concentration is high, outgoing sediment
concentration is low).
Outside the basin, the results of MORPHOR can be rejected,
since they are not based on the right approach.

I
I
I
I
I
I
I
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I
ADVICE ON LAY-OUT OF THE RECLAMATION AREA

In Fig. 5.3 A the result for the optimum lay-out on the basis of
the tidal influence is shown. Fig. 5.3. B shows the optimum
lay-out based on the reduction of the wave influence (as found in
the report LAY-OUT part 11).

I
I

A combination results in an advice on the lay-out of the
landreclamation system, based on the following remarks (see
Fig. 5.3 C): I

!h~ !i~al ~o!i2n_i~ !h~ ~ain_m~a~ 2f_t!a~SEO!t~tio~ of
sediments; the total amount of incoming (high concentrated)
sediments is determined by storage and eddy exchange.
The wave influence inside the reclamation area must be reduced
sufficiently, so that the outgoing amount of sediments
(transported by the tidal motion) will be low;

I
I

- !h~ 2P!i~~ le~g!h of the reclamation basin is dependent on the
penetration of the high concentrated sediments. This length is
about 500 m due to the tidal motion; waves wil1 increase this
length (sedimentation will take p1ace over the tota1 basin).
Nevertheless, the length is limited due to the growth of the
(reduced) waves by the wind. So the maximum 1ength of the basin
is dependent on the admissable average wave height inside the
basin (report lay-out part 11), estimated ~b2u! l,~OQ ~;

I
I
I

- !h~ ~i~t~n~e_b~t~e~n_tge_c!o~s=d~~ should be as large as
possible. The maximum distance is limited by the admissab1e
wave height caused by wind; again estimated at 1,500 m; I

- !h~ 2P~ning ~t_t~e_s~a~a!d_e~d is on1y dependent on the
allowab1e wave diffraction inside the basin, it should be as
large as possible in order to profit from the eddy motion; I
!h~ ~xEe~t~d_s~dim~n!a!i2n is only dependent on the tidal
motion (provided that the wave influence is reduced
sufficiently); due to the limited opening it will be in the
order of the storage quantity: 2 mrnper tide, or l.~ ~ ~u!i~g
!h~ fi!s! le~r.

I
I
I
I
I
I
I
I
I



I
I

- 122 -

I In general the exact place of the dikes is also dependent on
other criteria like the desired construction level (S.B.W.C. has
expressed the wish to build the longitudinal part of the dike at
a bottom level of + 1.00 m (Wusong level), so that the
construction is in the dry during a part of the day), and budget
planning. It might be economical (in order to reduce investments)
to start with a low longitudinal dike at 500 m out of the
coastline.

I
I

Following items are important:

I

I

the total surf ace of the basins is also dependent on the size
of the opening: due to storage, the water velocity through the
opening may not become too large;
since the maximum rise of the water-level is 1.2 m/hour
considering a basin of 1.000 x 1.000 m. the minimum opening
size is 160 m (then the filling velocity is 1 mis). A very
small opening causes accretion in front of the opening (due to
contraction of the flow);

I

I
- eddy developing is advantageous for sedimentation: extra

exchange of water, and an equal distribution of sediments over
the area.
The size of the eddy is limited: about 500 m diameter.
So the total basin should not become much larger than 1,000 x
1,000 m. in order to ensure the distribution of sediments whe~-
waves are absent (the flow pattern of the "1,000 x 1,000 m plus
dam"-lay-out seems a good distribution, better would be 1,000 x
500 or even 500 x 500 m; as well on the subject of eddy
developing as wave reduction);

I
I
I the place of the opening is under discussion: since one wants

to "catch" the incoming sediments, there is a tendency to place
the opening at the upstream (of rising tide) direction (see
also fig. 5.1). On the other hand the wave direction is rather
random (tombolo-growth). and for the flow pattern also a
central opening is advantageous.I

I In the report lay-out part 11 the wave climate at the Cao Jing
district is determined, in order to find:

I
I,

the optimum width of the openings (wave diffraction);
- the optimum length and distance of the fields (allowable

fetch-length);
- the optimum heigth of the dams (wave transmission).

I
I
I
I
I
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I
5.3 Restrietions and recommendations I

The resu1ts of this report cannot be app1ied in practice, because
of fol1owing restrictions: I
- the tidal transport of sediments must be dominating the wave

induced transport; I
since the tida1 motion is schematized, the sediment
concentration is schematized and also the boundary conditions
have been schematized, the results of the numerical simulations
have no direct practical value; they can only he used to
compare the effectivity of each of the solutions;

I
it must be checked whether the influence of the waves is smal1
enough to allow the tidal sedimentation pattern to develop; if
the disturbances caused by the waves are large, a (completely)
different approach of the problem will be necessary;

I
I

- the length of the simulations is actually too short in order to
form a solid basis to estirnate the actual sedimentation
pattern. I: seems that initial effects (in MORPHOR) play too
large a part in the resulting hottom level changes.

I
In addition fo110wing recomrnendations can be done: I

I- determination or calculation of the wave climate at the planned
reclarnation area is necessary, in order to approximate the
influence of the waves on the sedimentation pattern;

- the wave-climate will determine the optimum height of the
dikes, and the optimum width of the openings; also it will
probab1y result in the optimum dimensions of the fields
(allowable fetch-1ength);

I
- it wou1d be interesting to check the results of MORPHOR by some

practical data; model or prototype testing are recomrnended in
order to verify the simulations.
For example, during the first stages of construction, intensive
in situ testing should be performed, in which several lay-outs
are tried, and compared afterwards;

I
I

- since the prob1em has been considerably schematized in this
analysis, it is recommended to re-simulate the entire problem
using a combined tide- and wave-influenced sediment-transport
program, in which several tidal periods are calculated, and
several weather circurnstances.

I
I
I
I
I
I
I
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Variabie Meaning

a

b

b

c

c

c

Ca

Ce

Ce

Cm

d

g

h

i

j

k

s

s

Se

Ss

t

reference level (boundary of the bedlaad
material)

width of the flow section

exponent in powerlaw transport formuia

propagation velocity of gravity waves at
the surface

concentration by volume

depth averaged concentration

concentration of the bedlaad at the reference
level a

equilibrium concentration profile

mean equilibrium concentration profile

propagation velocity of bedlevel disturbances

flow depth (= h)

acceleration due to gravity

waterdepth

integer related ta co-ordinate level

integer related to time level

wave number = 2rr
L

equivalent roughness of battam

parosity of the battom material

specific density of sediment = ~
p

total transport per unit width

bedload transport per unit width

equilibrium transport per unit width

suspended transport per unit width

.time

I

Dimension

[m]
[in}

[-J

I
I
I

[m!sj

[-J
[-J

I
I
I

[-J

[-J
[-J
[m!s]

[mJ
[mi s zJ

I
I
I'lm]

[-]

[-J I
[rad/s1 I
[m]

[-J I
I
I
I
I
I

[-]

[mZ!sJ

[mz! sJ
[mZ/sJ

[mz! sJ
[sJ

I
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Variable Meaning

u water velocity in flow direction (x)

u depth averaged horizontal flow velocity

u* overall bed-shear velocity

U'. bed-shear velocity related to grains

u*,cr critical bed-shear velocity according to
Shields

u~ velocity normal to boundary

u// velocity parallel to boundary

v water velocity normal to flow direction (y)

w velocity normal to u and v (z)

Ws particle fall velocity

x horizontal co-ordinate (longitudinal)

y horizontal co-ordinate (lateral)

z vertical co-ordinate,

Za height of reference level above the bed

Zb elevation of the bed
B bottomlevel
C Chezy-coefficient related to roughness

of the bedI
I

C depth averaged concentration (MORPHOR)

C' Chezy-coefficient related to grains

I
I
I
I

Co Coriolis parameter (DUCHESS)

D flow depth (DUCHESS)

Db virtual lateral diffusion coefficient

Ds grain size of suspended sediments

050 average grain size of bed material

D90 90% grain size of bed material

D. partiele diameter parameter

I
I
I

E viscosity coefficient (DUCHESS)

Dimension

[mis]

[mis]

Cm/sj

[mis]

[mis]

[mis]

[mis]

[mis]

[mis]

[mis]

[-]

[-]

[-J
[m]
[m]
[_fu]

[fm/sJ

[-J
[fm/sJ

[I/sJ

[m]

[m2/sJ

[m]
[m]
[m]
[-J
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Fr friction coefficient (DUCHESS) [-J
[m]
[m]
[m]
[m]

IVariable Meaning Dimension

H water level (DUCHESS) I
I

LA adaption length

L* error length

P surface air pressure-(DUCHESS)head
Q discharge per unit width (DUCHESS)

Qy Q in Y-direction (DUCHESS)

rmZ IsJ
rmz Is]
[mZ/sJ

I
IQx Q in X-direction (DUCHESS)

S total transport per unit width [mZ/sJ

I
I
I

R hydraulic radius of flow [m]

R parameter to control numerical damping
(DUCHESS) in the acceleration terms [-J

R' parameter to control numerical damping
(DUCHESS) in the advective acceleration terms [-]

initial transport per unit width [mZ/sJ I,
I

bedload transport p.u.w. [mZ/sJ
suspended transport p.u.w. [mZ/s]

T tidal period [sJ

time step MORPHOR [sJ IT

TxT total transport in X-direction (MORPHOR)
p , u. w. [mZ

]

transport in Y-direction (MORPHOR) [mZ/sJ

I
I
I
I
I
I

Tx
adaption time [sJ

transport in X-direction (MORPHOR) p.u.w. [mZ/s]

Ty

TyT total transport in Y-direction (MORPHOR) [mZ]
per unit width

error time Cs]

u parameter concerning u = horizontal velocity
in X-direction [-]

v parameter concerning v = horizontal velocity
in Y-direction [-J

I
I
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Variabie Meaning Dimension

W parameter concerning w = vertical velocity
in z-direction [-]

Wx wind shear stress in X-direction
(DUCHESS) [<""IlmZ]

Wy wind shear stress in Y-direction
(DUCHESS) [N/mZ], Z verticle co-ordinate (DUCHESS) [m]

I
Z suspension parameter [-]

Z' modified suspension parameter [-J

I
I

ZB bottom level (MORPHOR) [m]

a pseudo-viscosity parameter o~a~l [mZ/s]

~ dimensionless reference level ~ =.~ [-J
d

I correction factor for the re1ative diffusion
of sediment to water particles [-J

I y coefficient related to the concentration
profile at the reference level = 4>0 [-]

s small parameter [-J
turbulent diffusion coefficient [mZ/sJ

I turbulent diffusion coefficient related to
fluid [mZIs]

I €:s turbulent diffusion coefficient re1ated to
sediments [mZIs]

€:z turbulent diffusion coefficient in vertica1
direction [mZIs]

kinematic viscosity of water [mZ/sJv

I
transformed vertical co-ordinate [-J
transformed horizontal co-ordinate [-J

I
constant of Von Karman [-J
bedform length rml

I eigen value of (asymptotic) solution of the
two dimensional convection diffusion equation [-J

I
I
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Variabie Meaning Dimension

p density of water [kg/m3J
ps density of sediment [kg/m3]

cr courant nurnber [_J
am courant nurnber related to bedform propagation [_J
as standard deviation of grain size distribution [_J
w particle fall velocity [m/s1

~ bedform height [ml

~ relative density = es - p
p [-J

parameter related to a differential
expression: ~, ~t [_J
parameter related to the damping of the fluid
turbulence caused by sediments [-]

~ normilized equilibrium concentration profile [-J
~ bedform steepness parameter = ~ [-J

À

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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I
APPENDIX A

THE CLOSURE PROBLEM FOR DEPTH AVERAGED FLOW I
I General I

In case of a non-1ayered surface flow characterized by a sma11
depth-to-1ength ratio, the flow features can be predicted by use of the
depth integrated equations of motion. The problems usua1ly associated
with these equations concern the numerical treatment. One of the main
problems is the avoidence of non-linear instability of the method.
Frequently this instability is suppressed explicite1y by use of
smoothing process af ter each time step, or by adding
eddy-viscosity-type terms to the equations of motion, or implicite1y by
use of difference schemes affected with numerical viscosity.
However, these ways of avoiding non-linear instability can yield
erroneous results, or at least disguise physical effects.

I
I
I

Vertically integrated equations of motion contain terms, derivatives of
the so called effective stresses, that have to be modelled to obtain a
closed system of equations. It has been shown in literature,
C. Flokstra (lit. (1», Kuipers en Vreugdenhill (lit. (2», that these
effective stresses a110w the occurence of circulating f10ws. The
existence of these stresses is a necessary, but not sufficient,
condition for the generation of circu1ating f10ws.

I
I
I

The two dimensional equations are derived by the depth integration of
the continuity equation and the so cal led Reynolds equations (equations
of motion for turbulent flow) resulting in: I

ot ox oy
= 0 . . . . . . . . . . . . .. . . . . . . ... [lJ Ioh ohy

+ +

I
0 0 0 0 1

(hu) + (hu2) + (huv) + gh (h+p) - (~WX - .bx)
ot ox oy ox P

1 0 0
(h Txx) + (h Txy) = Ohv . . . . . . . .. . [2J

P ox oy

0 0 0 0 1
(h~) + (huv) + (h~2) + gh (h+p) - - (~wy - .by)

ot ox oy oy P

1 0 0
(h Tyx) + (h Tyy) = Ohu . . . . . . . . . . DJ

p ox ox

I
I
I
I
I
I
I
I
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I
In which

Ih = level of water surface
u = depth averaged velocity in X-direction
v = depth averaged velocity in Y-direction
p = atmospheric pressure at surface
1:WX = wind stress component in X-direction
1:bx = bottom shear stress component in X-direction

I
Txx, Txy, Tyy = effective stresses: I

1 h+zb au ]J [2PV _p?_p(;_;:_u)Z dz ••.. [4A]
zb ax

I
h I

Txy =
1 h+zb

I [
2PV [aU +

ay
aVJ
ax

- P u'v'- P (-;_;:-U)(~-V)J dz
.............. [4BJ

I
h zb

I
1 h+Zb[J 2pv

zb

3v
- p(~-v)' ] dz ••••••• [4CJ Ih

Tyy

The windstress components are not investigated in this analysis,
they have to be related to the wind velocity in general. For the
bottom stress it is assumed that

I
I

g
................... BA] I= p

g
v j UZ + vz' . . . . . • . . • . . . • • • • . • . . [SB] I

I
which implies that the direction of the bottom stress equals that
of the mean velocity, and its magnitude is the same as in steady
uniform flow. I
C is Chézy-value I
u', v': are the fluctuations in the instantaneous velocity components

in X and Y-direction
the bar indicates a suitable averaging operation (ensemble
or moving time average)
is kinematic viscosity coefficient Iv

I
I
I
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I
I In literature the importance of the effective stresses has been

examined by means of a vorticity balance (C. Flokstra lito [1],
Kuipers and Vreugdenhill lit. [2J)

I au av

I ay ax
................. ·161the vorticity w, =

I
the result for the vorticity Wz of the vertica1 mean flow:

I

a a a au 3v
(hw) + (uhw) + (vhw) + h(w-Q) (- + -)

3t 3x ay 3x ay

a 'twx 'twy 3 'tbx 'tby
- h (- - -) + h (- - -) +

ay ph ph 3y ph ph

h 3 1 3 a h 3 1 a 3
(- (h Txx) + (h Txy» + (-(h Txy) + (h Tyy»

p 3y h 3x 3y p 3x h 3x ay

= 0 . . . . . . . . . . . . . .... [7J

I
I
I
I

I
Conclusions: - vorticity is generated

divergence of the mean
term), by windstress,
Txy, Txy and Tyy

- vorticity is dissipated by

by convergence and
velocity field (fourth
and by the stresses Txx,

the bottom stress term.

I So the stresses Txx, Txy and Tyy influence the generation
of secondary currents, such as eddies and secondary flow in
riverbends etc.

I
I

The magnitude of the convective part (the convergence and
divergence of the main flow) in the generation of secondary
currents depends mainly on the curvature of the main flow, the
stress terms depend mainly on the characteristic length of a
change in velocity profile

I

- if the length scale is relatively small compared with the
radius of curvature R (changes in velocity take place in
relatively short distances) the stress terms dominate the
inertial (convective) terms.

I

I
- for a flow with little curvature stress terms dominate the

inertial terms, but both are unimportant compared with bottom
friction.

I
I
I
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I
The stresses Txx, Txy and Tyy consist of three contibutions:

- the viscous stresses
- turbulent stresses
- stresses due to depth integration of the three dimensional

advective terms (the convective part of the stresses).

I
I

The magnitude of the viscous stresses plus the turbulent stresses
is in the order of the bottom stress, with respect to the
turbulent stresses the viscous stresses can be neglected outside
the viscous sub-layer (see Flokstra, lito [lJ). I
The magnitude of the last stresses is dependent on the curvature
of the mean streamline, it describes the large scale transfer of
momentum caused by the deviations betwe~n the local velocity
(u, v) and the mean velocity (u, v).

I
Resulting:

1 h
[- p? - pC;:;:- U)ZJdZTxx = J . . . . . . . . . ... [SA]

h 0

1 h [- - V)] dz ..Txy = J pu'v' - p(u - u){v . . .. [SB]
h 0

1 h
[- p? - p(~ - v)] dzTyy = f . . . . . . . .. [SC]

h 0

I
I
I
I
I

Ir The turbulent stresses IThe turbulent stresses are characterized by:

I
qxy = - p u'v'

qyy = - p I
In order to determine the magnitude of these stresses, some
relation between this turbulence and the parameters u, v and h
must be found.
Most of the solutions for this relation are based on the
assumption that the turbulent transport is proportional to the
gradients of the parameters of the mainflow, the coefficient
involved is called the turbulent eddy-viscosity:

I
I

aVj av i

= - p e (- + -) •..•••••••••• [9]
aXi aXj

I
I

e = turbulent eddy-viscosity [mZ Is]

(see lito (41) I
I
I
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I
I

This turbulent eddy-viscosity coefficient ~ can be d~termined
by different models (see Launder and Spalding (lit. Ls]) Rodi
(Li t . [6}).

I
A. A constant viscosity model: ~ = constant

This viscosity coefficient is based on the depth averaged
characteristics of the main flow.

I
I

--------------------- aXj

The viscosity coefficient is based on a specific turbulence
length scale Lt and velocity scale Vt

2B. A mixing length model: ~ = lm

I ...... [IOJ

I
according to the thesis of Prandtl. assurning a mixing length lm
over which the "packets" of fluid retain their original properties

. . . . .. . . . . . . . . . . . [1lA]

I au
v ; = lm ......•................... [iis]

ay

I In this model the mixing length is given by some expression.
considering the boundary conditions of turbulence transfer at the
bottom and the surface.

I For example:

I in a boundary layer (Prandtl)

lm = Ky . . . • . . . . . • . . . ..•... [12AJ

I in closed pipes (Nikuradse)

I
lm = 0.14 - 0.08 (1 - y)2 - 0.06 (1 - y)4 .••••.... [12BJ

R R

in open channels etc. (Bakhrnetev)

I lm = K h Y (1 - y) ••••...•.. .• ~ . . • . . •..•.• [12C]
R R

I R = hydraulic radius
y = co-ordinate perpendicular to boundary

(to the bottom in l2C)

I C. Differential viscosity models:

I
~ is solved from an extra differential equation including
energy dissipation by turbulence.

An example is the K-~-model (see lit. ls]. [6J).

I
I
I
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I
There are also some models that use the differential equations
for the transfer of turbulence instead of a gradient type
equation (eq. 9). Here only the model using constant viscosity is
described, because it is most commonly used in two dimensional
shallow water models.

I
The turbulent stresses in a constant viscosity model become: I

3u
Txx = 2 pc (-) ..•.•••.••.•••••.••••••. [l3A}

3x
I
I

3u
= pe (-

3y

3v
+ -) ••••••.••..•.••..•...•••.. [13BJ

3x I
3v

Tyy = 2 cc (-) [13e]
3y

I
Resulting in following expressions for the effective stress
components in eq [21 and [3J :

I

1 3 3
I

p 3x

3~2
+ -) .• • .. [14AJ

3y2 I
and

(h Txy) + (h Tyy)

23v
= eh (-

3x2

I
1 3 3 32~

+ -) . .. Q.4B}
3y2 Ip 3x

3Z~ 32~
neglecting the gradients of e and and

3x3y 3x3y
I

(compare the equations of DUCHESS, par. 2.1). I
The value of c is hard to find; an analogy could be seen with the
dispersion of matter in a turbulent flow, where c is analogeous
to a gradient type diffusion term D 3c

3x
I

I1, : (0.1 à 0.2) hlu·1 . " . . . .. . [15J

I1, = diffusion coefficient in transverse direction

I
I
I
I
I
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I
I

This value c is 2 of 3 times bigger than the theoretical depth
averaged diffusion coefficient: (see appendix B)

I ~z = 2/3 * (1/4 K hlu.l) = 0.067 h u. ........... [16J

I

which can be explained by the fact that in vertical direction
diffusion is disturbed at the bottom and surface, while this is
not the case in lateral direction, exept at the closed side
boundares, where some kind of slip condition must be a~plied
Stelling (lit. [7}), Kuipers and Vreugdenhill (lit. [2J».

the

I (see

Another way to find c is from calibration of the main flow
characteristics

I u'v'

I c = au av
+

ay ax

. • . . • . . •. • . . . . . . . . . •. . . . . . [17J

I Using so~e assumption for the magnit~de of u'v' (or by measuring).
av au au

Mostly - is neglected compared to - and can be r ela t.ed to the
ax ay ay

main flow parameters also see lito [7].
I
I Liepmann and Laufer (lit. [8]) and Tani (Tî t , [qJ) found that the

order of magnitude of the turbulent fluctuations were:

I
I u'v' _ -z0.015 u h

I
I

Flokstra (lit. ~J) investigated the relative importance of the
contribution of the stresses Txx, Txy and Tyy, finding that
the energy transfer to the circulating flow is ruled by effective
stress. Txy, and the turbulent stress is the only energy
transferring mechanism into the circulating flow.
The con ective stresses generally transfer energy out of the
flow. This ag rees with the above mentioned, the effective stress
constribution - p u'v' will be dominant, and at least of the
same order of magnitude as the bottom stress in a shear layer (or
mixing layer). Outside such a shear layer the bottom shear stress
predominates the other distributions, unless the curvature of the
streamline is large (see part 111).

I
I
I
I
I
I
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I
111 The convective stresses IWhen taking into account the turbulent contributions to the

effective stresses, no consideration has been given to the
convection of momentum in the main flow. It refers to deviations
of depth averaged flow as caused by the effect of curvature (and
acce1eration of coriolis). This effect causes the horizontal
velocity vector to rotate over the vertical. The difference
between the actua1 velocity and the depth averaged velocity
yie1ds the secondary flow components, in rivers giving rise to
typica1 helical flow phenomenon. It strong1y varies over the
depth, but of ten its magnitude is sma11 compared to the
characteristic horizontal velocity. Therefore it is most1y
neg1ected in computations. However, considering dispersion of
matter of morpho1ogy of an a11uvia1 bed, its inf1uence is
striking and it cannot be neg1ected at all.

I
I
I
I

Kalkwijk and Booy (lit. [10J) deve10ped a methad to approximate
the generation and decay of secondary flow in steady or
quasi-steady horizontal flow mode1s. I
The momenturn equation in the n-direction (normal to the mainf10w
(in s-direction» can be written as:

~n aUsun au; aUzun
+ + + +

at as an az

2 2 1 apUsUn Un - Us
+ 2 + + n Us + +

Rn Rs p an

I
I
I

friction terms = 0 . . . . • . . ... [18J I
horizontal velocity in n-direction
horizontal velocity component in strearnwise direction
vertica1 velocity component
radius of curvature of the depth averaged flow
radius of curvature of the strearn1ines of the depth
averaged flown = corio1is coefficient

p = pressure

+

Un =
Us =
Uz =
Rn =
Rs =

I
I
I

In the case of a rapid1y varying main flow, more terms appear in
~~. I
Introducing the assumptions:

- hydrostatic pressure (nearly horizontal flow)
- neg1ect of friction in vertica1 p1anes
- neg1ect of all inertia terms exept the centrifuga1 term
- introducing of the eddy-viscosity concept to describe the

vertica1 exchange of momenturn by friction

I
I

yie1ds a simp1ified version of equation (18) in which the
essentia1 features of secondary flow are maintained: I

I
I
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I
I

2.Us
+ Q Us +

I a11 a aUn
+ g (E ) = o . . . . . . . .. . . . . [19Jah az az

and the de p th averaged formI
I - 2.aUn Us a11 'Lh

Us + Q Us + g + = 0 . . . . . . . .[20Jas Rs an ph

11 = water level
1:n = bot tom friction
E = eddy-viscosity coefficient in vertical direction

I
I
I

When the water level 11 is eliminated from (19) and (20):

I

aUn aUn aUn 2. 2.Us - Us
+ Us - Us + +

at as as Rs

a aUn 'Ln
+ Q (us - us) - (E -) - = 0 . . . . . . .. [2lJ

az az ph

I

I In the following it will be assumed that at each level the
secondary flow velocities are much smaller than the main flow
velocities. The viscosity can be assumed to be completely
determined by the main flow. The distribution of the main flow
velocity is the usual logarithmic one:I

I
z

Us = Us (1 + ~ + ~ln(l + -)
h

........... [221

I
and the viscosity pertaining to the logarithmic velocity distribution
is the usual parabolic one:

I E = - K' ~ h I Us
z z
(1 - -) •...•......... ... [23J

h h

I Ig h ~
~ = = (ln (--) - 1)-1 =

KC Zo Us K

I representing a friction parameter

I
C = Chézy coefficient
K = constant of Von Karman = 0.4

I
I
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The secondary flow caused by the effect of curvature is described by
(for the effect of Coriolis another equation can be used, see Booy and I
Kalkwijk li t. [lOJ.

I

aUn aUn 3Un -2 Z a aUnUs - Us 1:n
+ Us - Us + (E -) = 0

at as as Rs az 3z ph
... [24J

I
When steady, fully developed secondary flow is assumed,

a a
I

all - and all the -terms are zero, Ias

the relevant equation is: (driving force) I
a aUn 1:n

(E -) -
az ph

- 2 Z
Us - Us

= - ----- ............•... [251 I3z

Conditions: I- the shear stress at the surface vanishes: 1:n (z = 0) = 0
- the velocity integrated over the depth must be zero:

Io
I Un dz = 0

-h I
- somewhere close to the bottom the velocity must be zero, it is

assumed that the secondary velocity is equal to zero at the
same depth,z = Zo - h as the main velocity. I

The final solution can be written

I-;:;:s 1 h z
Un = 2 . f b (-, a) . . . • . • . • . • . • . • . . . • . • . [26]

!C
2 a, h

I
I

fb = function of zand a,
h I

being:

= fe (E_, a) + ~ fbl (E_, a) [27J
h 2 h

I
Ife (E_, a) = function related to the secondary flow effect due

h to coriolis influences

E_
h z z Z 1T- - 6 z

= I - ln(l + -) d (-) + - a (1 + ln (1 + -»
-1 h h h 6 h

. . . . . . . . . . . .. [27A]

I
I
I
I
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function re1ated to secondary flow distribution
due to curvature effect

I
I

~
h

:: J
-1

z z z I- 1n2(1 + -) d (-) + 2 + 2a
h h h

z
+ 2a 1n (l + -). . . . . . . . . . . . . . • . . . . . . . • . . . . [27B]

h

I
some pictures of fb are shown in Fig. A2 and A3, for the battom
stress it can be found:

I
~h :: 2pa2(1 - a) h

Rs
- Z
Us

I
. . . . . . . ...........•.. [28J

I
LINEAR APPROXIMATIONS

The expressions for the respective secondary flows are quite
comp1icated fucntions of ~.

h
It is therefore remarkable that the profiles show an almost 1in~ár
behaviour (see Figure A2). Only close to the bottom there is a rather
decrease of ve1ocities. The velocity profiles wil1 be approximated
linear1y by stating that Un varies 1inearly over the depth, then:

I
I
I

I;s 1 h z
Un :: 2 mb (r; + -) . . . . . . . . . . . . . . . . . . [29JI(ZRs h

mi a
mb :: - aml + - mz + 0 (az)

2 4

z
mi :: 2 (l + 1n (l + -» :: 3 (least squares)

h

4 a z z
mz = (- 1n (1 + -) (2 + 1n (l + -) ) - 0

a 2 h h

I
I
I
I
I
I
I
I
I
I
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I
I THE ADAPTION LENGTH

I
The approximations given below are based on steady flow. To derive
a simple expression for the dependenee on the streamwise
co-ordinate S other simplifications are made:

I in the term Us Us will be replaced by Us, only closeas)
to the bottom this leads to a relatively large error;

I - Un will be supposed to depend linear on z as in the case of
fully developed flow:

I - the driving force is a linear function of z
with the factor (~ + !):

h

I - solutions are attempted of the form:

I
un = K(s). Un fully developed

I
K(s) is a function of s only, Unfd means the secondary flow
velocity in case of a = 0;as

I
- Ln will be assumed to behave in the same way as Un;

Ln = K(s). Ln fully developed.

Af ter substituting all expressions and reducing all terms of
O(a2

) it results~

I Rs 1-2a K(s)
d( I;:;:s Ih --)

lusl 2aK2 Rs
I + K(s) = 1 ...........•. [30J

ds

I Assuming Us, Rs and h constant along a streamline

I 1-2a d K(s)

I
+ K(s) = 1 [31J

I
then a relaxation 1ength L can be defined, based on the elementary
solution of eq. (31): I-K(s) = C. exp (-Às/h)

h 1-2a

I À 2aK2
h [32]L - =

I
I
I
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NUMERICAL SOLUTION

Kalkwijk and Booy (lit.(10» have determined a numerical equation
for the gradual adaption of secondary flow along the streamlines,
incorporated in a 2D-mathematical model for ~n~t~a~y nearly
horizontal Elow, based on all the assumptions made in the Eorgoing.

The results:

20.1(2 l-u" Bk + Uy

Us Us ax Us

ak] +
ay

1-20. h

k [
1-20. Rs

1+----
2a.K"2 us2

= 1 .•. [33J+ uy
ax

This can be coupled to a 2D-horizontal flow program (for example
DUCHESS) in order to take into account the convective stresses. Of
course this is a very rude way to take them into account, a better
way would be to incorporate these results in an expression for the
convective part of Tx", T"y and Tyy. It must be stressed that
eq. (33) can only be used as a correction method, af ter the flow
pattern has been determined by some 2 DH-model.

Van Bendegom (lit. (11» derived some expressions for the secondary
flow also, based on the power law velocity profile:

1
n

Us n+l z
= (-)

Us n h
............................ [34AJ

1[- 1 ~ n

dz J
n(n+l) n2(n+1) h 1 n+2Un n z n -z

= (-) + JRsK 2 n+3 h n+2 nUs 0 n+z
•....... [35A]

Both these equations or (26) and (29) can be used to find
expressons for the convective stresses (eq. 8A .. C).
As uptill now no 2-dimensional horizontal model is available taking
into account both these stresses, no further attention will be
given in this analysis.

DUCHESS incorporates an approximation Eor the turbulent stresses,
and in MORPHOR the secondary flow phenomenon is taken into account
in the morphological computation.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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I
APPENDIX B

ICOMPUTATION OF THE TOTAL LOAD SEDIMENT TRANSPORT: Vru~RIJN
I

I. Introduction IThe transport of sediment partieles by a flow of water can be in
the form of bed-load and suspended load, depending on the size of
the bed-material and the flow conditions. I
Although in natural conditions there is no sharp division between
the bed-load transport and suspended load transport, it is
necessary to define a layer with bed-load transport for
mathematical representation. Usually three modes of partiele
motion are distinguished:

I
1. rolling and sliding motion; I
2. saltation motion; I3. suspended partiele motion.

When the value of the bed shear velocity just exceeds the
critical value for initiation of motion, the particles will be
rolling and sliding or both, in contineous contact with the bed.
For increasing values of the bed-shear velocity, the particles
will be moving along the bed more of less by regular jumps, which
are called saltations. When the value of the bed-shear velocity
exceeds the fall velocity of the particles, the sediment
particles can be lifted to a level at which the upward turbulent
farces will be comparabie with, or of higher order than, the
submerged weight of the particles and as aresult the partieles
may go into suspension.

I
I
I
I
I
I
I
I
I
I
I
I
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I
11. The bed-load transport

I In this study the approach of Bagnold is followed, which means
that the motion of the bed-load particles is assumed to be
dominated by gravity forces, while the effect of turbulence on
the overall trajectory is supposed to be of minor importance.
The dimensions of the trajectory are typically those of a
saltating particle. If for given flow conditions there are
sediment particles with a jump height larger than a theoretical
maximum saltation height (which can be computed from the equation
of motion for a bed-load particle), then these particles a e
assumed to be transported as suspended load.
All particles with a jump height smaller than the maximum
saltation height are transported as bed-load.

I
I
I
I The transport rate of the bed-load (qb) is defined as the

product of particle velocity (Uh), the saltation height
(Sb) and the bed-load concentration (Cb).

I
I In this analysis it is assumed that the bed-load transport rate

can be described sufficiently accurate by two dimensionless
parameters:
a dimensionless particle parameter D~:

I
I

D. = D," [_<_s :_:_)_g_] +. . . . . . . . . . . . . . . . . . . . . . . . (1)

and a transport stage parameter T

I . 2 2
<u,,) - (U",crs)

T = ----------------- . . • . . • • . . . • . • • • . . (2)

I
I

Ds 0 = medium particle size

s = specific density = ~s
p

g = acceleration of gravity

I u = kinematic viscosity = H
p

I = bed shear velocity
related to grains = Ig

u

I C'

12R

I C' = Chézy-value related to grains = 18 log
3Ds 0

I
u = mean flow velocity

I
I
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I
D90 = 90% particle size I
U.,crs = critical bed shear velocity according to Shields

(see fig. BI)

I
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The introduction of the D. and T parameter has been initiated
by Ackers-White (lit. (t» and Yalin (lit. (~». I
EQUATIONS OF MOTION IThe farces acting on a saltating particle are a downward force
due to its subrnerged weight: Fe

Fe = 1 ~ D3 (ps-p)g
6

....... . . • . • . . . • • • . . . . • . (3) I
Iand hydrodynamie fluid forces, which can be resolved in a lift

force FL and a drag force Fo.

The lift force in a shear flow is caused by the velocity gradient
present in the flow (shear-effect) and by the spinning motion of
the partiele (Magnus-effect). For viscous flow:

I
FL = I:t.Lpvo.sD2Vr [aauzJo.s

. . . . . • . . . . . . . • . . . • . ... (4)
I

(shear)
FL = I:t.LpD3v ; W ••••

(spin)
. . . . .. . . . . . (5)

I
I:t.L= lift coefficient
w = angular velocity of the partiele
Vr = partiele velocity

I
I
I
I
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I
Saftman (lit. (*)) showed theoretical1y that for viscous flow the
lift force due to rotation of the particles is less by an order
of magnitude than that due to the shear effect, and may therefore
be neg1ected. It is assumed that these equations are also valid
for turbulent flow, the lift force is being described by eq. (4)
using the aL-coefficient as a calibration parameter.I

I the drag force:

Fo Yz Co P A Vrz • . • . • . . . • • • • • . . • . . . . (6)

I CD = drag force coefficient

~ = ~ ~ OZ = cross-sectional area of the sphere.

I Under the assumptions that
1. the particles are spherica1 and of uniform density;
2. the forces due to fluid acce1erations are of second order.

I The equations of motion can be presented as:

I ~ z ~ u - x
mx - FL (-) - Fb (--) = 0 .•...•......•...... (7)

I
I

~ u - x ~ z ~
mz - F L (--) + F 0 (-) + FG = 0 . . . • . . • • . . . • . . . (8 )

Vr Vr

I
u = local flow velocity

fig. B2 definition sketch of partic1e sa1tation

I
I F"L' lift force

V

r

~

relotiw Wlocity ....., --_ -, -
/ "',

• / F"O'drag force <,
initial Zo /. <,
"elocities + / F"G'_oght <,

~~._~o____:o 2
I
I
I
I
I
I
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I
The total mass of the partiele:

m = 1 (ps + amp) rrDJ
6

. . . . . . . . . . . . . . . . . . (9) I

The vertical flow velocity distribution is described by
I
I

am = added mass coefficient

u Cz ) = . . . . . . . . . . (l0)

I
Zo = 0.11 (~) + 0.03 ks = zero velocity level

u* Iks = equivalent roughness according to Nikuradse

IC = constant of Von Karman (= 0.4) I
With this set of equations the particle motion can be solved (numerically

Iwhich Van Rijn did Eor various particle diameters (D = 100 ~ - 2000
~). As aresult the saltation height, saltation length and the
velocity can be computed.

particle

I
I
I
I'
I
I
I
I
I
I
I
I

Van Rijn us ed following assumptions:

ks = 2D

XO = Zo= 2u_

Zo = 0.6 D

ps = 2650 kg/m3

\I = 1.10- 6

am = 0.5

aL = 1.6 for u_D (= R_) < 5
\I

aL = 20 for R" > 70

and aL = 1.6 - 20 (lineair) for 5 < R " < 70

I( = 0.4
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I
I
I

SALTATION HEIGHT

The curves of the computed saltation height can be approximatèd
with an inaccuracy of 10% by the following simple expression:

= O. 3 D~ o. 7 TO. 5 • • . . . . .. . . . . . . • • . . • . (11)

I D

I
SALTATION LENG TH

The curves of the computed saltation length can be approximated
with an inaccuracy of 50% by the following simple expression:

I = 3 D.. 0.6 T 0.9 •••••••••••••••••••••••• (12)

I
I

D

PARTICLE VELOCITY

The particle velocity as a function of flow conditions and
sediment size can be approximated with an inaccuracy of 10% by

I
Ub eer

= 9 + 2.6 log D ..-8
u.. e

o . 5

. . . . . . . . . . . .. ..... (D)

I or with an inaccuracy of 20% by

(s-l)gD 0.5
= 1.5 TO

. 6 • • • • • • • • • • • • • • • • • ••• (14)I
I
I

THE BED-LOAD CONCENTRATION

I

In the present analysis the bed-load transport is defined as the
product of the thickness of the bed-load layer, the particle
velocity and the bed-load concentration.
Extensive analysis of data showed that the bed-load concentration
can be expressed as:

T
= 0.18 . . . . . . . . . , . . . . . . . . . . . . • ... (15)

I Co D"
Co = maximum bed concentration = 0.65

I About 80% of the computed values (according to the set of
equations (3)--(10» are within the range of half and double
value according to eq. (15). In par. 3 about suspended load eq.
(15) will be modified so that it can be used to predict the
reference concentration for the concentration profile.I

I
I
I
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I
COMPUTATION OF THE BED-LOAD TRANSPORT

Using eq. (11) (14) and (15) the bed-load for partieles in
range of 200 ~m - 2000 ~m can be computed as:

the I
I

= 0.053 . . • • • . • • • . • • • (16)
(s _ l)g 0.5 Dso 1.3 D. o. 3 Iqb in m2/s

The computation of the bed-load transport is as follows: I
1. compute partiele diameter D. using eq. (1);

I2. compute critical bed-shear velocity U.,ers according to
Shields using fig. BI;

3. compute Chézy coefficient related to grains Cf
l2R I

using C' = 18 log

I
4. eompute effect~ve bed-shear velocity related to grains

Ig u
using 1

Ux = ---' , IC'

5. eompute transport stage parameter T using eq. (2); I
6. compute bed-load transport qb using eq. (16).

IThe input data are:

· mean flow velocity . .u I
I

mean flow depth d

mean flow wid th . . . . . b

· part iele diameters ..... Ds 0, Dg 0

·density of water and sediment p,ps I
·viscosity coefficient u I
·acceleration of gravity ..... g

I
I
I
I
I



For comparison the f ormul as o f Engelund-Hansen (Li t , (*» and
Ackers-White (lit. (~» were applied. The typical bed-load
formula of Meijer-Peter-Müller, (lit. (*"» was also used. Most of
the flume data used Eor verification were selected from a
compendium of solids transport compiled by Peterson and Howels
(Lit , ( ~). Brownlie (lit. (* » has shown that various of this
databank contain serious errors. Van Rijn has eliminated these
errors befor using the data in the verification analysis. Only
experiments with a D.-value larger than 12 (~ 500 ~m) were
selected, assuming that for these conditions the mode of
transport is mainly bed-laad transport. For nearly all data the
ratio (overall) bed-shear velocity and the particle fall velocity
was smaller than one (u./ws < 1). To evaluate the accuracy of
the computed and measured values, a discrepancy ratio r has been
used:

I
I

VERIFICATION

I
I
I
I
I
I qb computed

r =
qb measured

I

3 -

The results are given in tabel BI, it is remarked that the
formulas of Engelund-Hansen were not applied to the data of Guy
et al. and Shien (small particle range), because Eor these data
the formulas will predict the totalload, and not the bed-load
transport.I

I
Tabel Bl

Comparison of computed and measured bed-load transport

I
I Flow Tempet'-

velocity. atur •.
Num- in Aow in
ber meters depth. Particle degrees
of per in diameier Cenli-

Source lesls _ond meters (Xl0-' m) grade
(1) (2) (3) (4) (5) (6)

Field ]apanese Channels 12 0.63--0.93 0.20-0.73 1.330-1.440 -dala (Tsubaki)
Meuntem Creek 43 0.49-0.79 0.10-0.43 900 15-25
(Einstein)

Skive-Karup River 1 0.6 1.0 470 10
(Hansen)

Flume Guy et al. 22 0.36-1.29 0.15-0.23 320 8-34
data Delft Hydraulics 18 0.40-0.87 0.10-0.49 ï70 12-18

Laboratory
Stem 38 042-1.10 0.10-0.37 400 20-26
Meyer-Peter 18 045-088 0.11-0.21 1.000-1.500 -
US. W.E.S. (sands) 48 044-0.58 0.10-0.20 1.000 14-18
U.S.W.E.S. (synth. 183 0.44-0.57 0.15-0.27 500-1.100 19-2ó

sa nds)
Siegh 60 0.31-0.66 0.10-0.20 600 13-20
Znamenskaya 10 0.53-0.80 0.11-0.20 800 -
Southampton B 73 0.31-0.70 0.15-0.46 480 22-30
East Pakistan 21 0.44-0.70 0.15-0.30 470 25-30
Williams 33 0.46-1.04 0.15-0.22 U50 16-26

Tut.1 580

I
I
I
I
I
I
I
I

SCORES (PERCENTAGE) OF PREOICTED BEO LOAO IN DISCREPANCY RANGES

0.75srSl.5

Meyer- 0.5 :s r s 2 0.33 " r S 3Enge-
Van lundl Ackersl Peter Van Van
Rijn Hansen White Müller Rijn E-H A-W MPM Rijn E-H A-W MPM
(7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (t7) (18)

48% 61% 83% 57% 78% 87% 91% 91% 86% 100% 100% 96%

28 56 21 74 54 81 67 95 84 93 98 100

100 0 0 0 100 0 0 100 100 100 0 100

64 - - 51 92 - - 87 100 - - 100
13 17 78 0 7S 83 100 n 88 94 100 86

27 - - 4 63 - - 4 92 - - 22
6 82 24 6 29 94 59 41 82 94 94 76

50 49 80 17 92 100 96 50 100 100 100 60
50 J9 49 30 82 85 86 56 96 99 99 74

58 55 80 3 92 97 100 43 100 98 100 78
30 40 40 50 60 50 70 70 80 90 80 100
44 11 34 41 87 27 64 73 92 63 84 85
10 5 10 14 29 5 10 33 62 10 29 67
20 74 23 37 71 89 60 65 97 100 82 83

42% 43% 48% 23% ï7% 76% ï7% 58% 93% 90% 92% 76%
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I
111. The suspended load transport

IAn essential part of morphologica1 computations in the case of
flow conditions with suspended sediment transport is the use of a
reference concentration as a bed-boundary condition. The function
for the bed-load concentration as proposed before in par. 11 can
also be used to compute the reference concentration for the
suspended laad.

I
The bed-load transport and therefore the reference concentration
at the bed are determined by particle diameter D* (eq. (1» and
transport stage parameter T (eq. (2».

I
I

To describe the suspended load a suspension parameter Z which
expresses the influence of the upward turbulent fluid forces and
the downward grantational forces is defined as: I

Ws

z= (17)
jjKU* I

Ws = particle fall velocity of suspended sediment
jj = coefficient re1ated to the diffusion of sediment particles
K = constant of Von Karman
u. = overall bed-shear velocity

I
I

INITIATION OF SUSPENSION

Before analyzing the main hydraulic parameters which influence
the suspended load, it is necessary to determine the flow
conditions at which initiation of suspension will occur.
Bagnold Stated in 1966 (lit. (*» that a particle on1y remains in
suspension, when the turbulent eddies have dominant vertica1
velocity components which exceed the particle fa11 velocity
(ws). Assuming that the vertical velocity component (1') of
the eddies are represented by the vertical turbulence intensity

I
I

w = 0.5 l. Ws • .. (18)

I
I(w), the critical value of suspension can be expressed as:

Detailed studies on turbu1ence phenomena in boundary flow suggest
that the maximum va1ue of the vertical turbu1ence intensity I
(w), is of the same order as the bed-shear velocity (u.).
Using these values the critical bed-shear velocity (U*,crs) for
initiation of suspension becomes I

= 1 (19) Iu. , ers

Ws

I
I
I
I
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I Another criterion for suspension has been given by Engelund (lit.(*». Based on rather crude stability analysis he derived:

I U"',crs

:: 0.25 . . . . . . . . .. (20)
Ws

I Finally some results of experimental research at the Delft
Hydraulics, Laboratory are reviewed. Van Rijn determined the
critical flow conditions at which instantaneous upward turbulent
motions of the sediment particles (bursts) with jump lengths of
the order of 100 particle diameters were observed (lit. (*». The
experimental results ean be represented by:

I
I UW,ers = 4

... for 1 < D. < 10 .... . . . . (21A)

I Ws

and

I
= 0.4 ... for Dw > 10 ...............•... (21B)

I Ws

I
(see fig. B3)

fig. B3: initiation of suspension

I

I
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I
I Summarizing it is suggested that the criterion of Bagnold may

define an upper limit at which a coneentration profile starts to
develop, while Van Rijn's criterion defines an intermediate stage
at which locally turbulent bursts of sediment partieles are
lifted from bed into suspension.I

I
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I
IMATHEMATICAL DESCRIPTION

(1 - e) eWs,m + Cs = 0 . • .. • . .. .. • . • . . . . . (22)

I
I

In a steady and uniform flow the vertieal distribution of the
sediment eoneentration profile ean be deseribed by:

de

dz

c = sediment coneentration
Ws ,m = partiele fall ve10eity in a fluid sediment mixture
Cs = sediment diffusion eoeffieient
z = vertieal co-ordinate

I
Ia. Partiele fa11 ve10eity

The fa11 ve10eity in a elear still f1uid of a solitary sand
partiele ean be deseribed by: I

1 (s - l)g Ds 2
Iaeeording to Stokes

Ws = ..................... ...•.. (23A) I18 D < 100 mm

••• ( 23B)

I
I

aeeording to Zanke

\)

Ws = 10 (1 + --------) - 1
0.01 (s - l)g Ds 3 0.5

100 ~ < D < 1.000 ~

and
Ws = 1.1 [ (s - l)g D,1 o . 5 • • . • • . (23C) I

D > 1.000 um I
I

The Os-parameter expresses the representative partiele diameter
of the suspended partieles, whieh may be eonsiderably smaller
than the Dso of the bed material. Experiments with high
sediment eoneentration have shown a substantial reduetion of the
partiele fa1l ve10eity due to the presence of the surrounding
partieles. For normal flow conditions with partieles in the range
of 50-500 ~ the reduced partieles fa11 velocity ean be
described by a Riehardson-Zaki type equation.

I
Ws ,m = (1 - e)4 Ws •••••••• . . • . . ....• (24) I

I
I
I
I
I
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Van Rijn found an expression for the representative particle
diameter that fi1led best the results from computations he made to
determine the suspended load according to the size fraetion method
as proposed by Einstein (lit. (~». This method makes it possible
to eompute the suspended load by dividing the bed material into a
nurnber of size fractions and assurning that the fraetions do not
influence each other.

= 1 + 0.0 11 (c s - 1) (T - 25). . . . . . . . (25 )
n, 0

as = geometrie standard deviation of the material

Dg 4 Dl 6

0.5 ( +
Dso Dso

The equation fits data rather good for as = 2.5.

b. Diffusion coefficient

Usually the diffusion of fluid momentum is deseribed by a parabolic
distribution over the flow depth a: Ef = ~ (1 - ~) ~u.d

d d
A parabolic constant distribution, whieh means a parabolic
distribution in the lower half of the flow depth and a constant
value in the upper half of the flow depth, is used mainly beeause
it may give a better description of the concentration profile.

For the fluid momenturn it reads

Ef = E:fmax = 0.25 ~ u- d ... ~ > 0.5 ..•..•.....••. (26A)
d

E:f = 4 ~ ( 1 - ~) E:fmax •••

d d
z < 0.5
d

. . . . . . . . . ( 268)

The diffusion of sediment particles is related to the diffusion of
fluid momenturn by:

....... (see fig. 84) .. . • . . . (27)

~ = eoeffieient that describes the differenees in the diffusion
of a deserete sediment partiele and the diffusion of a fluid
partiele and is assumed to be constant over the flow depth.

~ = coeffieient which expresses the damping of the fluid
turbulence by the sediment partieles and is assumed to depend
on the local sediment concentration.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
- 14 -

I
I

4
0 fiqld data Colqman

• flunnq data Colqmon
---- ~. factor according to Klkkawa

rouotlon ~~~} V~.1+2 C:).~ a .,,'"
.".""

• V: ...• V
_ ......

• a1----- -_:;;;; a
r- a

0

Q.2 0.4 0.6 o.a 1.0

I
J

I
I
I
I - ratio fall -..zloclty. snqar vqlocity. Ws

u..

I 1.0 - !-- I
1-- ..... co' 0.65

I' o Yolln - Frnlayson
0

~
u

0
,o'iÇI, <,

,

IEquotlon(3D 1""",
2

IJ <,

II "

. .,103 102 10

08

I
I

~ 0.6

r 0.4

o.

I o 10-4 -- dlmca:nSlonlczss concczntratron, .s...
Co

I
I 4

2

i, 10·
~. 8
IJ 6
2

·3
4

IJ

" 2<.
<.a
IJ

i
10·
a
6

4

2

II!.
\~
\\t-.
'''\ <,

r-, J"'Q"""_,
_\. ~ ~ d • 0.1 b._
~ <, --.......... _~I
~ r-, :-t-t, r-, I~.0.0511 ---r--['.._ r----, --N r--• t--

::::
-"'-

~ J g_ • 0.016.
......... Ld J
...............b --r--I-- r--3

0.5 1.5 2 2.5 J 3.5 4 4.5 5 5

I
I

I
I - suspqnsion paromqtqr. Z·

I
I



- iS -

The j3-factor:

some investigators have concluded that i3 < 1 because the sediment
particles cannot respond fully to be turbulent velocity
fluctuations. Others have reasoned that in a turbulent flow the
centrifugal forces on the sediment particles (being of higher
density) would be greater than chose on the f1uid particles,
thereby causing sediment particles to be thrown to the outside of
the eddies with a consequent increase in the effective mixing
1ength and diffusion rate, resulting in j3 ) 1.

Co1eman (lit. (~» computed the es coefficient from the
following equation:

Wsc + es dc = 0
dz

. . . . . . . . . . . ••.••... (28)

Van Rijn used the results of Coleman to determine the j3-factor
being:

es,max
j3= = ----

efmax O.2SICu.d

esmax

The computed j3-factors can be described by

j3= 1 + 2 . (29)
Ws

forO.l< <1

According to the present results the j3-factor is always larger
than unity, thereby indicating a dominant influence of the
centrifugal forces (see fig. BS).

The q,-factor:

usual1y the damping effect is taken into account by reducing the
constant of Von Karman (IC).Apparently the mixing is reduced by
the presence of a large amount of sediment particles. In view of
several contradictions in literature it may be questioned if the
concept of an overall constant of Von Karman for the entire
velocity profile is correct for a heavy sediment laden flow. An
alternative approach may be the introduction of a local constant of
Von Karman dependant on the local sediment concentration.

Km = q, IC according to Yalin and Finlayson (li t , (*"».
A proper study of the influence of the sediment particle on the
velocity and concentration profile requires the solution of the
equatons of motion and continuity applying a first order closure
(mixing length) or a second order (turbulence energy and
dissipation) closure. A simplified method is introduced using a
modified suspension number (see fig. BS).

I
I
I
I
I
I

I
I
I
I
I
I

I
I
I
I
I
I
I
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I Z'=Z+cp •• ......... (30)

I Z = suspension number according to eq. 17

I
cp = overall correction factor representing all additional

effects (volume occupied by particles, damping of turbulence),

with an inaccuracy of : 25% cp is best filled by

I W.
0.01 ( ( 1 .. . . . (31)

u*

I c. The concentration profile

I

In part II a function for the bed-load concentration has been
proposed (eq. 11,15). Generally however it is not attractive to use
the bed-load concentration as the reference concentration for the
concentration profile, because it prescribes a concentration at a
level equal to the saltation height which may result in large
errors for the coneentration profile. Therefore a reference level,
related to the bedform is introduced. Below this level all
particles are eonsidered bed-load transport:

I

I ........... (32)

I eb = bed-load coneentration
Ub = velocity of bed-load particles
Ób = saltation height
Ua = effective partiele velocity
a = referenee level above the bed
Ca = coneentration refined to reference levelI

I Assumed for a (= referenee level)

a = 0.5 ~ or a = ks a > 0.01 d .......•............ (33)

I ~ = bed-form height
ks = equivalent roughness

I Then from measurement it follows

I Ca = 0.015
a D..0.; • . . . •. • . • . . . •. . . • . • . . (34)

I
from' eq. 22 and 24. it follows

dc Ws c(l - c)s
= . . . . . . . . . . . . . . . .. . . (35)

I dz

I
and using the parabolic constant distribution of ef according
to eq. 26 and es aecording to eq. 27, the eoneentration profile
can be obtained by integration of eq. 35.

I
I
·1
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For ~ = 1 and c < Ca ( 0.001 this results in

c = [a (d - z)] Z

Ca z (d a)

z
- ( 0.5
d

................ (36A)

c [a] z- -- e
Ca d - a

z
-4Z(- - 0.5)

d z
- > 0.5
d

• . •••. (36B)

otherwise (~ J 1) integration can only be performed by
numerical methods.

COMPUTATION OF THE SUSPENDED LOAD

In general

d
q s = I c u dz • . . . • . . . • . . . • . . • . . . • • . . . • • . . . (37 )

a

integration of (37) using eq (36, 30, 31) and u

can be respresented with an inaccuracy of ~ 25%.

qs = F u d Ca ••••••••••••••••••••••••••• (38)

0.3 < z ' < 3

0.001 < a < 0.1
d

F = • • . • .• (39)

u = mean flow velocity
d = flow depth
Ca = reference concentration

I
I
I
I
I
I
I
'I
I
I
I
I
I,
I
I
I
I
I
I
I
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I
I
I

The input data are

I

u = mean flow velocity
d = mean flow depth
b = mean flow \V'Îdth
I = energy gradient
Ds 0 • D90 = particle sizes of bed material
crs = geometric standard deviaton bed material
1) = kinematic viscosity coefficient
ps = density of sediment
p = density of fluid
g = acceleration of gravity
K: = constant of Von KarmanI

I
The complete method consists of

1. compute particle diameter D~ using eq. (1)

I

2. compute criticle bed-shear velocity u~ ,ers
according to Shields

3. compute transport stage parameter T

4. compute reference level a

5. compute reference concentration Ca

using eq. (2)

using eq. (33)

I using eq. (-34)

6. compute representative partiele size of suspended
sediment Ds using eq. (25)

7. compute fall velocity of suspended sediment Ws using eq. (23)

I 8. compute ~-factor using eq. (29)

I
9. compute ~-factor using eq. (31)

and u" = JgdI'
I = slope of water level

I
10. compute suspension parameter Zand ZI using eq . (17)

and (37)

11. compute F-factor using eq. (39)

I 12. compute suspended load transport q$ using eq. (38)

I
I
I
I
I
I
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Restrictions:

for very heavy sediment laden flows the velocity profile used for
eq. (38) leads to serious errors in the near bed region. Further-
more for small u. values the sediment diffusivity (~s)

may be re1ative1y small compared to the fluid diffGsivity (~f)
and ~ ( 1. Ultimately tne ~-factor approaches zero for
decreasing u*/ws values.

For these reasons eq. (29) which predicts an opposite trend with
an increasing ~-factor (to ~ = 3) for decreasing ~. values

w
is not reliable for low flow stage, it is proposed to use eq.
(29) for normal flow stages:

u.
> 2

and otherwise ~ = 1 should be used.

(fig. B5)

VERIFICATION

The suspended load transport is computed according to Van Rijn's
method (eq. (38» and also the bed-laad transport (eq. (16»
qt = qs + qb. For comparison the total laad formulas of
Engelund-Hansen (lit. (*» Ackers-White (lit. (~» and Yang
(lit. (*» were used. The accuracy of the four methods is given
in terms of a discrepancy ratio (r) defined as:

qtcomputed
r = ------------

Data (see table 2) were again mostly selected from a compendium
of Solids Transport compiled by Peterson and Howells (lit. (*»
adjusted according to Brownlie (lit. (*) from errors.
In addition to this databank Van Rijn has used data from the
Pakistan Canals, the Middle Loup River and Niobrara River.

All washload is excluded from the data and a side wall correction
method according to Vanohi-Brooks (lit. (~) has been used.

Table 2

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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I
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I
I
I
I
t

Partk:te Temper-
Flow veIodty, Flow diameter, ature, in

Num- in meters depth, micro- dagrees

Source bef per second in meters meter Celsius
(1) (2) (3) (4) (5) (6)

Field data
Various USA-Rivers

(Corps-Engr.) 266 0.4-2.4 0.3-17 120-160 2-35

Middle Loup River 46 0.65-1.15 0.3-0.65 300-400 0-30

India-canals 30 0.7-1.6 1.3-3.4 90-310 10-30

Pakistan canals 87 0.6-1.3 1.4-3.6 110-290 15-35

Niobrara River 57 0.6-1.3 0.4-0.65 280 0-30

486
F1ume Data

Guy et al. 90 0.4-1.2 0.1-0.4 190-470 8-34

Oxford 84 0.4-1.3 0.1-0.4 100 14-30

Stein 37 0.4-1.2 0.1-0.4 400 20-30

Southampton A 33 0.4-0.8 0.15-0.3 150 15-25

Southampton B 33 0.4-0.55 0.15 480 21

Barton-Lin 20 0.4-0.95 0.15-0.4 180 15-27

297

Total 783

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

SCORES (%) OF PREDICTEO TOTAL LOAD DISCREPANCY RANGES

0.75 S r S 1.5 0.5 Sr S 2 0.33 s r S 3

Van Engelund- Ackers- Van Van
Rijn Hansen White Yang Rijn E-H A-W Yang Rijn E-H A-W Yang
(7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18)

53% 39% 32% 6% 79% 67% 61% 24% 94% 87% 78% 44%

39 13 37 63 78 37 74 94 96 80 98 100

30 15 27 3 60 45 48 6 90 73 70 24

23 37 34 13 56 71 71 29 91 94 91 48

55 13 29 86 95 67 58 98 98 95 98 98

45% 32% 32% 22% 76% 64% 63% 39% 94% 88% 84% 55%

40 67 56 68 70 89 85 90 91 98 99 98

37 20 31 45 84 38 59 89 96 70 81 96

54 73 81 56 70 95 97 97 97 97 100 100

64 49 46 49 85 73 79 82 97 91· 94 94

18 12 82 91 81 82 96 97 94 97 100 100

35 60 30 40 65 100 50 65 100 100 100 100

41% 46% 52% 59% 77% 74% 77% 89% 95% 89% 94% 98%

43% 37% 40% 36% 76% 68% 68% 58% 94% 88% 88% 71%
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1
LITERATURE Appendix B (Van Rijn)

Journalof Hydraulic Engineering
vol. 110, no. 10
October 1984 1984

I
I

1. L.C. van Rijn: Sediment Transport part I: Bed Laad Transport

2. L.C. van Rijn: Sediment Transport part 11: Suspended Laad
Transport IJournalof Hydrau1ic Engineering
vol. 110, no. 11
November 1984 1984 I

Journalof Hydraulic Engineering
vol. 110, no. 12
December 1984 1984

I
I

3. L.C. van Rijn: Sediment Transport part 111: Bed Farms and
Alluvial Roughness

I
I

* There is a more extended list of literature in each of the above
mentioned articles. I

I,
I
I
I
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I
APPENDIX C

I,
I

A DEPTH INTEGRATED MODEL FOR SUSPENDED SEDIMENT TRANSPORT
If suspended load is the main mode of sediment transport
different models are available for calculating the transport
rate. The simplest one is a transport formula, which assumes
local equilibrium conditions and with which the transport rate
can be calculated from the local instantaneous flow conditions.
For the case of two-dimensional flow (in the ~e~tic~l plane) the
most sophisticated model, which is based on a combination of a
two-dimensional flow model and the two-dimensional convection-
diffusion equation for the sediment concentration c: I
ac ac ac ac a ac

+ u + w = ws + -(€z -) •••• (1)
at ax az az az az I
t =
c =
x and z =
u and w =
ws =
e =

time;
sediment concentration;
horizontal and vertical co-ordinates;
velocity component in x- and z-direction;
fall velocity of sediment particles;
turbulent diffusion coefficient for sediment transfer
in vertical direction;

(see fig. Cl).

I
I
I
I

~_.~=.:::-:::::-::-:-~-~r---..-~=1 --_ z = Zs IZ

a Ih

I

o~------------~---------------.x 1 I
I

I,
I
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I
I

At the free surface (z = Zb + a, Zb = bottom level and
a = waterdepth) the vertical sediment flux should be zero:

I
ac

wsc + e: = 0 ....
az

..... (2)
at z = Zb + a = Za + Zb + h

I

The lower boundary condition is applied at a height Za above
the bed, suspended sediment is defined as the transport of
particles above this level and transport below this level is
defined to be bed load. Thus suspended sediment will be
transported over a depth h given by h = a - Za. If the near-bed
concentration can be specified in terms of local flow and
sediment parameters, the bed boundary condition that has to be
applied is:

I
I

c = Ca at z = Za + Zb •. (3)

I
I

Let the flow under consideration be characterized by the
horizontal leng th and velocity scales Land U and vertical length
and velocity scales Hand UH/L respectively, let Erepresent a
scale from 10 for the turbulent diffusion coefficient e:.
Equation (1) could now be written as :

I

H ac H dc ac ac E a ac
+ (u' + w' = + (E' -) .•. (4)-

wsT at' Lws dx' az' az' wsH 3z' az
wherein: u = Uu' ;

Z = Hz' ;
e = Ee ' •

The order of magnitude of E is ~ I(U * H (I( = Van Karman
constant) .

E 1 I(U * H u
::: ::: 0.005 = 0(1)

wsH 4 wsH Ws

I
I

I
I Thus both terms on the right hand side of (4) are of 0(1) and are

responsible for the vertical reajustment of concentration
profiles. The magnitude of the left hand side depends on the
values of
H uH

-- and --.
wsT Lws
If these parameters are small, then it is possible to construct
an asymptotic solution, assumed that

uH =&«1
Lw.

I

I
I

and H = & « 1.
wsT

I,
I
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Equation (4) ean be written as:

oe oe oe oe E 0 oe
s + u' + w' = + (E' -) ... . . .. (5)

ot' ox' Bz ' OZ' wsH az' oz'

and the solution of (l) , (2) and (3) is of the type:

aco a oCo
Ws + (E; -) = 0 . . . . . . (6a)

OZ oz OZ

oe I a OCI 0 0 0
Ws + (E; -) = + u + w ei - 1

OZ OZ oz at ox oz . . . . . .(6b)

for i > 1

n n + 1

ei + 0(& )and C = = 0

I
I
I
I
I
I
I
I

noting: OCel + 1) = & O(Ci) or Cl + 1 « c • . .. .• _ ..• (6e) I
For the purpose of constructing the asymptotie series solution it
is assumed that only Co contributes to the mean coneentration: _

S_o = ~(x,t) ..
Ci = 0 for all i > 1

(7a)
(7b)

Introdueing

z - (Za + Zb)
ç = a dimensionless vertieal co-ordinate;

h

-a uh 0
= a transversed horizontal co-ordinate;

u = udz, 'depth' averaged velocity;

al(Ç) = normalized eq. uilibrium concentration prof ile;

Ce

I
I
I
I
I
I
I
I
I
I,
I
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I
I h ac ac

+ azz(Ç).
Ws at a~ (8 )I

I ac
c = all (Ç)c + azz(Ç) .••................... (9)

a~

I
I·

and the nth order solution for ~t~a~y_u!!ifoEm flow

ac z-a c
c = all(Ç)ë + azz(Ç) + a33(Ç)

a~ aC

.1 = .... uo:

I wherein the profile functions aii(Ç) for i > 1 are defined as:

a
I + (c ' ) = pa i-I, i-I. • • • • • • • • • • • • • • • • ( 1La )

aç aç aç

I 1

of a i i dÇ = 0 . • . • • . • • . . • • • . • • • • • • • • • • . • • • ( 11b )

I aai i J
+ e ' -- = 0 ..•....•.......•.... (llc)aç c = 1

I e::z(Ç)
Introducing e::'(Ç)= normalized diffusion coefficient;

wsh

I u(Ç)
p(Ç) = normalized velocity profile.

I
I

u

Equations (8), (9) and (10) are expressions for the
concentration, which satisfies the mass-balance equation (1) and
the surface boundary condition subject to the assumptions about
orders of magnitude. The vertical profile functions all(Ç),
aZl(Ç) etc. can be determined in advance if the velocity
profile, the equilibrium concentration profile ~o and za/a
are known (the reference level).

I
I
I
I
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I

If the assumption of loca1 near-bed equilibrium is used, the
bed-boundary condition (3) can be reformu1ated in terms of the
loca1 eq.ui1ibrium concentration Ce as: I
Ca = Ce <1>0(0)= Ce Yll' . . . . . . . . . .... (12) I
the nth order equation for the mean concentration becomes: I
ce(O =

n Y I + i . I + 1 al c
= 0

. . . • . . • . . • •(13) I
I

Yll

or, returning to the origina1 co-ordinates:
the first order unsteady solution:

h ac
YllCe=yllC+YZl +Y2.2.

WS at Ws ax

uh ac

. . . . . . . . . . . . .(14a) I
the first order steady solution:

uh ac I
. . . . . . . . . . . . . . . . . . . . . . . (14b)

IWs ax

and the nth order steady solution:

uh ac uh a uh ac I+ .

Yi : =
YZ2. =
Y33 =
level

Ws ax w. ax Ws ax

all (0) = va1ue of zero order profile function;
azz(O) = va1ue of first order profile function;
a33(O) = va1ue of second order priofile function at

z = Za + Zb'

(14c) I
I

These are all differential equations that describe the variation
of ~ along the X-direction, and in the case of (14a) in time. The
coefficients of these equations can be determined in advance if
at every point the velocity profile and the equilibrium
concentration profile <1>0are known. The boundary conditions
for the solution of these equations have to be given in terms of
c at the ~p~t~e~m boundary ~nd, in case oE unsteady equations, at
time zero. The solution oE c is a one-dimensional computation of
the situation ~onsidered in 2-D. Onee the depth-averaged
concentration c has been determined, concentration proEiles can
be computed Erom (8), (9) or (10).

I
I
I
I

Fig. C2, C3, C4 (typical profile Eunctiops) I
I
I
I
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Expressions for sedimenttransport and entrainment rate

The rate of transport or suspended sediment Ss is given by:

Zb + a
Ss = I ucdz

Zb+Za

1
= h I ucdÇ . . . . . . . . . . . . .. . . . .. (15 )

o

solution zero-order:

Ss = <XII uhc . . . . • • . . . . . . . . . • . • . .(16a)

solution first order:

Ss = <XII uhc + <X21 + <xz 2

dt ax . . . . . . . . . . . . (16b)
or

h2~ ac Z-2 ach u
Ss - Se = <XlIuh(; - Ce) + <Xz1 + <X22 . . . . .(17)

ws at ws ax

in which

Se = YII uhce is the equilibrium transport

the sediment entrainment rate E is given by

ac
E = (wsc + e:-)

az Z =

a(-rh)
or E = + . . . . • . . . (18)

bot tom ax

The Eirst order expression

_, Ja(ch)
+ ~ [ ~"

hZ~ ac ~a;- -E = h u c + 0.21 + 0.2Z
at ax ws at ws êx

. . . ... . (19a)

with the equivalent steady flow equation

a [ h2~2 a;J
E = - 0.11 U h c + <X22 -- - ..

êx Ws êx
• . . . . . . . . . . . . . .(19b)

Most depth averaged methods consist oE determining on emperical
expression Eor the entrainment rate E to compute the
concentration levels. This method used the bed boundary (12) to
compute the concentration, this way the entrainment rate is
computed more accurately.

I
I
I

I
I
I
I
I
I
I
I
I
I
I

,
I
I

I
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I
I Some features of interest

1. Adaption time and length

Consider a steady uniform flow where the suspended sediment is
not in equilibrium. Then equation (8) may be written as:

I ac
. ". . . . . . . . . . • . . . . " (20)ax

I
a

YZI h
where: TA =

YII ws

YZ2 uh
LA ::

YII ws

. . . • . . . . • . . . . . . • . . • • . . . . . . . (21 )

. . . . . . . • . . . . . . . . . . • . . . . . ... (22)

I
I

In steady uniform flow TA and LA will be constants and (20)
will have straight ~haracteristics in the x-t-plane. It can also
be shown that (c - Ce) will decay exponentially with an
adaption length LA and adaption time TA.

J The adaptiQn length/time is defined as the interval required to
decrease (c - Ce) by a factor e.,
Fig. CS (adaptation length + time)

I It should also be noted that from the definition of LA and TA
the length and time required for 95% adaption are LA.ln 20 and
TA.ln 20 respectively.

I
I

The values of LA and TA should be compared with the
dimensions of the major features of the problem under
consideration, and with the mesh size of the computational grid
and the time step of the calculation when a decision has to be
made about the relative importance of adaptation phenomena.

I
TAü .. 5-h-

6
~

5 ~~~
4 '0~?,'0

50-75 mVz,s 3
. ,

val id tor Chezy c:oefficienl '-.',-"2 ....._ .....
. --

Ws
~0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 U;o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Uit

I
I
I,



- 9 -

2. Concentration profiles

Consider a steady non-uniform flow. Then the concentration
profile (first order) is (eq. (9»:

-de
c = all (Ç)c + a2Z(Ç) ..•...•...••••.•.••.•.. (9)

d~

or -uh ac
c = <Po(Ç)~ + aZ2(Ç) .••••••••••••••••••••• (23)

ws ax
Fig. C6 shows the typical shapes of <po(Ç) and a2Z(Ç).

~= 1 ~=1

+

Typical Profiles

Ç=l Ç=l

ç=o

\
\
\
\
\
\

ëe~(2), ,

Sedimentation Eros ion

c < ce
c > Ce

Üh Clë
c=~ ë-ta --o 22 Ws Clx

Clë <
- 0Clx

Clë >
- 0Clx 6

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I.
'I
I

I
I
I
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I The bed-boundary condition for steady flow is:
-uh 3c

YIICe = YIIC + Yz z ••••••••••••••
Ws êx

. . . . (l4b)

I uh 3c YII
or = (Ce - c)

ws 3x Yzz

Figure C6 also shows how the
during

a. sedimentation: C - Ce > 0

. . . . . . . . . . .. . •• (24)

I, concentration profile is modified

< 0;
3x

b. erosion
3c

c - Ce < 0 > O.
3x

I

The zero-order profile ~o has about the standard shape as
originally derived by Rouse (lit. (6».
The first order correction azz, which is the main contribution
of the present theory, is seen to give a steeper profile if
3c/3x > 0, if, roughly speaking, the concentration is below
equilibrium. Conversely, the profile is flattened if dc < 0,
i.e. in case of sedi~entation. cx
It is obvious that dc/dx should not be too large numerically, as
negative concentration would result. This is related to the basic
assumption for the present theory that the length scale should be
sufficiently large.
When the solution is convergent, higher order solutions will give
better approximations of the true concentration profile.

I
I

I
I
,I

3. Validity of the approximation

The solution is base on the assumption that Cl is an order of
magnitude smaller that Ci - I. Therefore the first order steady
solution (eq. (9»:

I
uh 3c

azz(Ç) « lall(Ç)~1 . . . . . . (25)
ws 3x

or
az z uh 3c

« 1.
all cws 3xI

I

I
I



I
- 11 -

I
I
I

The largest value of azz/all (fig. C6) appears to occur at
ç = 0:

Yzz uh OC
« 1

YII cv ; ox

Ce - C
Isubstituting fcom (19):

« 1. I
I

c

Therefore the error in the solution will increase as the local
mean concentration moves away from the_mean equilibrium
concentration. The worst case is when c = O.
4. Adaption from zero concentration INotwithstanding foregoing conclusion, the analysis was applied to
a steady uniform flow where the initial mean concentration was
zero. The solution could be obtained analytically because of the
constant coefficients. Fig. C7 shows the decay of ~e - c)/ce
for two values of ws/u*.

I
The first and second order analytical solutions as well as the
numerical solution of the two-dimensional mass balance equations
(1) are shown. It_can be seen that while errors of adaption rate
are_present when c is small, the comparison improves considerably
as c increases.

I
I

It should be mentioned here that when the mean concentration is
zero, the first order solution (9) will give negative values in
the upper part of the flow. Agreement between the full numerical
solution and the asymptotic solution (fcom point of view of the
adaE!ion_cate) is quite reasonable for (c: - c)/c: < O.S
or Ce - C

I

< 1.
c

1.0 c---....,...---,-----;- _-_-_-_-_:--=SU-::T:::R:::E-:-:N7CH:-:T---'
----- order(l)
--- order(2)

cnezy= 50 m 1/2/s

w.;lu.=0.01064
I
I
I

7 I
I
I
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I 5. Alternative bed-boundary condition

The boundary condition as described before assumes that the va1ue
of the concentration Ca at Z = Za + Zb is known in advance.
If this va1ue is the same as the equilibrium value then, for
examp1e, the first order steady equation

I uh ac

ws êx

I
I

may be derived.

If an alternative boundary condition, i.e. that the concentration
gradient at Z = Za + Zb is equal to the equilibrium value, is
used the first order steady solution would yield

I
I
I
I
I

aal I aal I uh aaz z aC
Ce = C +

aç ç = 0 aç ç = 0 ws aç ç = 0 aX
Galapatti shows that this reduces to

uh ac
YI ICe = YIIC + (Yzz + ctlI)

ws ax

Therefore, the use of this boundary condition wil1 lead to 1arger
adaptation lengths than befare. For very fine sediment
(ws ~ 0) it can be shown that ctll ~ 1 while
Yzz/ws remains finite. Sa the adaption length will become
infinite.

I
I
I

I
I
I
I
I
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I

6. Formulae for coerficients

used are

i( = 1
K = 2
K = 3
K = 4
K = 5
K = 6
K = 7
K = 8
K = 9
K = 10
K = 11

where

yz 1 Iy I I =
yzz/Yl1 =
Y33/YII =
'1-11IYI I =
'1-11/yl 1 =

ctl I =
ctz 1 =
ctz Z =
ctl3 =
)\1 =
Àz =

(ws/u~) exp(f)
(ws/u;) exp(f)
(Ws/u~)z exp(f)
wsf/u~
wsf/u.
f
(ws/u~)
(ws/u.)
(ws/u.)
wsf/u.
wsf/u.

I
I
I
I
I

Each coefficient is built up from eight constants ai. bi from
i = 1 to 4. The values of ai and bi required to compute
elev~n coefficients for each combination of values of ws/u.
and u1u~ are given later in this appendix. The formulae to be

as follows.

4 u. Ws i-I

f = I: (ai + bi -)(-)

I
I

i = I

'121
QS v,;-

0.4

0.3

0.2

0.1

0

'X&
Y1'
0.1

J
I
I

where ai and bi are obtained from the tables cl to c3 for the
corresponding value of K for Za/d = 0.01, 0.02 and 0.05. The
computations were based on the suspension parameter for natural
channels.

I
I

..-- .._'-'.- .._
......... .--. z_. - .._. % =12.S -1-=0.01..

0.9

_-----~=QOS- _
o

I
I
I

Q.O
all

0.8

~a =001

Z~=O.OI ~

0.1 0.2 0.3 0.1. 05 -0.6 0.7 ~
0.6 u

0.0 ,..t-.-_ :!!~=~s_ - - ------ --- - - - - ..
all -_ --- - ---- -5ï;-=~.5 -- ----

2=001 •0.1 a .

0.7

8
I
I
I
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I
t Za/d = 0.01 fer natural channels

k bi az bz a3 b3 b4al a4, 1 1.9779 0.000 - 6.3214 0.000 3.256 0.00 0.193 0.00

2 1.9782 0.543 - 6.3255 - 3.331 3.272 0.40 0.181 1.79

I 3 1.0944 5.632 - 4.3437 - l3.537 - 2.844 15.34 3.812 - 5.77

I 4 - 0.0109 - 0.808 - 4.8698 - 11.761 12.161 39.05 - 8.041 - 30.26
<,

5 - 0.0107 - 0.819 - 4.8663 - 12.471 12.150 40.93 - 8.033 - 31.56

I, 6 1.0000 0.114 0.0000 - 7.995 - 0.000 2.04 0.000 3.48

7 0.0000 - 3.852 0.0001 3.763 - 0.000 5.25 - 0.012 - 7.03

I 8 - 0.0098 - 4.254 - 0.0382 5.325 0.042 3.52 - 0.012 6.52

9 0.0004 - 0.006 - 0.0245 4.787 0.068 - 11.27 - 0.049 7.34

I 10 0.0007 - 0.307 - 0.0547 l3.221 0.135 - 26.98 - 0.088 14.75

I 11 0.0008 - 0.311 - 0.0585 l3.370 0.143 - 27.28 - 0.093 14.91

Table Cl

" Za/d = 0.02 fer natural channels

I k al bi az bz a3 b3 a4 b4

o .000 - 5.7793 0.0001 1.7883 2.860 0.00 0.226 0.00

I 2 1.7887 0.570 - 5.7832 - 3.000 2.872 0.56 0.217 1.43

3 0.9619 4.942 - 4.3581 - 10.455 - 2.423 11.06 3.440 - 3.70

I 4 - 0.0177 - 0.565 - 4.1797 - 9.906 10.487 31.50 - 6.955 - 23.95

,I 5 - 0.0175 - 0.680 - 4.1743 - 10.959 - 10.470 34.28 - 6.9.42 - 25.85

6 1.0000 0.091 0.0000 - 7.040 - 0.000 3.16 - 0.000 1.76

I 7 0.0000 - 3.372 0.0000 4.239 - 0.000 2.16 0.000 - 4.48

8 0.0084 - 3.715 - 0.0313 5.522 0.036 0.68 - 0.012 - 3.98

I 9 - 0.0003 0.006 - 0.0189 3.780 0.052 - 8.98 - 0.037 5.89

10 0.0005 - 0.212 - 0.0420 - 10.435 0.105 - 22.13 - 0.070 - 12.64
I' 11 0.0006 - 0.216 - 0.0472 - 10.637 0.116 - 22.55 - 0.076 - 12.88

I Tab1e C2

1\
I



Za/d = 0.05 for natural channels

k al bi az bz al bl a4 b4
1 1.4856 0.000 - 4.9986 0.000 2.306 0.00 0.247 0.00
2 1.4859 0.576 - 5.0016 - 2.416 2.314 0.72 0.242 0.91
3 0.6944 4.006 - 4.2619 - 6.914 - 1.902 6.62 2.895 - 1.77
4 - 0.0198 - 0.300 - 3.1905 - 7.145 7.985 21.48 - 5.280 - 15.91
5 - 0.0195 - 0.320 - 3.1820 - 8.745 7.960 25.64 - 5.262 - 18.72
6 1.0000 0.059 0.0000 - 5.363 - 0.000 3.48 0.000 0.30
7 0.0000 - 2.535 - 0.0000 9.937 - 0.000 - 0.47 0.000 - 1.85
8 0.0059 - 2.776 - 0.0206 4.777 0.024 - 1.45 - 0.009 - 1.49
9 - 0.0002 0.013 - 0.0113 2.412 0.030 - 5.73 - 0.022 3.75

10 0.0002 - 0.110 - 0.0252 6.710 0.064 - 14.83 - 0.044 8.87
11 0.0004 - 0.115 - 0.0320 6.973 0.079 - 15.40 - 0.053 9.21

Table C3

I
I
I,
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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CALCULATION OF BED-LEVEL CHANGE
General

The solution of the depth averaged equations that are developed
here requires the prior knowledge of the coefficients Yij,

aij etc. as weIl as the main equilibrium concentration Ce.
It can be seen that all the coefficients could be obtained if the
following quantities are known:

a. Za: the level where the bottom boundary is applied, this is
determined by the dimensionless quantitiy
Za Za

or = ~
d h

b. the normalized velocity profile p (Ç). If the flow is assumed
to be fully rough the shape of p (Ç)can be shown to depend on
only the parameters

KU
and 13;

c. the normalized equilibrium concentration profile ~o(Ç),
this profile can be shown to depend on the parameters

and 13.
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2. Unsteady flow calculation

Tf the porosity of the bed is Pb and the storage term
o(~h)

is neg1igib1e, the rate of change in the bed Zb could be

expressed as

1
+---- + = 0 • • • • • • • • . • • • • • . . (26)ot ox ox

Ss = suspended transport
Sb = bed-load transport

then if the effects of the changing shape of the velocity profile
and the equilibrium profile are neglected, the basic equation
that governs the first order variation of the mean concentration
is

h o~ uh oc
YI I Ce = Y I I C + Yz I + Yz 2

Ws ot
. . . • . • . . • • . (14a)

which mayalso be written as

. • • . . . . • . • . . • • • • . • • ••. (20 )
ax ot

YZ2 uh
where LA = .... TA = ....•....... (21)(22)

Yll Ws

A six-point scheme is used for expressing these equations in
finite difference form

= •......•...••.•....•.•••... (27a)ot Llt

• • . • . (2 7b)ox 2Llx

c = (l - e)

~e = (1 - e)

j + 1ei . .(27c)+ e
j + 1

Ce i •+ e . (27d)

1
1

I
I
,I
I,
I
I
I
I
I
I
I
I
'I
I
1
I

I
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TA = (1 - e) Tt + e Ti+1
• .(27e)

LA = (1 - e) L~ + e Li+1
• .(27f)

As u, h, u. etc. are known on beforehand, Ce, TA and LA
could be calculated from (27) using the fitted relations to obtain
YZl and yzz· for each point (i,j).

This can also be written as

2 < i < n - 1
•.• (28à)

I

J
I'
i
I
I
I

eLA
where bLl =

2Llx

TA
bi =

~t

eLA
bLl =

2Llx

I

at = Ce + ci - (1 - e) ct - (1 - e)
~t

at = bt d+1 + ba ci+l + b6 d+l as upstream boundary ... (28b)

c6 and C6+l is known

TA LA
where bi = + e bo =

~t 2Llx

eLA
ba =

2Llx

ai = Ce + ct - (1 - e) cr - (1 - e) d-d

I ~t

and a~ = bL 1 d: t + b~ d+ 1 as downstream boundary ... (28c)

I
I

- LAe TA e
bLl = + + -

Llx 2~t 2

TA e LAe
b~ = + - +

2~t 2 LlxI
I
I
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TA LA
a~ = Ce (d - cL I) + (1 - 9) (d - d-l)

2~t 6x

(l - 9) (d + d-l)
+

2

,
I
I

Equations (28a,b,c) represent a set of h simultaneous equations for
cr+1 from i = 1 to n. al is known if the concentrations cr
at the previous time step are known. The solution requires the invers ion
of a tn-diagonal matrix. The bouudary conditions required are: 11
a. cd for all values jet) (upstrearn condition)

b. 0 for all values i(x) (initial condition)Ci

Once the mean concentration is obtained, the sediment transport
rate can be calculated from (l6b)

I
I

h2~ ac h2~2 ac
Ss=cx.llUhc+a.21 +<l.22

Ws at Ws ax
. • .(l6b) I

I
I
I
I

Be c i+ I - C i - I
= ----------- . • • • • • • • • • • • • • (2 9a)

Bx 2~

ac j - I
- Cl

= . . . . . . • . . . • • • • • . . . . (2 9b )
at 2~t

the entrainrnent rate is obtained from (18) using

. . • • . . • . • • • . .( 30) I
I
I

at 2~t

a(ch)
E = +

at ax
. . • • • • • • • • • • • • • . • (18)

3. Quasi steady flow

Y 11 Ce +
~2 U ah

YII + (~l +--)
f ~ Ws êx

uh êc
c + Y22 •••• (31)

Ws êx

,
I

The first order equation governing the mean concentration in a flow
when the roughness is assurned to remain constant is (see Galapatti
(lit. (1»

I

I
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I
I
I,
I
I

KU
with and f. =

ax h ax
and ~I, ~Z according to figure C9, this to take into
account the vertica1 velocity and the changes of shape of both
the velocity profile pand the equilibrium concentration which
mayalso be expressed as.

ah
Ce = (1 + GA --) c + LA

ax
ac . . . . . . . . . . . . . . . (32)
ax

,I

I
I
I
I
J,
I'
I
I
I
I
I

~z
where GA = (~l + --)

f , yll Ws

u

Equation (31) is solved at each time level independently.

0.10
0.08

0.06
0.04

0.02
0 ws/u.

9-0.02

-0.04

0.006 Àl"'À2

0.004

0.002

O~~~--~~~~~~~~--~=-~~
-0.002

~. =16.7. ~=0.01
""-.::;;_- .......

"
""s'uit

~=2S ~=001u. . 0 • 10

I
I
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The fo11owing difference scheme was used to set up the
simultaneous equations to solve ct from i = 1 to h

= ------ . . . . . . . . . . . . • . . . . (33a)
ax 26x

ah hLl - hLl
=

ax 2.ll:x

GA = GAt

LA = LAt

. • . • . . . . . . . . . . . . . . . . . . (33b)

(33c)

(33d)

ce = Ce i· ............ . . . . . • . . . . • . . (33e)

Substituting equation 33a t/m 33e in 32 wil1 yield n-1 equations
in cj for i = 1, n. the last equation is obtaned by writing
the differentia1 equation for x = (n - ~) .ll:x

ac c~ - d-l
=

ax Lh

ah h~ - hLl
=

ax Lh

. . . . . . . . . . . . . . . . . . . . . . . (34a)

.......... (34b)

GA = ----------- . . . . . . . • • • • • • • • • • • • (34c)etc.
2

Therefore it is possib1e to express (31) as h simultaneous
equations for ci = 1 to h. Co is the known boundary
condition.

Once ci is known, the sediment transport rate is calculated
from

- À2 u ah ] ~ +
uh 3c ]-.-

Ss = uh + (Àl + -) CLz Z . (35)
f , Ws ax Ws ax

by expressing it in finite difference form

x. and À2 from Galapatti fig. CIO

I

I
I

I·
I,
I
I
I,
I
I

I
I

I
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I
I
I'

The new bed level is calculated from

1 j - s 3 - 1Sj + 1
j + 1

Zb1 - t +Zbi =
(1 - p~) 211x

o . Sa. (Z bi ... 1 - 2 Z 6 i + Z ~ i - l). • . . . (36)

I
I
I

The term with the a. is an artificially introduced
"pseudoviscosity" term. The smallest possible value of a.
compatible with stability is used. Once the new bed profile is
known it is possible to compute the new flow field etc. using an
appropriate procedure. Hence ui+l• hi+l etc. may be
obtained.

fig. Cll
1.0~-.---------..
a

11

I
I
I
I,,

0.8

Fig. Cll shows the m1n1mum values of a. required to obtain ~tability for
all K for various values ofax and the courant number cr = u~t

h ax

211'
K = À = length bedform disturbance

À

I VALIDITY OF THE MODEL

I
I

For practical application a high order solution is not interesting.
In fact only the first order solution can generally be used in
practice. Therefore the validity of first order solution has to be
studied as done by Wang (lit. (3». It can be shown that the
deviation between the first order estimation and the exact value of
the solution of the asymptotic relationship depends mainly on
~s and this deviation increases as ws increases.

I
Uw

I
r

It should be holed that the adaption leng!h of the mean
concentration has the order of magnitude uh (see fig. CS).

ws
Directly downstrearn of a stepwise change in the bed boundary
condition or a stepwise change of the concentration profile
(initial condition) the asyrnptotic model is not valid.
This distance where the model is not valid has the same order of
magnitude as the adaption length of the function

I
I
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Az exp(Àz~) Az

f(O = = exp«Àz - ÀI)O •.•. •.. (37)
Al eXp(ÀI~) Al I

I
because the exact nth order solution for steady uniform flow of eq. (1)

ac ac ac ac
p(Ç) = + (el -) . . . . . . . . . (38)

a~ aç aç aç

consists of

• • • • • • • • (39) Ic (~, Ç) = ce(Ç) + L
1=1

in which ~i is an eigen function with the corresponding
eigen value Àl

and the nth order solution of the asymptotic model converges
to one component

u~

I
I
I
I'
I,
I

c(~,Ç) = ce(Ç) + Al exp(ÀI~)~I(Ç) ...•••••••.. (40)

consequently, the model is not generally valid. However the
components of eq. (39) that do not occur in (40) will decrease
more rapidly than the first component because

By using the approximations p =1 and ez = O.l(u~h) it
can be shown that the adaption leng th of the error function
f(~) which is defined as the val~e at which f(~) is decreased
by a factor e, has the order of uh.

u~

Therefore the model is only valuable if ~s is small because

otherwise the adaption leng th of the mean concentration will have
the same order of magnitude as the length of the region in which
the model is not valid. A maximum value of ~s for validity of
the first order solution is estimated u~
as 0.3 to 0.4.

For the general case, viz. unsteady non-uniform flow, the
validity of the model has not been studied. However, based on the
analysis done by Z.B. Wang (lit. (4» it can be expected that the
model is valid if the following three requirements are satisfied:

1. the time scale of the flow variation is much larger than ~;

2. the length scale of the flow variation is much larger than
uh;

I
I

3. the factor ~s is small « 0.3)

I
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CONCLUSIONS

A simple transport formula can only be applied if the adaption
time and length of the depth averaged (mean) concentration is
small compared with the time/length scale of the problem under
consideration. On the other hand, a two-dimensional model to
solve the basic equation (1) is expensive since it requires a lot
of computation work. This is especially true in case of
morphological computations in which predictions over a period of
several years are necessary, and for three-dimensional
applications (estuaries).

I
I'
I
I
I
I

In order to avoid the disadvantages of the two models,
attemptions have been made by different researchers to develop
cheaper alternatives such as depth integrated modeis. Generally
these models are based on the int~gration of equation (1) over
the depth averaged concentration c. An extra emperical relation
is needed for the rate of sediment exchange between the flow and
the bed (entrainment rate).

A new approach has been carried out by Galapatti (lit. (1», who
developed a depth integrated model based on a asymptotic solution
of equation (1). The main concept af this model is:

1. with an asymptotic solution of eq (1) the concentration field
c(x,z,t) is eXEressed in the unknown depth ave rage
concentration c(x,t);

2. by applying the bed boundary condition a solution is found for
the depth averaged concentration c(x,t);

3. when c(x,t) has been solved, the concentration field can be
found by substituting c(x,t) in the asymptotic solution.

Compared with other depth integrated models this model has two
important advantages:

1. no empirical relation is used during the derivation of the
model;

2. all possible bed boundary conditions can be used in the model.

I
I
I
I
I

I



- 25 -
I
I
I
I

Literature Appendix C (a depth integrated model)
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