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Abstract

The rivers on the slopes of the Kelud volcano in Indo-
nesia are marked by steep slopes and fine sediment. Therefore

often supercritical flow and large sediment transports occur.

In this exploratory study a mathematical model has been
developed for this type of rivers. The properties of this
model are examined with an analysis of the characteristics and
with numerical computations. The results show rapid bed varia-
tions propagating upstream, which agrees with observations in

the rivers on the Kelud volcano.
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Chapter 1

Introduction

A main concern in mountainous and volcanic areas is the
increased erosion and sedimentation in the mountain rivers.
The type of rivers on volcanic slopes in Indonesia is marked
by steep slopes and fine loose sediment. This often implies
supercritical flow and large sediment transport. The
destructive force of this flow and the excessive deposition of
the sediment in the downstream reaches are the cause of cata-
strophes, like inundation. Prevention from these catastrophes
by mechanical means is referred to as "sabo engineering" or
"sediment and erosion control".

The main objective in this exploratory study is the
development of a mathematical model for these volcanic rivers.
This objective originated from the demand for simulation of

the time-depended morphological processes due to sabo works.

General basic equations are derived for unsteady flow
with high sediment concentrations which can be applied to
volcanic rivers with bed slopes less than approximately 10%.
The general equations are simplified and investigated with
four different approaches.

- A model for steady non-uniform flow on a fixed bed has
been developed. The numerical computations of this type
of flow and of hydraulic jumps illustrate the variations
in water depth and flow velocity near sabo works.

- Basic equations for unsteady flow without the influence
of high concentrations is treated for comparison, to
investigate the influence of the concentration on the
river flow (e.g. by considering the characteristic ce-
lerities). -

- The highly concentrated unsteady flow is first

approached and analysed with the concentration expressed

o ——————
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in terms of transport formulas without adaptation time
and length of the suspended sediment.

A second approach for the sediment-laden unsteady flow
is considered with the concentration expressed in terms
of the suspended load. The adaptation length and time
scale of the suspended transport process are included

and again the characteristic celerities are examined.

For the analysis of the system of unsteady sediment-
laden flow equations (second approach) numerical computations
(computer program SABOFLOW) are considered. Finally the con-
clusions that have been drawn from this study, are discussed.

e
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Chapter 2

Sediment and erosion control, or sabo-engineering.

2d Introduction

Since time immemorial humanity is plagued by natural
disasters. The occurrence and the scale of these disasters can
usually not be determined. Therefore it is very difficult to

prevent damage to man and his properties.

Dealing with the sediment disasters is within the scope
of river engineering. These disasters occur in mountainous and
volcanic areas. Landslides, avalanches, volcanic eruptions and
increased erosion can load the mountain rivers with a
concentrated superabundance of sediment, adding up to a

destructive flow.

Transported downstream, this material accumulates in the
bed of the lower reaches of the river, where the bottom slope
decreases, and it can cause inundation of the surrounding
land. Many cases are known where houses and fields are buried
in the sediment layer covering this land after the flood, and
where many people died because of the unexpected occurrence of

the disaster.

All mechanical efforts that have been taken to prevent
these catastrophes are called "sabo engineering" or "sediment
and erosion control engineering'. This field of study is very

extensive and still a lot of research has to be done.

In this chapter the discussions of sabo engineering will
be restricted to a description of this subject and to con-
siderations of mountain rivers and river works to prevent
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propagation of excessive sediment in the river (torrent con-
trol). In section 2.5 the occurrence of head losses in river
bends 1is considered as a tool for sabo engineering.
Conclusions are given for the computability of the energy

dissipation and the changes in flow and morphology.

2,2 Description of sediment and erosion control or sabo

engineering.

In order to summarize all the topics that deal with the
prevention of sediment disasters, the terms sabo engineering
or erosion and sediment control are used. In fact, the japan-
ese technical term "sabo" has in original sense been used for
land conservation (particularly forest land conservation in
mountainous regions). This also includes the necessarily non-
physical countermeasures such as administrative regulation of

forestry management and land use plan.

The simple well-sounded word sabo nowadays has become an
international technical term in its original Japanese meaning.
However, the term "erosion and sediment control engineering"
is also used in this meaning, but it denotes to a greater
extent the mechanical aspect of the sediment disaster

prevention instead of a vegetative way of land conservation.

Limiting the considerations to the technical 1land
conservative measures, sabo engineering incorporates measures
against accelerated devastation of land, slope failure or
landslides, unstable river channels, excessive sedimentation
in reservoirs and in river beds, and so on. The constructions
that are built for these purposes, like dams, are therefore

called "sabo works".

One of the important issues of sabo engineering is the

NI e ey
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research on the behaviour of the water and sediment mixture
in, and the properties of, mountain rivers. This will be

discussed in the following section.

T L T



2: 3 Properties of mountain river flow

e T | Subdivision of a mountain river

Sabo engineering includes the measures to prevent exces-
sive sediment from entering the rivers. Nature, however,
cannot completely be conquered (e.g. volcanic eruptions) and
sediment can still flow Iinto the rivers. Therefore it is
necessary to stem and to control the abundance of material in
the river course before it can cause any damage to life and
property. Such countermeasures require knowledge about the

properties of the rivers involved.

In general a mountain river can be divided into three

parts (Parcy, 1982) (see fig. 2.1)

1- The upper part of the watershed or catchment area is the
greatest source of the sediment load and the collecting
area for the water supply. Small torrents with steep
slopes flow together in this area where landslides,
avalanches and debris flow can develop. Erosion can

increase dramatically in case of deforestation.

2- The middle course is often a narrow non-alluvial gorge
with armoured bed and eroding banks. The torrents from
the catchment area have flown together into a con-
centrated water and sediment flow. 1In volcanic areas,
however, this part of the river often will flow in de-
posits from former eruptions (loose graded material) so
that the concentrated flow causes deepening of the bed.
Bottomslopes in the middle reach are less than those in

the upper part of the catchment area, yet still
substantially steep.
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3~ The alluvial fan (fan-shaped) or alluvial (or debris)
cone (cone-shaped) is the lower reach of the river where

the bottom slope is relatively small. Decrease of the

flow velocity causes sedimentation. The river can fan

out and continuously change its course after erosion of

the river banks or if its bed has been silted up. Ac-

creted material forms the alluvial cone or fan.
Downstream, the river flows into the main receiving ri-

ver, in a lake or in the sea.

Upper part

Middle course

Alluvial cone

Recelving river

fig. 2.1 Mountain River

Each of these three river reaches has its own properties
besides the properties of the overall mountain river. The
following discussion is divided into four sub-sections to

discuss the whole river and its three reaches separately.

2. 3.2 Overall mountain river
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In the overall mountain river the discharge shows large
fluctuations. Peak floods in general have a large kinetic
energy and a considerable drag and 1ift force on the river bed
and bank material. In this high velocity flow, both bed load
transport and suspended load transport can occur together. The
high sediment transport rates imply that the influence of the
concentration of the transported material cannot be neglected

in the morphological computations.

Common formulas to predict the sediment transport cannot
be applied or have to be adapted to mountain river conditions.
Much research is being carried out to find a general appli-
cable transport formula to predict the transport. Usually
these formulas are a function of the local hydraulic con-
ditions and do not include the adaptation proces of the sedi-

ment transport in the case of suspended load.

The sediments can also be transported as a sediment
gravity flow (Debris flow or mud flow, see section 2.3.3)
depending on the morphology (the bed slope), the quantity of
sediment (concentration), and the quality of the sediment

(grain size distribution).

Another problem is that the attack of the supercritical
flow on the constructions in the river (such as sabo works) is
seriously large. Damage to dams and bank protection is a very

common fact.

Armouring of the upper layer of the river bed often
occurs but this armoured layer can be destroyed during floods,

and be rebuilt during lower discharges.

The waterflow in the upstream reaches is supercritical
as a result of the steep slopes. This means that the distur-
bances in the water flow (e.g. from structures in the stream)
can only propagate in downstream direction. However, in the

lower reaches, or near structures (backwater effect), the

e e
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waterflow can jump to subcritical depth. Then the kinetic

energy of the flow decreases considerably.

A decrease of mean grain size and a decrease of grada-
tion of grainsizes over the river length is partly caused by
the gradually decrease of the bottom slope, and thus a gra-
dually decrease of flow velocity, in the river. The decrease
of mean grain size over the river length can also be caused by
abrasion of the grains during transport. Investigations of
Parker (1989) showed that this abrasion is essentially ne-
gligible for quartz. However, it can be important in the case

of other kinds of sediment (e.g. volanic material).

More details on the different reaches are discussed in
the following subsections. Nevertheless, these reaches make up

one river basin and are therefore dependant on each other.

2..3: 3 Flow in the catchment area

Sediment and water are mainly supplied in the catchment
area or watershed. This area with its steep slopes is liable
to severe erosion. Avalanches, landslides and volcanic ash can
cause debris flow. Debris flow is a highly destructive viscous
flowing flood made up of debris (stones, sand, trees and so
on) or volcanic material, mixed with water. Debris flow can

occur if slopes are larger than 15% to 20%.

Debris flow can come to a halt if slopes decrease and
the water concentration has not been increased before that
time. The debris can block the river (form a debris-jam) and
cause the river to change its direction. A breaking debris-jam
can result in a new destructive shock-floodwave of water and

debris.

The torrential flow in this part of the mountain river

L L



=10~

is substantially influenced by the roughness of the river bed,
because of the fact that the dimensions of the bed material
are of the same order of size as the waterdepth. This implies

a large turbulence of the flow.

Sabo works in this area are for example (see section
2.4) small checkdams (constructions to induce sedimentation of
excessive sediment in order to prevent it from rushing down),
slope drainage (to stop or prevent landslides), debris flow
breakers (construction to break the debris flow to destroy its

devastating force) and so on.

The small torrents in the watershed run together and
make up one larger river with concentrated flow. Then at this
point the river has reached the toe of the watershed and it

continues as the middle course.

2.3.4 Flow in the middle reach

The middle reach is subjected to a highly concentrated
and thus erosive flow. It is consequently almost not alluvial.
Large rocks in the riverbed form a strong armoured layer
(small particles have been washed out). That also implies a
substantial influence of the roughness of the bed on the flow.
Nevertheless, in case of a river in volcanic deposits, the
erosion of the riverbed can often continue because of the
thick layer of relatively fine material on the riverbed. The

morphology in such a river is therefore different.

Sabo works (see section 2.4) in this middle reach are
consolidation dams, checkdams and sand-pockets (constructions
to induce deposition of excessive sediment in the riverflow
and to stabilize the riverbed), debris flow breakers (con-
structions to break the debris flow to prevent it from rushing

down), groundsills (constructions to fix the riverbed at a

-
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certain point to prevent deepening) and riverbank protection
(undercutting of sloping banks can cause the bank to collapse

into the river).

2. 3.9 Flow in the lower reach

In the lower reaches the slope can decrease to such an
extent that subcritical flow can occur. Accretion of the
excessive sediment in this alluvial cone or fan causes an
increase of the bedlevels. Deposits are spread over the area
as a result of the bed displacement caused by streambank

cutting and the silting up of the riverbed.

Sediment in the alluvial cone or fan is usually rather
uniform and of a small grainsize, this in contrary to the

upstream reaches.

Sabo works in the alluvial cone (or fan) are riverbank
protection (to stabilize the riverchannel), checkdams, con-
solidation dams, groundsills (threshold shaped submerged

stabilization dams), and so on.

In the following section, various sabo works and their
properties are discussed. This discussion is restricted to
constructions in the river course. Structures to stabilize
mountain-slopes or to prevent the erosion of these slopes are

not relevant in this scope.

M T T T T T e T r—
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24 An outline of sabo works

2. 4.1 Subdivision of sabo works

In order to prevent damage to common goods in a river
basin it is necessary to fix the rivercourse and to bring a
halt to substantial erosion and sedimentation in the river.

This must be accomplished by the sabo works.

Construction and location of the sabo works are based on
the characteristics of the mountain river flow as discussed in
the preceding section. To achieve a clear discussion of the

sabo works, a subdivision is made, based on the appearance of

the different structures.

Before making this subdivision the functions of the sabo
dams have to be given to support the description of various
sabo works. These functions in torrent control can be clas-

sified as follows (Armanini 1989):

Functions of the dam

1 I I

Sorting Dosing Consolidation or Breaking of
stabilization debris flow
1L

In which sorting denotes that sediment is only retained
during high floods, while dosing implies retention of only
bigger-size particles. In sabo engineering the term con-
solidation is used to denote the stabilization of the river-
course by elevating and fixing the riverbed.

According to their appearance the sabo works are dis-
~tinguished into the following three groups :

e R T
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1= Closed structures that are developed to check the runoff
of all the excessive sediment directly.

2- Open structures to check the runoff of a part of the ex-
cessive sediment directly.

3- Structures to fix the rivercourse, to prevent substan-
tial sedimentation and to prevent riverbank collapse

(consolidation or stabilization structures).

In the following subsections, these three groups of sabo
works are discussed by means of some frequently used struc-
tures (Armanini 1989, United Nations FAO 1981). As stated
before, this consideration is not comprehensive but is re-

stricted to the rivercourse.

2. 4.2 Direct check of all excessive sediment

This category includes all the closed checkdams (or cor-
rection dams, see fig.2.2). These empty-type checkdams are
mainly located (usually stepwise in series) in the upper
reaches (watershed and middle course) to catch the surplus of
sediment in case of sediment overload. This overload is always

induced by a floodwave.

The effect of these structures is based on the creation
of a small detention reservoir upstream of the dam. Super-
critical flow turns into subcritical flow through which the
flow velocity decreases considerably causing accumulation of
the transported sediment. The transition of super- to sub-
critical flow takes place via a hydraulic jump. This is a

wave-shaped static turbulent irregularity (see section 3. 3.5).

The effect of the dam is only guaranteed temporarily.

L R T N T BEE—
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’,..Checkdam
_-—Veep holes

_~Subsidlary dams

fig. 2.2 Closed checkdam with sub dams

accreted material is necessary after a flood has
filled up the upstream artificial "reservoir". Therefore the

deposited sediment is drained (by means of small holes in the
at least to some extent,

Excavating of

dam, called weep-holes, see fig. 2.2);

thus permitting quick access to excavators.

This excavation, however, is often not put into practice. This

implies that the checkdam functions as a kind of "con-

solidation dam" (discussed in subsection 2.4.4).

gn of the foundation depth of checkdams depends on
Local scour and overall degradation of
as a result of the turbulence
diment supply
denotes a

Desi
the downstream erosion.
the river downstream of the dam,
of the overfalling water and the decreased se

(since sediment is trapped upstream of the dam),

considerable deepening of the riverbed. To protect the down-

an auxiliary dam or gub(-sidiary)
The energy from the

stream toe of the dam often

dam is constructed as shown in fig. (2. 2).
ated in the stilling basin enclosed by the main

drop is dissip
to be

dam and the sub dam. The foundation of the dam has

T —————
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designed below the scour level to accomplish stability of the

structure.

Severe attack of the crest and of the wings of the dam
requires a protective layer of strong material. Formerly
natural materials (available on the construction site) were
used to built the structure because of the difficulties to
transport other materials to the site. Nowadays, modern equip-
ment is being developed sufficiently to overcome these pro-
blems. Presently all checkdams are constructed with reinforced
concrete.

The size of the different checkdams varies considerably.

Heights of these dams range from 2 to 10 meters.

On the slopes of active volcanoes in Indonesia, many
sand pockets have been constructed (in the lower and middle
reaches) to detain sediment from lahar flow (hot volcanic mud
flow). A large artificial reservoir for accumulation is creat-
ed by enclosing a wide part of the flood plain with dikes (see

fig. 2. 3).

~Dlkes

/—Sandpnctal

Sabo dam

fig. 2.3 Sand pocket

T T
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Direct check of a part of the sediment

A recent trend is the construction of dams that are not

The main type of up-to-date dam can be

completely closed.
In the following the seperate

classified into four groups.

groups are discussed.

Empty dam with big drain hole or narrow slit:
i.e accumulation of

This type of dam is used for dosing,
sediment during high floods by means of backwater effect (hy-
al flow) and gradually washing out

(through the slit) with minor
to retain large bedload at high

draulic jump and subcritic
of the (fine) sediment later
floods. The required capacity,
floods, is then longer maintained.

fig. 2.4 Checkdam with large conduits

Open dam (wire dam, iron-basket dam, grating dam, debris

breaker etc. )
To break debris
r debris that can cause damage downstream.

flow (section 2.3.3) and to retain
These struc-

bigge
am of other

tures are usually built in the upper reaches upstre
types of dams. They must be designed strong, capable to resist

the impact of the debris flow (usually protected with thick

iron plates).

st =
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fig. 2.5 Debris Breaker

Equally to the empty dam with narrow slit, the slit dam
is capable of selective outflow of sediment. Slit dams in
series are used to retard and trap large boulders. Minor
floods flow undisturbed (eroding) through the dam carrying the

amount of sediment that can be managed by the downstream

torrent.

fig. 2.6 Slit dam

Closed-crown dam for sorting (beam dam, screen dam)
The purpose of the beam dam with wide horizontal open-

ings is mostly filtering or selecting both bed load and logs.
They are usually used in torrents with debris flow. Sometimes

the beam dams tend to be clogged by logs and other vegetal
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parts, which have to be removed.

‘T._-_ —
T 7 T 7 1 —/
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fig. 2.7 Beam Dam

For all types of dams above the openings of the dam can
be protected from obstruction tby logs and other plant mater-
ial) by a declining steel screen placed upstream of the dam.
This only works during subcritical flow (backwater): The plant
material floats and is pushed to the top, letting the lowest

part of the screen free and water flowing through.

Equally to closed checkdams the local scour can be de-

creased by means of subdams (subsidiary dams).

2.4.4 Works to fix the river course

Consolidation which denotes the mere fixation of the
torrent profile allows a better stability on the previously
eroded side slopes by elevating the riverbed. Consolidation
checkdams still continue to be the most important structures

and represent by far the most common tool for torrent control

Consolidation dams are wall-type checkdams. The depo-
sition space is usually filled in a very short time causing a

modification of the slope of the profile up to the point when

ey ———————
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the landing line is parallel to the original bed. The di-
minished slope and widened profile cause additional detention
of material and prevention of torrent erosion (both bed and

riverbanks).

Groundsills (submerged sills in the riverbed) are used
to fix the riverbed for a certain point, to prevent further

erosion of the bed.

For channels in the lower reaches the cross section can
be fixed using revetments. Protecting the banks prevents the
channel to change its course. Decreasing the width, by means

of training walls or groynes etc., prevents sedimentation.
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2.5 Head losses in bends

A bend in a channel flow causes a local variation in the
velocity distribution, together with a depth alteration and a
development of secondary flow. The separation of the stream
lines at the inner wall of the bend and the generation of
secondary flow cause increased head losses. The determination
of these losses have been subject of investigation for many
authors (Muller 1943, Shukry 1950, Naudascher 1987, Henderson
1959, Chow 1959). In this section a description of, and the
conclusions on head losses in mountain river bends are given.
Also the associated bed level variations are considered. The

flow is assumed to be supercritical (Fr>1).

The head losses in a open channel bend have been mainly
analyzed empirically. The total energy loss due to curve
resistance can be expressed in terms of the velocity head:

uz
Hy = fb?i}

where u is the mean velocity in the section and ¢, is the

coefficient of curve resistance.

A large number of independent variables influences the mag-
nitude of ¢:
Fr (Froude Number); a/B (depth/width); r /B (radius of
curve/width); Re (Reynolds Number); 8(total angle of

deflection).

Comparing the coefficients of curve resistance of various
investigators (Henderson, 1959) indicated a substantial dif-
ference in their values, dependent on the approach conditions.
Therefore the use of one of these empirical coefficients can
give head losses which may be three or four times too large.

In practice the §, is determined from data of the river.

e s
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According to Muller (1943) the energy line and flow

profile in a uniform curved channel, and the bed variations

caused by these profiles, can be shown as in fig (2.8).

Case 1

. HH%‘, o

% lng
T=2__

fig 2.8 Head Losses in Bends

illustrates supercritical flow in the curved chan-
nel. It can be seen that the energy line is drop-
ped by H, at B, corresponding to the amount of
energy dissipated in the curve and the downstream
channel B’ B. The water surface is raised from A to
B ( a hydraulic jump will be produced if the water
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surface rises above the critical-depth line).

Case 2 illustrates the equilibrium situation which 1is
formed as a result of the flow in "case 1" and
also applies to subcritical flow in bends. Sedi-

mentation of the upstream reach occurs.

The energy losses in bends in supercritical flow are
partially caused by the generation of cross waves by the
turning effect of the curved channel walls. It has been inves-
tigated whether the coefficient of curve resistance can be

derived from the head losses due to these cross waves.

The phenomena are described by Ven te Chow (1959), Tau-
bert (1971), and others. The outer wall which turns inward to
the flow, will produce an oblique hydraulic jump and a coOr-
responding positive disturbance line or positive wave front.
The inner wall, which turns away from the flow will develop an
oblique expansion wave and a negative disturbance line or
negative wave front. Both types of waves will be reflected
back and forth between the walls and will interfere with each
other, resulting in a disturbance pattern of cross waves
(alternating maximum and minimum depths on both outer and
inner wall, hence a fluctuating depth along the walls will

occur).

Determination of the cross wave pattern and the energy
losses (Taubert,1971) is too complicated and cannot easily be
included in a morphological model for mountain rivers. The
irregularity of a natural river (no smoothly curved walls),
and the smallness of the head losses due to cross waves,

decreases the reliability of the results from computations.

Because of the lack of agreement for the various values
of the coefficient of curve resistance in the literature, and
because of the unreliability and the extent of cross wave
computations, the applicability of head loss computations in a

morphological model presents difficulties. For this reason the
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head losses are included in the friction losses determined by

the Chezy roughness coefficient.
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Chapter 3

One dimensional modelling of mountain river flow

3.1 Introduction

The human interference (sabo engineering) in mountain
rivers can alter sedimentation and erosion. For the prediction

of these morphological processes mathematical models are

developed.

The unsteady flows in mountain rivers are categorized as
unsteady shallow-water flow. They can be treated as one
dimensional (1-D) as far as the horizontal variations of the

transverse profile are negligibly small (fixed banks).

In this chapter a one-dimensional mathematical model is
discussed for the simulation of mountain river flow and mor-
phology. For reasons of stability and simplicity of the com-
putations, the validity of the model is restricted by the

following assumptions (see section 3. 2):

= Bed slopes are assumed to be smaller than approximately

10%.

- The mountain river is assumed to flow in deposits from
volcanic or alluvial origin of relative fine material.
The dimensions of the sediment are very small compared

to the depth of flow.

These assumptions imply that the model can be applied

for rivers in the middle and lower reaches.

In section 3.2, a general approach for the derivation of
a set of basic flow equations is outlined, which should be

helpful in understanding the subsequent mathematical and phy-

et it e |
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sical analyses of the equations.

In the following sections four final forms of the equa-
tions are summarized for varied approximations and ap-
plications.

The non-uniform flow is treated in section 3.3, assuming
steady flow on a fixed bed (without sediment transport).
Surface profiles and hydraulic jumps are considered to gain
insight into properties of mountain river flow. Hydraulic

jumps are the discontinuities in the steady non-uniform flow.

Next the equations for unsteady flow with mobile bed are
discussed in three distinctive forms:

- With low sediment concentration (section 3.4), which can
be used to investigate the influence of sediment on the
properties of sediment-laden flow.

™ First approach: with large sediment concentrations
(section 3.5), determined by the sediment transport
capacity from sediment transport formulas (Adaptation of
suspended sediment distribution over the vertical is not
included).

= Second approach: with large sediment concentrations
(section 3.6), determined by the amount of suspended
material. This requires an additional basic equation for
the adaptation of the sediment concentration to the
local hydraulic conditions.

For each type of flow physical and mathematical properties are

analyzed using the characteristic celerities of disturbances

in the systen.

3.2 General basic equations

In this section, the basic equations of unsteady flow
are derived for shallow water conditions. The shallow-water

theory is applied when the pressure distribution in the ver-

i Lol Ll
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tical can be assumed hydrostatic. The physical process of the

morphological problem is schematised in a one-dimensional

model. The flow velocity u, waterdepth a, sediment transport s

and the bedlev§l z are averaged over the cross section. The

set of assumptions needed to arrive at the final form of the
equations is as follows (Chintu Lai 1986, Mahmood & Yevjevich

1975):

(a) The shallow water theory applies (vertical acceleration
of a fluid particle is very small compared with the
acceleration of gravity g and hence can be neglected).

(b) Only shear stresses due to horizontal velocity
components are significant.

(c) The frictional resistance coefficient for unsteady flow
is the same as that for steady flow, and hence it can be
approximated from the Chézy equation.

(a) The bed material is supposed to be uniform along the
river section.

(e) The river banks are fixed. Thus the erodibility of the
banks is assumed to be much smaller than that of the
bed.

(£) The Chézy roughness coefficient is assumed constant
throughout the reach under consideration.

(g9) The channel is prismatic and wide (hydraulic radius R =
waterdepth a).

(h) Bed slopes are assumed to be smaller than approximately
10%, to prevent the Froude number exceeding a certain
value for which stability of the (supercritical) flow
cannot be maintained. According to Mayer (1957)
instability can be classified into rollwaves (transverse
ridges of high velocity with quiescent regions between
the crests) and slug flows (surges of turbulent ridges
with wave crests separated by highly agitated regions).
It is hard to take this instability into account.

(i) The dimensions of the bed material are small compared to
the water depth, to prevent the bottom resistance from

causing instability as described in assumption (h).

B o
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The general procedure for the derivation of a set of
basic equations is to begin from the equations of continuity

and motion for water and sediment (Jansen, 1979). The equation.

of motion is derived from Newton’s second law of conservation
of momentum, and the continuity equations are derived £from
conservation of mass, all for a certain control volume. The

derivation is outlined in appendix (1).

The basic equations for sediment-laden flow on a steep
mobile bed as derived, then become:
Equation of motion

du du oz, . i 8
3t * iy T eesld L5 2 -

(3. 1)

Continuity equation for mass

da du oa a 9Pn ua %Pn _
ot "% "Uax T p. ot T, ax 0 (3.2)

Continuity equation for sediment volume

9z, dpa ddau
3% “er T " (3.3)

Relation concentration and density

Pm= (1_¢)p * tpps

ads)

ati (3.4)

pm-p@+

waterdepth

v}
[

In which:

tan{ = bed slope

9]
"

sediment transport = f(u)
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u = flow velocity
z, = bed level

z, = water level (= z;+a )

¢ = averaged concentration of sediment

¢ = angle of river bed

Pn = density of the water/sediment mixture
p = density of water ( =~ 1000 kg/m )

py, = density of sediment particles

A = relative density = (p, - P)/P;

These equations can be adapted and simplified for var-
ious applications. In the following sections a few forms of
basic equations are discussed that are used in the inves-
tigations. For all these models the assumption (h) (small bed-
slopes) yields that the cosinus and sinus terms in the basic
equations can be approximated by:

sin({) ~ O and cos(({) ~ 1

3.3 Steady non-uniform flow on a fixed bed

3. 3.1 Simplified basic equations

When the depth of flow in an open channel flow varies
spatially with the longitudinal distance, the flow is termed
non-uniform. Such situations occur both upstream and

downstream of control sections, such as dams.

In general all solutions which have been developed for
steady non-uniform depend on the following assumptions:

1- The discharge is assumed to be constant in time, which
implies steady flow. The terms with d/dt in the basic
equations (3.1) to (3.2) are equal to zero.

2- Sediment transport is considered relatively small
(s/gq«1) so that the influence of the sediment concentra-
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tion on the water flow can be neglected. Concentration
¢, all deratives of p, and dz/dt are equal to zero.

3~ The slope of the channel is small, which denotes that
cos ({)~0 and sin({)~i,.

Starting from the assumptions the basic equations become:

Momentum equation

U%+g%§~gib+§§‘;-° (3.3.1)
Continuity equation
kit - gl -0 (3.3.2)
In which g = discharge per unit of width (constant in x
direction).

Combining these two equations yields the dynamic gradually

varied flow equation.

qz

oa b p2 43

ox T T g £ (a) (3. 3. 3)
ga?

The solution of this equation can be found by means of
both analytical and numerical integration. In section (3.3.3)

and (3.3.4) some integration methods are considered.

3. 3.2 Classification of flow profiles

It is necessary to distinguish different types of flow
for ease of survey and for comprehensibility of the results
from gradually varied flow computations. The conditions of the

flow determine this classification.
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In a given channel, the normal depth line a, and the
critical depth line a, are fixed, and divide the channel into
three sections (Ven Te Chow 1959, Carlier 1972):

- Region 1: The space above the upper line.
- Region 2: The space between the two lines.
- Region 3: The space below the lower line.
Thus the flow profiles may be classified into thirteen dif-
ferent types according to the nature of the channel slope and

the zone in which the flow surface lies.

These types are designated as H2, H3; M1, M2, M3; C1;
cz2, c3; S1, S2, S3; and A2, A3; where the letter is descripti-
ve of the slope: H for horizontal, M for mild (subcritical), C
for critical, S for steep (supercritical), and A for adverse

slope and where the numeral represents the region number.

The full representation of this classification is given

in appendix (2).
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3. 8.3 Method of direct integration: the Bresse function

Eqg. (3. 3. 3) may be written as:

__a?
da , a’-al . €2a®i,
R - (3. 3.4)
X a’-a, 1--9
ga’

This equation is valid in the special case of a rectangular
channel with the conveyance expressed in terms of the Cheézy

equation, C = constant.
Integration of the eq. (3. 3.4) leads to the result :
Xp-X; = =21 (n,-1,) - B(¥(n,) - ¥(n,)
2~ %3 ib[ Nz=1; (¢(n; 1) )] (3. 3:85)

where ¥ (n) is known as the Bresse function, and is equal to

win) = fl—‘f'»’q—j -
(3. 3.6)

--Eln(q2+q+l]- = arcco{igtﬁk]
6 (g-1)2 V3 V3

. : n=-ala,
in which B-1-(a./a,)?

A more simple analytical solution is possible if i,=0.
The Bresse function is not wvalid in that case because of

division by zero. Then eq. (3. 3.3) yields:

ia. o qz/cz
ox a’-(qg?/g)

(3.3.7)

Integration of this equation yields:
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2 at at
3oy Ky = .C—( 2 —ala,- ; +ac3a1] (3.3.8)

In which x, is the known value on a location upstream (in case
of supercritical flow) or downstream (in case of subcritical

flow) of the desired unknown distance x,.

An analytical method can be used besides a numerical

method to verify the numerical results.
3.3. 4 Methods of numerical integration

The gradually varied flow equation is a first order

non-linear differential equation:
da/dx = f(a,x) (3:3:9)

Two chosen numerical integration methods are described
to solve the gradually varied flow equation. At the end of
this section the choice of these methods is considered. For
all these numerical methods it is important that calculations
must proceed in upstream direction in subcritical flows and in

downstream direction in supercritical flow.

The Simpson rule

This method is suitable in prismatic channels and can be
applied to solve the gradually varied flow differential equa-
tion if eq. (3.3.9) is independent of the distance x :

da/dx = f(a) (3.3.10)
In general it is preferable to rewrite the equation as
follows:

dx/da = g(a) (3: 3. 11)
The solution of this equation now is an integral that can be

solved by means of the trapezoidal rule or the Simpson rule.

e
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This enables us to calculate x-values, starting at an initial
waterdepth a, (at one end of the channel), calculating in
(small) depth steps until the final depth a, (at the other end

of the channel) is reached.

Because the Simpson rule gives more accurate solutions
than the trapezoidal rule and therefore needs a smaller number
of computation steps, it is more efficient to use the Simpson

rule to compute surface profiles.

The multi-segment Simpson rule can be represented

(Almering, 1984) as:

X,—X; = %h[ gla,) + 4g(a,+h) + g(a,+2h) ] +

+ %h[ g(a,+2h) + 4g(a,+3h) + gla,+4h) | +

b oo+ H[ g(a;2h) + 4g(a;h) + g(a,) | (3.3.12)
or represented as:
x,-x, = x[a,+2h] + x[a,+4h] + x[a,+6h] + ... + x[a,]
(:3:.3; 13)

Notice that an even number of segments must be utilized to

implement the method.

An error estimation for the multiple-segment Simpson’s
Rule is obtained by first computing with a stepsize h and
secondly .with a stepsize %-h. Then the following estimate can

be found (Almering, 1984):

Error = I - I, =~ 1/15°( I, -1, ) (3.3.14)
where I = exact value

I, = value computed with a stepsize h
I,

= value computed with a stepsize ¥ h

Notice that this method can only be applied when the bottom
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slope and friction coefficient remain constant along the

channel axis.

Runge-Kutta method

Another method that can be applied for the integration
of eq. (3.3.10) is the Runge-Kutta method. It is used to calcu-
late the waterdepth as a function of the distance x (the Simp-
son rule is used to compute x=f(a) ). For the hydraulic Jump
computations (discussed in a following section) this method
had to be used to avoid long space steps of flow profiles near
the normal depth line.

The Runge-Kutta method can be compared with many other
numerical explicit (predictor-corrector) integration methods.
Tt is also possible to compute with varying bottom slopes and
Cc values (assumed that their continuous variation in x direc-

tion can be described by a certain function g(x)).
Using da/dx = f(a,x) (3.3.15)

The standard fourth order Runge-Kutta method (SRK) becomes:

34,7 = ai + % (Kl+2K2+2K3+K4) (3. 3. 16)

space step in x-direction

where h
K1 = h- f(a;, x;)

K2 = h-f(ai+&K1,xr+&h)
K3 = h'f(al+%K2,xr+#h)
K4 = h-f{a|+K3,X}+h)

The SRK is a predictor-corrector method based on the
Simpson Rule. It has a relatively high accuracy and a more
efficient use of the available memory of the computer.

The principle of error estimation is equal to that of
the Simpson’s Rule and the Heun Method (not discussed here).
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Error ~ (1/15)*( ay, - a, ) (3.3.17)

Stability of the Runge-Kutta Method requires a certain maximum
step size. Condition for stability of SRK is

h < 2.8/|u,]

p, = df(a, x;)/da (3.3.18)

Note that the maximum step size that is required for
stability can vary for different parts of the flow profile (g
is a function of a;). In general the step size for that part of
the curve that is close to the critical depth has to be
smaller then elsewhere. It is advisable to use a variable step

size during the computations.

Comments on the chosen methods

Besides the two methods described here, there are some
other methods that can be applied to solve the equation.
Accuracy and stability conditions differ for each method.
Implicit methods can be used to prevent instability in case of
large step size (Crank-Nicholson).

When the flow is non-steady then time dependent
equations have to be used. The basic equations of the water
movement can be solved numerically with an explicit or
implicit method. Application of methods in non-steady flow can

be found in the literature.

3.3. 5 Hydraulic jump computation

A hydraulic jump occurs when a supercritical flow meets
a subcritical flow. The supercritical flow jumps up to meet
its alternate (downstream subcritical) depth. A precise
mathematical model to describe this phenomenon has not yet
been determined. Many empirical formulas, however, have been

developed to compute for instance the location of the jump and



=36~

the energy losses.

In general one can distinguish between jumps in
horizontal and jumps in sloping channels. The approach of the
jump computations is partially different for both kinds of
jumps, as is explained later in this chapter. Adverse bottom
slopes, however, are not discussed because of their rare

appearance and the lack of experimental data on these jumps.

In appendix (2) a classification is given of hydraulic
jumps on a horizontal bottom. Classification of the jumps is

important for surveyability and distinction of various possi-

ble jumps.

Sequent depths in a horizontal channel

The water level upstream of the Jjump is called the
initial level y, and the one downstream of it is called the
sequent depth y,, In a rectangular channel with a horizontal

bed the sequent depth follows from the solution of the

momentum equation (Chow, 1959):

Y2 -.% [JT+8Fr7 - 1] (3.3.19)

¥a

It must be emphasized that y,- is the result of the
downstream control; i.e., if the downstream control produces

the depth y, then a jump forms.
Length of the jump in a horizontal channel

The length of the jump (L” is an important parameter in
the computation method. This length may be defined as the
distance measured from the front face of the jump to a point
on the surface immediately downstream from the roller. It

cannot be determined easily by theory but the results of

T T I T T T T
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several experimental investigations have yielded that :
L/y, = £(Fry) (Chow, 1959, p398).

Sequent depths and length of the jump on a sloping floor

Relating to constructions in mountain rivers it is im-
portant to consider hydraulic jumps in horizontal channels as

well as in sloping channels.

In the analysis of hydraulic jumps in sloping channels,
it is essential to consider the weight of the water enclosed
in the jump (influence of the gravity component). In horizon-
tal channels the effect of this weight is negligible. Thus,
the momentum equations for jumps on a horizontal bed cannot be
applied straightforwardly to jumps on a sloping bed. However,
the momentum principle can be used to derive an equation
analogous to eq. (3.3.19). This derived equation contains an
empirical function that has to be determined experimentally.
Based on a laboratory study by the U.S. Bureau of Reclamation
(1955), the following sequent depth variation can be noted:

Yt w0.42 + 0.58exp(4.71,) (3. 3. 20)

Y,

sequent depth (tailwater depth)
= equivalent sequent depth in a horizontal floor

In which vy,

o
1

jump (corresponding to y, in eq. (3.3.19) )

It appears that the sloping-bed jump requires more
tailwater depth y, than the corresponding horizontal-bed jump.
Further, the results are not valid for negative bottomslopes,

as it was stated already in the begin of this section.

The length of the jump L; on a sloping bed is longer than
the corresponding L, of a jump on a horizontal bed. Similarly

T T T T N ———
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to the horizontal bed, the relative length of the jump Iﬂﬁﬁ
may also be shown as a function of Fr; and 1ib and represented
by curves based on experimental data of the Bureau of
Reclamation USBR (Ven Te Chow, 1959, p428). Elevatorski’s
(1959) analysis of the USBR data indicates that the Jjump

length can be expressed as (Subramanya, 1982):

L, = ms'(yt-yl) (3. 3..21)

6.9
5.42 sinh(tan{) +1

in which mg ~

¢ = angle of the bottom slope in degrees

Eq. (3.3.21) is based on a wide range of values for Fr,.

Location of the jump on a sloping floor

The location of the hydraulic jump can now be estimated
using the upstream and downstream surface profiles, the se-
quent depths belonging to the supercritical profile equation
(3.3.20) and the length of the jump eq. (3. 3.21). Theoretically
speaking the jump occurs where the sequent depth curve (col-
lective curve of depths y, conjugate to the corresponding
depths y, of the supercritical surface profile), intersects
with +the subcritical surface profile (downstream). This
theoretical condition is generally used to locate the position

of the jump on extensive longitudinal profiles.

For a closer estimation of the location of the jump, the
length of the jump has to be considered also. The procedure
for locating the Jjump is described in appendix (2). This
procedure gives direct determination of the end points of a
jump and the method is general and can therefore be applied in

a wide variety of jump situations.
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3.4 Unsteady flow with low sediment concentrations

3.4. 1 Basic Equations

When the discharge varies in time the flow is called
unsteady. When the sediment transport is assumed to be rela-
tively small (s/q « 1), then the influence of concentration on
the equations of motion and continuity can be neglected with

respect to the discharge (¢=0).

The variations of sediment storage in equation (3.3) are
now only dependent on the rate of accumulated bed-load

material along the river axis (see appendix (1)).

The basic equations (3.1) to (3.3) can be rewritten as

du du da oz _ _ gu?
9t " Yox T98x T 9ax C3a (3.5)

da ou da

it — Rl ~ Al (3.6)

oz ds

s e (%: T)
In which s, = agau - £(u) (3.8)

(Assumed is that cos({) ~ 0 and sin({) ~ i, )

The properties of this system of equations are inves-
tigated by many authors (e.g. Jansen 1979, de Vries 1959).
Comparing their analysis with the analysis of the equations
for sediment-laden flow (sections 3.6 and 3.7) enables us to
come to certain conclusions on the influence of sediment
concentrations on the river flow. For this objective the

i bt
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characteristic celerities of the system are treated in the

following subsection.

3.4. 2 Characteristic celerities

Because of the close relationship between physical and
mathematical properties, the method of characteristics is a
basic concept and tool in analyzing the complex system of
basic equations. With this method it is possible to draw
pertinent and easily understandable physical interpretations

from the mathematical expressions.

In this section the charcteristic celerities of small
disturbances are treated as a tool for determination of the
rapidity of changes in the flow and morphology, and for
imposing the boundary conditions.

In appendix (1) the general matrix approach is used to
derive celerities. The same approach yields for the basic
equations (3.5) to (3.8) (see Jansen 1979 and de Vries 1959)
that the three celerities, defined as ¢ = dx/dt, follow from
the cubic equation

- 3 + 2uc? + (ga-u?+gf,)c - ugf, = 0
¢ . (3.9)

in which fu"%%

Inserting dimensionless parameters 9, Fr, ¥ in this equation

yields
@’ - 2¢? + (1L-Fr2-yFr2)¢@ + yFr2 =0
(3.10)
in which ¢ = c¢/u = relative celerity
Fr = u/{ga)ss = Froude Number
y = f£f,/a = dimensionless transport parameter

The general goniometrical solution of this cubic equation

—
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gives for the real celerities

2 a, 2
Y, = —Vvgq COS(——) e~ (3.11)
J3 3 3
2 n-a, 2 '
P, - - ——VJq cos( ] + = (3.12)
J3 3 3
+a
@5 = - —\/23_@ cos(’r3 "]+% (3.13)

in which g = _% + Fr-2 + yFr-2

re=- 2 4 2pr2._ inr-i
27 3 3
3\3/2 r
«, = arccos|(—= =
v =2 [(CI) 2

In the following sections these celerities will be used to
consider the influence of the concentration terms in the basic

equations ,e.g. on the momentum and mass balance.

3.5 Unsteady flow large sediment concentrations: first
approach
3. 5.1 Basic equations

The flow is called unsteady when the discharge varies in
time. The general basic equations for the mountain river flow
(section 3.2) can be rewritten if the concentration rate of
the flow is due to high sediment transport. For the derivation
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of the new basic equations the concentration of sediment in
the flow is predicted with a sediment transport formula which
relates the transport to the local hydraulic conditions. The
adaptation of the sediment transport, which applies to the

suspended transport, is not included.

The derivation of the equations is described in appendix

(1). The basic equations for unsteady flow with high transport

rates are:

du . R u,_,y]0u 9z),
e u{1+-2—Fr v.cos ({) ( sf“ 1) Ep + gcos ({) Er +
(3.14)
1 da gu? ;
aasi i JE00 - -0
+ gcos () [1 = c] 3 + Czacos(() gsin({)
ad (47 _g)]0u f,)ou , uoa
E(uf” S)]ac“‘{l*“‘"‘ }6x+ a2 ot
(3.15)
u?da _,
a ox
oz a| uf,~s|du ou
BE g B 502 U . .16
ot | Tau ot +f”ax 2 (3 )
In which £, = 95 .na s = f(u)
du
g s B anld Y w BB
Jga ua+ads
3, 5.2 Characteristic celerities

Corresponding to the analysis given in section 3.4 the
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characteristic celerities of the system are derived for this
type of flow equations and compared with the celerities of the
flow with low sediment concentrations (from section 3.5.2). In
appendix (1) the cubic equation is derived that describes the

celerities:

a a
c3 + [-uRﬂ-i- g—ucos(ﬂRc—u+ gr—uR,,J.'%C.]c2 + (3.17)
+ [u?R, - ga (RpRz+cos ({) Rg) —gcos ({) £,]c + guf,cos({) = 0
In which

R, =1 + %Fr'zvc(-g-fu—l) cos (¢)

v
Ry = cos(()[l = ?“']

(Rg=1)
(Rp=1)
uf,-s
R - u
¢ ua
alds
v
e ua+aAs

In appendix (1) it is also shown (graphically) that for
certain flow velocities (or Froude Numbers) the celerities can
differ from those for equations without the influence of
concentration. Therefore the sediment transport has Dbeen

predicted using the Engelund Hanssen Formula or the Meyer
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Peter Muller formula. For small Froude numbers the celerities
agree reasonably with these celerities for the low sediment

concentration equations (section 3.5.2).

In the following section a second approach of the ap-
proximation of sediment concentrations in the basic equatidns
is considered. Therefore the suspended load is seperated from

the total sediment load.

3.6 Unsteady flow with large sediment concentrations: second

approach
3.6.1 Basic equations

Comparably to the derivation of basic equations for flow
with large concentrations in the previous section, the
concentration of sediment is determined by the sediment
transport rate. The following assumptions apply:

- The influence of sediment on the water movement is sup-
posed to be dependent on the concentration of suspended
load only. This assumption holds for the fact that
bedload transport in volcano rivers is small compared to
the suspended load transport, and therefore does not
appreciably contribute to the concentration distribution
averaged over the vertical.

- The adaptation of the suspended load concentration
distribution (over the vertical) to the local hydraulic
conditions is described with an additional  Dbasic
equation for the depth-integrated suspended load
concentration (Galapatti,1983). Only the adaptation of
the concentration can cause the degradation processes
downstream of a sediment detention dam and is therefore
important in the volcano river model.

- The van Rijn sediment tranport formulas (for bedload and

[

—
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suspended load,van Rijn 1984) are applied for the model.
This choice is based on the fact that appreciable
results can be achieved for high velocity flow and fine
sediment (van Rijn, 1986) compared to the methods of

Engelund Hansen, Meyer Peter Muller and others.

The derivation of the equations is briefly described in appen-

dix (1). The following system of basic equations is derived:

Bu y u 8 goos(e) 88 + Lrgeos(s) 85 4

+ gcos ({) i;f - gsin({) + g:;cos(¢) -0 e
_giz+u%+a%+}i’1(%+u%? = G (3.19)
a%Z 4+ ar, 30 . %(a_;'tg v ullE) -0 (3. 20)
Ta% +La% + Cs - Cse =0 (3.21)

In which Cs

and

Concentration of suspended material
(ad)/(1+4cCs)
s,/ua (s;=suspended load rate from van Rijn)

R,
Cse

equilibrium concentration (capacity)
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o w,/u,
fo1+2(w,/u,)?

T - expl (4.287-22.4530) %+ (24.827U-6.412) x2 +
+(3.2U-1.568)x, ]

These coefficients have been derived for the van Rijn (1987)
diffusion coefficient and the van Rijn (1987) transport
formula (see appendix 1). In the following subsection the
characteristic celerities of the system are determined to

investigate the properties of the equations.

3.6.2 Characteristic celerities

In appendix (1) the characteristic celerities for the
system are determined, as a tool for determination of the
rapidity of changes in the flow and morphology and for im-
posing the boundary conditions. The quartic equation that
represents the four celerities of the system is (for L, =uT,):

c4 - 3uc? + [3u2-gfucos(() —gacos(()]cz + 5. 22)

+ [29ufucos(() +gaucos (¢) -u’lc - gu?f,cos({) =0

which can be rewritten as

|l —
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(c—u)(c3—-2uc2-+[uz-gacos(()—gf}cos(()y:+ guf,cos({)) -0

If the celerities are compared with the celerities for
flow with low sediment concentrations (section 3.5.2) then the
following conclusions can be drawn (if bed slopes are
negligible cos ({)~1):

- The celerities for water movement and bed levels are
equal for both systems.

- The celerity originating from the concentration of sus-
pended load is equal to ratio of the adaptation length
to the adaptation time, which is approximately equal to
the flow velocity. This can be explained considering
that the depth integrated suspended sediment equation
can be rewritten as the derative of Cs moving with a
velocity u in x-direction:

DCs _ Cse-Cs
Dt 1

This equals the equation for the characteristic
celerity.

- All celerities except that of the bed 1levels are
positive in x-direction. The boundary conditions have to
be imposed at the upstream boundary. However, the bed-
level boundary has to be taken at the downstream end of
the channel section. Boundary conditions are discussed
in section 4. 2. 3.

- The model appeared to be well applicable for mountain
river flow (if the assumptions in section 3.2 apply). A
numerical model for the solution of the basic equations

is described in chapter 4,

3.7 Discussion and conclusions

Three basic equations have been derived for steep
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rivers. The density of the sediment/water mixture p, represents
the influence of the sediment transport on the flow and the
morphology. For reasons of flow instability, the bed slopes
have been assumed to be smaller than 10% and have been

neglected in the final reduced equations.

The three general basic equations have been reduced for
different assumptions. The "gradually varied flow" equations
are derived for steady non-uniform flow on a fixed bed without
sediment transport. The application of this model is very
1imited in natural rivers, but it gives a good insight into

the properties of the flow for various situations.

If the sediment concentration (represented by the
density of the water/sediment mixture p ) is neglected in the
basic equations, then a system of equations remains as

described in section 3. 4.

Finally the equations have been reduced including the
concentration of transported sediment. Firstly, the
concentration has been expressed by a sediment transport
formula, and secondly by the concentration of suspended load

including the adaptation of the sediment to the flow.

The celerities of the first set of equations were
determined using the Engelund Hansen (EH) and the Meyer Peter
Miller (MPM) transport formula. However, the possibility of
extrapolating the EH-formula to the large flow velocities is
doubtful, and the MPM-formula only describes bed-load

transport.

The celerities for the second method, which includes
the adaptation of the concentration of suspended sediment,
agreed with those originating from the basic equations for the
flow without the influence of sediment concentration. This
phenomenon does not imply , Thowever, that the sediment

concentration is negligible. The influence of the

S—
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concentration follows from the applications in section 4. 3.
The fourth equation that describes the adjustment process of
the concentration caused an additional celerity equal to the
ratio of adaptation length to adaptation time, which is
approximately equal to the flow velocity.
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Chapter 4

Numerical modelling of the mountain river flow

4.1 Computer model for gradually varied flow: STUWK.

The solution of the gradually varied flow equations
(steady flow on a fixed bed, possibly with a hydraulic jump)
as described in section 3.3 (and appendix 2) is incorporated
in a computer model called STUWK. Since the application of the
model is restricted to prismatic channels with constant rough-
ness and bed slope the results of STUWK primarily have an
instructive character to increase the understanding in the
variations of flow caused by disturbances in the river. The
occurrence of backwater curves on a moving bed is generally
accompanied by erosion or sedimentation (equation 3.7). Hence,

insight in the flow variations also indicates the variation of

bed levels.

A description of the program and some applications are
presented in appendix 2. The method of computation can be
chosen by the user. For any given input (bed slope, Chezy
value, discharge) the surface profiles are then determined. If
the upstream boundary implies supercritical flow and the

downstream boundary subcritical flow then a hydraulic jump is

computed.

The results are presented on the screen both numerically
and graphically. The program also includes analytical solution
of the basic equations for reasons of verification of the

numerical wvalues.

T
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4, 2 Model for unsteady flow with a high suspended load rate,
SABOFLOW

4,2.1 Formation of algebraic equations using the Preiss-
mann implicit scheme

The system of basic equations is given in section
(3.7.1). The equation for motion (3.18), for continuity of
mass (3.19), for continuity of sediment volume (3.20) and for
the depth integrated suspended load concentration (3.21), are
rewritten into algebraic equations which can be solved nume-

rically. Therefore the variables and their deratives are

discretized by a difference scheme.

Finite difference method

An implicit finite difference method is chosen to over-
come the limitations imposed on A4t in using the explicit
scheme. All the explicit schemes are restricted in com-

putational timestep by the Courant condition (CFL-Con-

dition, Courant 1928)

— <1
& Ax

where ¢ is the maximum celerity of the system, and since
Crax=0(u) for large Froude Numbers (see section 3.6.2) the CFL-
condition yields: At,, =0(4dx/u). The stepsize for implicit
methods is mainly dependent on the required accuracy. For
acceptable results Stelling (1990) recommends a Courant Con-

dition of

CJQE < 10

Ax

e
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The Preissmann (SOGREAH) implicit method (Preissmann,

1961) has been chosen because it is simple in its basic com-

putational grid-point structure. Other implicit schemes for
open channels exist but their applicability for this model has

not been evaluated.

Formation of algebraic equations

Figure (4.1) and equations (4.1) to (4.3) show the actual

discretization of dependent variables and their deratives in a

centerpoint, according to Preissmann (1961):

Lax L Ax
2 2
< > |« > ﬂl'"l —
T (1-0)4t
* Y U W
OAt
By e
J F+1
figure 4.1 Preissmann box-scheme
[V} e+l e+l 1-6 t ¢
f(x,t) = E[f;’+1 + £ + _(_2_)_[f;’+1+f;’] . 11
of 6 ng+l ne+l (1-6) ng ng
x ‘E[fi’*l -£57] + Ax [ff*i"ff (4.2)
+1 t ctl 3
of _ Ly —frarfyt - i (4.3)
ot 24t

where O is a time weighting coefficient (0.5<0¢<1).

the

variables and their deratives in eq. (3.18) to (3.21) by the
(box-scheme)

The algebraic egquations arxe formed by replacing

Preissmann finite differences. For each segment

now four finite difference equations can be written. In a

S R T
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channel reach with n  segments, a system of 4*n, equations is
formed (with 4(nx+1) unknown variables). In the following

section three numerical methods are described to solve the

system of equations.

Remark For all methods the flow is assumed to be super-
critical. The transition of the supercritical flow
to subcritical flow (hydraulic jump) could not be
incorporated. For unsteady flow the location of
the jump is variable but cannot be decoupled from
the bedlevels near the jump which beforehand can-
not be described by any mathematical relation. For
the numerical computation of the morphology of the
subcritical flow section as well as the super-
critical section, bed levels have to be known at
the location of the Jjump. These values cannot

beforehand be determined.

4:2.2 Summary of numerical methods

In this section three methods are described that are
examined on their applicability for the model as derived.
First the Newton iteration method is described which is ge-
nerally used to solve systems of non-linear equations. The
second method decouples the flow and sediment concentration
from the bed levels. An iteration process is developed that
first computes the depth, velocity and concentration which can
be used to compute the bed levels (explicit). The flow para-
meters can be corrected for the new bed levels etc. etec.. A
third method applies to the basic equations after partially
linearizing them on the lower (known) time level. The linear
system represented as a matrix can be solved using the Gauss

elimination method.

Tt
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Newton’ s iteration method

The Newton iteration method or Modified Newton Raphson
method is treated in appendix (3). The four equations are
expressed in their non-linear form for all space steps with
known values at the current time level and unknowns at the
advanced time level. Together with boundary conditions this
gives 4-(n.+1) non-linear equations. The Newton’'s method
incorporates an iteration (which includes a Gauss elimination

for solving a matrix) until the condition of convergence is

reached.

Evaluation

To incorporate the procedure as described in appendix
(3), it is necessary to deduce the Jacobian matrix for the
Preissmann representation of the equations. Especially the
differentials of the chosen Van Rijn transport formula appear

to be very extensive and highly non-linear.

Dependent on the number of x steps, the number of com-
putations to determine the Jacobian and to solve the matrix
increases substantially. With that also the computation time
becomes long, since the process mainly depends on the rapidity
of convergence of the iteration. After trial the following

conclusions can be given:

The stability of the computations cannot be guaranteed
for any specific step size. The choice of starting val-
ues, the condition for the iteration to end, and the
errors in boundary and initial conditions cannot be
properly imposed or predicted.

= The method as described requires a large number of com-
putational operations. If a certain ratio R, is defined

as
computation time for one timestep dt

physical timestep dt

e T g
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then R, appeared to be much bigger for this method than
for less accurate but more simple computation methods

described in the following.

Predictor-corrector iteration method

This method is treated in appendix (3) as an alternative
for the solution of the mountain river flow equations. This
method contains the computation process where the water depth,
velocity and concentration (at the advanced time level) are
determined for bed levels at the current time level. Next the
bed levels at the advanced time level are determined using the
flow parameters from the preceding step in an explicit re-

presentation of equation (3. 20).
After trials the following conclusions can be given:

- For small time/space steps (e.g. 5 s and 1 m) and small
riversections (e.g. 50 m) the computations appeared to
be converging. However, for more realistic applications
(volcanic rivers) the process became instable. Growing
fluctuations of bedlevel and flow occurred and the com-
putations did not converge.

- The gain of computation time compared to the Newton
iteration method was small, because the small steps that
are required for stability caused a large number of

computations.

Matrix solution method for 1linearized equations with
predictor for flow variables

This method turned out to be the most successful in
solving the basic equations. The full method is outlined in

appendix (3). Summarizing:

T T e
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The basic equations are discretized according to Preiss-
mann. All components are linearized by taking them at
the current time level (t=t;) and by using the predictor
method. Only the deratives then include unknown values
at the advanced time level (t=to+dt).

The velocities, depths and concentrations in the linear-
ized components are first estimated on the advanced time
level as the solution of unsteady flow equations on a
fixed bed with low sediment transport. Concentration C;
is equal to C,,. These new values are used to predict the
corresponding variables in the linearized components.

The sediment concentration equation (3.21) can be solved
independently of the unknown a,u,z values. Computing
from the upstream boundary stepwise in downstream direc-
tion, since the celerity of concentration is positive
for the assumption of supercritical flow (section
3. B2 '

The three remaining equations (concentrations sub-
stituted) for each Dbox (dt*dx) form a system of 3'n,
which can be presented, after substitution of boundary
conditions (section 4.2.3) as a banded matrix (bandwidth
9). This matrix 1is solved using the Gauss elimination
method (LU decomposition method) for which the matrix is
first transformed for the positive x-direction and then

solved in the opposite direction (double sweep method).

Conclusions regarding this method are:

This method appeared to be stable for about dx<100m and
about dt<100s (dependent on the magnitude of the varia-
tions in flow and bed over a space/time—step). For lar-
ger steps the linearization of coefficients does not
hold. Besides,an additional error is generated from the
decrease of numerical accuracy for larger steps for the
implicit schemes. A precise condition for the maximum
step sizes can only be determined by trial and error.

Numerical oscillations (e.g. near wave fronts) must

T ——
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decrease in time.

- The ratio R, (see Newton’s method) is smaller than that
of the other methods described in this section (e.g.

Rﬁ%)

For reasons of stability and computation time this method is
chosen for modelling the mountain river flow (computer model
SABOFLOW sect. 4.2.4). However, it might still be possible to
develop even better solution methods, similar to the present

method with linearized equations.

4,2,3 Boundary conditions and initial condition

For solution of the morphological model four boundary
conditions and one initial condition (t=0) are required. In

this section the conditions are described as they are used in

the model.

Boundary conditions

From section 3.6.2 it followed that for supercritical
flow the characteristic celerities of the velocity u, depth a,
and concentration Cs are positive (in x-direction) and nega-
tive for the bed level z. This implies that a,u,Cs (or g=u-a)
can only be influenced by changes upstream sO that the boun-
dary conditions for these variables have to be imposed at the

upstream boundary:
x=0: a,q,Cs values for t=0 to t,,
If any sediment detention dam is located at x=0 then Cs < Cse.

For similar reasons the bed level condition has to be imposed

at the downstream boundary:

x=x: z values for t=0 to t,,
This bed level is again dependent on unknown downstream con-
ditions. Therefore the bedlevel is assumed to be fixed, e.g.

e
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at a dam where the boundary is the crest of the dam.
To prevent the generation of a hydraulic jump upstream of the
structure, the bed upstream of the structure must nearly be

filled up and it must have a slope larger than critical.

Initial condition i

The solution of the Preissmann algebraic equations for
the first time step (t=dt) requires all values of a,u,Cs,z at
the initial time level (t=0). For many volcanic rivers in
tropical areas, practically, this condition is a dry bed with
zero discharge. However, this zero initial condition causes
infiltration during the first period of the flood. This in-
filtration has not been included in the basic equations, hence
it cannot be incorporated in the model (cf. Schropp and Fon-
tijn, 1989). To avoid this problem a small discharge is assum-

ed so that the computations can start.

Although the initial values can be determined from the
O-h relations along the river axis or from measurements, it
appeared more convenient and appropriate to determine these
values from the boundary conditions and the bottom levels at
t=0 by a single sweep computation for usteady flow over a
fixed bed. This applies to the almost equilibrium situation
which éxists for a small steady discharge during a short
timestep. The concentration of suspended load is then equal to
the transport capacity which can be determined with the Van

Rijn sediment transport formula.

The equations and the solution for the computation of

the initial condition are described in appendix (3).
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4. 2. 4 Computer program SABOFLOW

In section 4.2.2 the numerical method to solve the
equations for mountain flow with high suspended load transport
is considered. The computer program that is developed to
predict the flow and morphology is called " SABOFLOW"

First the structure of the program is described. Second-
ly the limitations, imposed for reasons of simplicity, are

considered.

Execution of the computations proceeds as follows:

- SABOFLOW creates an input file of data inserted by the
user. For that file the computations are executed, dur-
ing which the results are written to an output file.
Computations are terminated if the Froude number becomes
one or less.

= SABOPLOT is the supporting program that processes the
results from the output file and plots them on the
screen. Bedlevels are plotted for a reference level de-
fined by a straight line from z[0,0] to z[n,60] at the
time level t=0 (initial bed reference).

In appendix 3 the flow charts for both programs are given.

The programs are composed of several units that can be
overlaid for more efficient use of the memory available (units
are not loaded into the memory unless they are needed).

The programming language is Turbo Pascal and if avail-

able an extended memory and a coprocessor are used.

For reasons of simplicity the program is limited in its
applicability and in the size of the computations. The main
limitations are:
= The program can only be used for mountain river problems

for which the assumptions, on which the model is based,

apply ( e.g. supercritical flow without a hydraulic jump).
- The downstream bed level is assumed to be fixed (e.gq.
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the crest of a dam).

- The maximum number of spac
(time and space) are determined by the

(section 4.2.2). Space steps smaller

e steps is two hundred.

- The step sizes

numerical method
than 50 m and time steps smaller than 50 s give apprec-

iable results.
The model does not include varying space steps.

Applications of the computer model are described in

section 4.3. These applications give an impression of the

problems that can be solved using the model and the differen-

ces of the solutions for flow with and without influence of

suspended load concentration as applied in SABOFLOW.

4.3 Applications of the model for mountain river flow

The computer program SABOFLOW is applied to compute

several cases. Some of them are described in appendix 3.

Conclusions regarding these cases are discussed in this sec-

ally the computations of the morphology for the Kali

tion. Fin
a river on the slopes of the Kelud

Thermas Lama is described,

volcano in Indonesia.

General applications
The application of the program to some general cases is de-

scribed in appendix 3.
of the physical properties of the model.

These computations give an impression

Occurs if the depth is equal to
flow profiles) and the con-

e capacity Cse (following from

Steady flow is assumed.

- Equilibrium situation:
the normal depth (no
centration is equal to th
the Van Rijn transport formula).

- Flow over a small shoal: If again the same conditions as
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for the equilibrium situation are applied, then the
shoal appears to move in upstream direction (both for
flow with and without the influence of sediment con-
centration and for both cases with the same velocity).
This phenomenon agrees with the negative celerity of the
bed disturbances as found in section 3.6.2. The local
increase of the bed level is accompanied with a local
increase of water depth and a local decrease of flow
velocity and sediment concentration. The height of the
shoal appeared to be increasing in time and downstream
of the shoal a scour hole occurred. However, for flow
without influence of concentration (section 3.4) the
height decreased and sedimentation occurred downstream.
The increase of height and the scour is caused by the
adaption of the suspended concentration to the flow
variations. At the upstream face of the shoal sedimen-
tation occurs which continues after the velocity in-
creases over the top of the shoal (erosion), until the
concentration has been adapted to that new condition.
The mimimum of the phase of the concentration variations
is located downstream of the top of the shoal (shifted
phases). The gradient of the concentration at the top of
the shoal ,causes net sedimentation. A similar process
holds for the lower eroding face of the shoal. Erosion

continues downstream until the concentration has been

adapted.

Flow over a small trench: If a similar computation as
for the small shoal is executed for the trench, then
comparable results are found (celerity upstream, in-
creasing depth of the trench during the process, dimin-
ished water depth, increased flow velocity, and sedimen-
tation downstream). This process is also due to the

adaptation of suspended load concentration to the flow

conditions.

Following from these cases it appeared that the con-

S Trr——
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centration of suspended material does not affect the celeri-
ties (cf. section 3.6.1), but it appears to influence the
adaptation of the erosion and sedimentation processes to the

flow conditions.
Kali Thermas Lama in Indonesia

To test the program in its final stage a test-case has
been chosen for a mountain river on the slopes of the Mount
Kelud in East-Java before its eruption in February 1990.

1731m

\§
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Kall Badak li

Kali Thermas Lama

Kali Branlas

fig., 4.2 Kali Badak/Kali Thermas Lama
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The upstream part of this river is called the Kali
Badak. About 20 km downstream there is a bifurcation. Because
of the Sumbersari dam (a consolidation dam to induce deposi-
tion of excessive sediment) at that point, there is no in-
fluence of both river branches on the Kali Badak upstream of
this dam and these branches cannot influence each other. For
that reason it is possible to consider the left riverbranch
only: the Kali Thermas Lama. About 20 km more downstream this
river flows into the Kali Brantas. The Kali Badak and Thermas
Lama are dry during ten months per year. Because the slopes of
the Kelud cosists of fine loose volcanic material, some sabo-
works have been built in the rivers to protect the downstream
overpopulated areas against sediment disasters (lahar flow and
inundation of accumulated river sections). The sabo-works in

the test-case river are e.g. checkdams, groundsills, and

river-bank revetments (see chapter 2).

Problems in the Kali Badak and Thermas Lama occurred
when the first checkdams were built upstream. Increased ero-
sion of the downstream riverbed near the dam and accumulation
in the downstream reaches were the results of the disturbed
equilibrium in the river. Also later built dams did not solve
the problems. The higher reach of the Kali Thermas Lama near
the bridge for the road to Kediri became clogged up with re-
latively fine sediment. The riverbed level had reached the
level of the surrounding fields. A river like that is usually
called a ceiling river. This part of the river has to be

excavated before the annual floods.

The computations have been executed for the river part
between upstream the Karanggondang bridge and downstream the
Tawangrejo bridge. The propagation of material accumulated
near the downstream boundary, in upstream direction is inves-
tigated to explain the severe sedimentation near the Karang-
gondang bridge and the upstream river section. Further the

degradation downstream of the Sumbersari dam is considered.

R 8 N R R R T T SR s Sam—
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The data available on the Kali Thermas Lama in the main

research centre were very limited. Available data were:

- Bottom levels of the whole river bed in 1985 and 1987

from the "Proyek Penanggulangan Bercana Alam Akibat

Letusan Gunung Kelud").

Kali Thermas Lama
Indonesia B’;’}S;;“’
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fig. 4.3 Bed levels Kali Thermas Lama 1987

- Grain size distribution of the bed material of the Kali

Thermas DLama near the Karanggondang bridge following

from a seaving analysis for six samples dried at 20° C.

dg = 165 pm
dys = 239 pnm
dy, = 302 pm
dgy = 555 pm
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dyy = 664 pm
and d = 367 pm with o, = 52 pm
dg = 302 pm with g, = 56 pm
These grainsizes show that the bed material is fine sand
and therefore the sediment transport is expected to be
high. '
- Density of the bed material of the Kali Thermas Lama
near the Karanggondang bridge was determined for twelve
samples using a pyknometer.
p, = 2907 kg/m?
with a standard deviation o,= 170 kg /m?
- Average width of the rivers: about 30 m
- Data on representative discharges during a maximum flood
(banjir) for the Kali Thermas Lama (q,,, = 4.2 mz/s)
- The Chezy roughness coefficient in the river is assumed
to be approximately 50 nﬁ/s (including head losses in the

bends).

First the bed level variation has been computed, down-
stream of the Karanggondang bridge, during a schematized flood
wave. The main objective was to investigate the river-bed
stabilization if a downstream elavation is imposed. The
computation is presented in appendix 3. The results show that
the elavation propagates in upstream direction and that in a
short time period (several hours) the bed level at the up-

stream boundary is raised already.

The conclusion from this computation is that the the
severe accumulation of sediment near the Karanggondang bridge
is mainly caused by the downstream raise of the bed level.
This raise starts where the flow jumps to subcritical flow.
The hydraulic jump is probably located approximately 1300 or
1400 m downstream near the Ringinanam bridge (flow obstruction
by the bridge) or several kilometers more downstream (slope

becomes less than critical).
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A second case is considered which describes the degra-
dation of the river bed in the most upstream part of the Kali
Thermas Lama (downstream of the Sumbersari dam). The Sumber-
sari dam is an approximately 3 meter high consolidation dam.
Upstream sediment is detained so that the concentration at the
boundary is less than equilibrium. Local scour is not included
in the model. The water depth is assumed to be equal to the
normal depth. The computations (appendix 3) show that for a
short time period appreciable degradation occurs. The degra-
dation of the bed will continue until the equilibrium con-

centration satisfies the sediment supply.

RIS R
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Chapter 5

Conclusions, discussion and recommendations

A one dimensional model has been developed that can be
applied for various cases of degradation and sedimentation in
volcanic rivers. The influence of the sediment transport on
the flow is expressed in terms of the suspended load. An
important limitation is that a hydraulic jump cannot be in-
cluded in the computations. Therefore sedimentation upstream
of a sabo dam or at a mildly sloping channel section, cannot

be predicted using the model.

The following conclusions have been drawn from this study:

e The upstream propagation of small bed disturbances agrees
with the negative characteristic celerity of the equa-
tions. The influence of the suspended load concentration
appears in the growth of bed irregulerities. This is
caused by the redistribution process of the concentration
in case of net erosion or sedimentation.

- Degradation occurs from the upstream boundary, expanding
downstream 1f suspended sediment 1is detained at the
boundary (cf. check dam).

- Numerical computations and analysis of the characteris-
tics show a fast progress of the erosion and sedimen-
tation processes, and a fast propagation of flow al-
terations. Hence, accurate numerical computations require
small space and time steps.

- In spite of the schematic character of the model, the
trend of the results agrees with observations in the Kali
Badak and Kali Thermas Lama in Indonesia. Therefore the
main objective of this study (develop a mathematical
model for volcanic river flow) has been reached satis-

factorily.
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A more complete model for volcano rivers requires to
include the hydraulic jump. Therefore more study is necessary
to a moving jump on a moving bed.

Also local scour downstream of a sabo dam needs to be
considered if a model is applied to determine the foundation

depth of such a dam (bed level lowering by degradation and

scour).
Further topics of investigation in future studies can be:

* Stability and accuracy of the numerical method or
development of alternative methods.

¥ vVariable cross sections and flood plains (bank ero-
sion).

% Non-uniform bed material (grain sorting).

¥ Energy losses in bends.

% Suspended sediment concentration near a structure

and sediment transport formulas.
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Main symbols
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depth of water

critical depth

normal depth
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characteristic celerity
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equilibrium concentration
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space step

initial depth (hydraulic jump)
sequent depth horizontal bottom
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bed level (general)

bed level

water level

porosity factor

relative density
sediment-diffusion coefficient
angle of river bed
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Appendix 1

Basic derivations

The procedure of the derivation of the basic equations is
described in section 3.2. Three equations are derived to
describe the mountain river flow and its morphology. First the

equation of motion is treated, next the continuity equations.

A control volume is defined which is one unit of width in
the horizontal direction normal to the flow, and the position
x is at the upstream side of the element. The volume is of

finite height a. The dimension in the x-direction, dx, will be

taken to zero.
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fig. 1 control volume and variables
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L. Equation of motion

Conservation of momentum states:
The net rate of momentum entering the element + the sum

of the forces acting on the element = the rate of ac-

cumulation of momentum.

* Rate of momentum
The rate of flow of momentum in a fluid is the product of the

flux and the velocity. Hence

time=t

Momentum flux entering: p,u’a

dp u?a
Momentum flux leaving : pju’a + —f%%?—-dx
dp ua
yields net momentum flux entering: - —1%%?——dx
time=t+dt
dp ,ula

Momentum flux entering: p,u’a +-——§E——dt

a 2
pmuza + —p—gii—a'dx +
Momentum flux leaving : 3 " 3 4
d P pu-a Ppu-a
+igg g REE & ——gp —8F
a 2 2
Net momentum entering: = -p—g;—adx - ﬁa't_ (_(23;1_&_) dxdt

Averaging the net momentum flux over the time interval dt

yields




dp ,ula

dp y,ula
ox

1 d

The accumulation of the momentum in the control volume during

the time interval dt is

Three types of forces are considered: gravity, pressure
and frictional resistance. All of these must be resolved in
the x-direction.

* Force due to gravity (weight component along the channel)
time=t - Net weight of water/sediment control volume

G, = = gsin({)dx|2p,a+ 9 n@ dx] .

0x
i 1 0ppa

time=t+dt - Net weight of control volume

1 apmadx_'_ii(apma
2 0t

; op 2
Gcﬂ;ﬂ: = gSln(() dx[ﬂma + E P 3% ]dth + P m dt

at

Averaging the net weight of the control volume over the time

interval dt gives

= _ 1 0p,a 1 9 (9py2
G g‘s:Ln((')dx[pma+-E B dx-+-z-§E( T )dxdt+
5 (III)
1 op,a
§o e 5 dt]

* Force due to pressure differences

The pressure at a depth =z gives:

p(z) = -p,gcos({) (z,-2)




The pressure force on a vertical

ZW
water of depth a is Fb-fbdz
Zp

in which z, is the water level and z, is the bed level.

time=t Net pressure force on the control volume is

Zy
d

FPE o f—a%dxdz
Zp

time=t+dt Net pressure force on the control volume is

ZW
- _([2r 9 (9p
Frcvar ”axdx + at(ax)dxdt]dz
Zp

Averaging the net pressure force over the time interval

yields
ZW
F - —f[g%dx + %%(%)dxdt]dz
Zp
or

.1 29Pn gy _ 9z,
2gcos(c')a axdx gcos ({) ppa ade+

Zy
- [ [%.;’_t(.g%)dxdt]dz (IV)

ol

Zp

* Porce due to bottom friction

section of unit width in

dt

S

T ——

—

manifested by means of a
One of the em-

The frictional resistance 1is
shear stress along the bottom of a channel.
.pirical equations for open channel resistance (viz. the Cheézy



equation) is used to express the friction resistance.
time=t The shear stress on the control volume is

908 (D) gl ap 2 + BPnd 4y
m

‘.l" -
¢ 202 ax

time=t+dt The shear stress on the control volume is

op ,u? o o dp ,u?

Jt ox A

= éﬂﬂﬁiﬂa_dx[ 20 u? + 2

T
t+dt
2¢*

Averaging the shearstress over the time interval dt gives

& gcos(() 2 apmuz ap u?
T de[&pmu + 2 3t dt + 2 an;{ dx +

(V)

* Resulting momentum equation

Combining these averaged elements into a single equation
for conservation of momentum (I + III + IV + V - II = 0) con-
sidering the following:
= Take dx and dt to zero.
- Divide by p adx.

- sin(¢) = i,cos({)
ou u da du u? oda
ot " aee Tt A’
0 0
u 9 n u 1 ga Pm
pn OF "(pm* m"""“"’] ax (A1)

T




2 Continuity equation for mass

Conservation of mass for the control volume states:
The net rate of mass flow into the volume = rate of

change of storage in the volume.

* Mass storage
time=t Mass of the control volume

4l apma - _l. apma 2
de 2pa + I dx] p ,adx + = dx |

time=t+dt Mass of the control volume

9p 2 1 9 (9Pa2) , 2 1 0P2 ,
P+~ dth+E§E( S | TTaE R

The change of mass over time interval dt then becomes

apma 1 a(aﬂma] 2
3t X9t * 5 5e| Tax ke (1)

* Masgs inflow
time=t

The flow of mass into the control volume over a

time interval dt at the conditions of time t is

_ 5PaR e
ox

time=t+dt The mass inflow over interval dt at the con-

ditions of time t+dt is

dp ,ua 8 [ 9pua %
e dxdt _'EE( 3% dedt

e



Averaging the mass inflow for the conditions of time ¢t and

t+dt gives

dp yua
dx

dp ,ua
ox

10 2
dxdt zac( ]dxdt (I1)

* Mass Balance
The continuity equation or mass balance thus is (if terms I=II
and the dimensions dx and dt are taken to zero)

da , _a 9P 1 du da ua 9p,

ot p, ot Tq%% TYax *t Pn OX =2 (A2)

3. Continuity equation for sediment volume

Conservation of the volume of sediment in the control volume
states:
The net transport of sediment into the wvolume = the net

variation of storage of sediment in the volume.

* Rate of sediment transport
The rate of sediment transport is the product of the con-
centration, the depth and the flow velocity
time=t Net transport of sediment into the volume over
an interval dt for the conditions at time t is

ogau g, 4t
ox

time=t+dt Net transport into volume over dt for the con-

ditions at time t+dt is

dgau _ _0 [ d¢au 2
£84 dxdt ac(_Lax )dxdt

T T



Averaging this transport for time=t and t+dt gives:

_ Ogau _ 1 0 [0¢au 2
ox dxdt - at( ox )dth (1)

* Sediment storage
Variations of sediment storage in the volume are caused by

variations of the concentration and the change of the amount
of bed material stored in the bottom with a porosity a.
time=t The volume of sediment is

ezdx + —Z-a%dxdt + ¢adx + -]lﬁ'ﬁa-dx2

time=t+dt The volume of sediment is

9z 1 592 gy2 1 0 (92 gx2
azdx + @S2 dxdt + < @gZdx? + ar;( dx2dt +

dga 1 0 [O¢a 2 1 Q
+ gadx + —g = dxdt + 2at( ax)d"dt+ 2

The net variation of sediment storage over time interval dt is

92 dxde + L i(az)dxzdc aépta didE #

*3t 2 dt\ ox
1 0 (3¢a) gy e
T2 at( ox )dx ae

* Sediment balance
The net transport and net variation of sediment storage (I=II)

gives the continuity equation for sediment volume or sediment
balance (after taking dx and dt to zero):

oz oga opau _
a=r* 3 *ox D

(A3)

xx%x* Relation of ¢ and p,

T e ————

1 B 0 S o i




To level the number of equations and variables (a,u,z,¢) one
more equation is required. That is the relation of the con-
centration and specific mass (density) of the water/sediment
mixture. It can be described in different ways but here it is
supported by a sediment transport formula which relates the
transport to the flow velocity and the depth.

pm = (1‘¢)P + ¢pg
(A4)

in which p density of water
Py

If the concentration can be described by a sediment transport

density of sediment particles

formula we find

s
-“_
¢ au
in which s = f(u,a) = the sediment transport formula per unit
of width
o = the porosity of the sediment in the bed
Then
Ba=pb EE4p ) = pleFA8,
n au ' % au (AS)

4, Final set of basic equations

The set of equations derived can be simplified by elimin-
ating terms from the momentum equation which yields:

eq. (Al) - (u/a)-eq. (A2) gives the following
Equation of motion (momentum balance)

e

S




(26)

ou du
5 * u};}*'QCOS(()(

+

Zy_iy s X _a 9%n
3 1p) + 5 gcos({) o Ox

2
+ % cos(() =0
C?a
Equation

of continuity of mass (mass balance)

da du da , a (9%n Pmy
ot "% T ¢ ax Pin ( ot U Tox k=0

(A7)

Equation of continuity of sediment volume (Sediment balance)

0z , O¢a dgau _
2t " 3t T ox O (A8)

o

Concentration-density relation

Pn= (1-¢)p + ¢p,
(29)

aAs ;
pm = p (1-!- = ) Wlth S f(u:a) (AlO)

In the following these equations are rewritten for the

first approach of flow with high sediment transport rates.

5. Basic equations for flow with high sediment con-

centrations: first approach

The general basic equations for the mountain river flow
(section 3.2) can be rewritten if the concentration rate of
the flow is due to high sediment transport, without including
the adaptation of the suspended load to the flow situation.
For the derivation of the new basic equations the concentra-
tion of sediment in the flow is predicted with a sediment

transport formula which relates the transport to the local

hydraulic conditions.




In general the transport formulas are a function of the

flow velocity (not the depth). Hence,

ds ou os du
& fua and E fﬂﬁ

The equations are rewritten as follows:

- apds
Pa™ P+ =2

. _ apA| 3s Sp du
ox ua | ox u ox |

9P 1 - a'p.d- ds Sy, du -
ot ua | dt u ot |

opa _ ,0(s/u) _ @« 9s _ asdu
at ot udt y? ot
ogau _ ,9s
ox ox

Substitution of these components in the general basic equa-

tions gives

du Fitia adAga(uf,-s) ., du .

ot K 2u(ads+ua) = o0x
All)
@A (af,-s) . da 3z , gu? (
+glis 2 (eAds+ua) ]_B_E "9 * o7a ¢
du 1., 2 Py [ 9z,
-7 -+ u[1+-é-f«".r V.cos ({) (Ef“ 1) = + gecos ({) o -
(Al12)

_1y)0a , gu? = gui ”
+gcos(()[1 2V°]8x+ CZaCOS(O gsin({) 0




(74 _ du £y|du u da
|52 (s ) 5% * ”[““"‘-a—]a raE T
2 g (A13)
u? da
fTax °
dz a| uf,~s| du du _ (A14)
6t+'ﬁ[ au ]8t+f”6x - ]
In which £, = 95 .na s - £(u)
du
Fr = —— and V-~ ¢As
[ga ua+ads
6. Basic equations for flow with high sediment con-

centrations: second approach

The concentration of sediment is determined by the

sediment transport rate. The following assumptions apply:
- The influence of sediment on the water movement is sup-
posed to be dependent on the concentration of suspended
load only. This assumption holds for the fact that bed
load only occurs in a small layer near the bottom, and
therefore does not appreciably contribute to the con-
centration gradients averaged over the vertical.

The adaptation of the suspended load concentration to the
local hydraulic conditions 1is described with an ad-
ditional basic equation for the depth integrated sus-

pended load concentration (Galappatti, 1983).

The basic equations (6), ®) and (‘8) are rewritten after

Ty




substituting the relation (derived from eq. (9))

Pn=P +P(ps-p)

=0

3]
and considering %% = .g% o ;:: - aéo;

For the redistribution process of concentration of sus-
pended sediment in case of net erosion and sedimentation an
additional equation is introduced. This is equation for the
depth-integrated suspended-load concentration has been de-
veloped by Galappatti (1983) (Ribberink, 1986). For large ve-
locities the validity of the equation increases for larger
deviations of the concentration profile from the equilibrium
profile (Wang 1990). This first order form of the equation for
the depth averaged concentration Cs can be derived by assdming
an asymptotic solution for the 2-dimensional convection-dif-

fusion equation (in the vertical plane).

The boundary condition applied is that the vertical con-
centration gradient at 2z=z, is equal to the gradient of the
equilibrium concentration (Ribberink, 1986). This implies that
the pick-up rate of the sediment at the bed (=-£,0Cs/dz) is
determined directly by the instantaneous flow conditions. The
deposition rate (= W Cs) then depends on the actual con-

centration near the bed.

This equation can be written as

dCs dCs
T.—— + L, —— + Cs - Cse = 0
a8 at & ox
In which T, represents the adaptation time and L, is the adap-

tation length: L, ~ u T,

1
Ju¥s .8 for which the coefficient (y,+1)/y, can be com-

T
Yo Ws

a

puted depending on the diffusion coefficient for sediment g

If the expression for the diffusion coefficient is used deri-




ved by van Rijn (1987) then the following relation is found

for the adaption time

Ws/ u‘
Xz = =
1+2(w,/u,)

T - expl(4.287-22.4530) x; + (24.827U-6 .412) X2+
+(3.20-1.568) x,]

Sediment transport and equilibrium concentration are
computed using the van Rijn transport formulas for bedload and

suspended load (van Rijn, 1984).

The following system of basic equations is derived:

du du da 1 aCs
TE * ugg * goos(d) 5 + FRgeos () o
(A15)
+ geos () 222 _ gsin(() + L cos () = 0
ox C2a
oa oa du dCs dCs
E*”ﬁ*a‘a}*&(ac”ax) 0 (A16)
dz du R, | 9Cs aCs
« G2 v ar gl (58 w0 (a17)

——

e—



dCs
% ox

a 3¢ + Cs - Cse =0

+LB

In which Cs = Concentration
of suspended material
R, = (ad)/(1+4cCs)
Cse = s, /ua (s,=suspended load rate from van Rijn)

= equilibrium concentration (capacity)

Ts Characteristic celerities for basic equations for high
concentrated flow

riti r £l ith lar ntration; fir
The general matrix approach is used to determine the

characteristic celerities of the system of basic equations.
Therefore the basic equations (11), (12), (13) are rewritten

du du da 9z, . gu? -

3 * UR“E + gRB-—; + gcos(()—a-x— gsin({) + C_zacas((’) 0
ou du u da u? da

Reoe "B Y TS

0z a., ou Ju

ot Fwiege * Tugg = O

In which




Ry =1+ %FI‘ZVC(%fu-l)cos(()

Ry = cos(()[l = %]
ad _
R E(uf,_l s)

£

Ry=1+ e« %
(Rg=1)
(Rp=1)

uf,-s
ua

Rg

_ __ads
¥ ua+aeds

To a function F(x,t) applies

F(x+Ax, t+At) ~ F(x, t) + AxOF(x, t) , 4p0F(X, E)
0x ot

assuming C = _j% and F(x+Ax,t+At) - F(x, t) = AF

gives

ac), " ot T “ax

AF _(8F, OF dr\ _ 8F , ,OF
At (at aX) ()c

In which (d4F/dt), is the derative of the function F in the
direction dx/dt = c¢ . This relation can be formed for the
three variables u, a, z. Together with the basic equations we
have six equations. The six partial deratives are supposed the
unknowns in the equations. The coefficient matrix of the

system can now be formed. Determinant of coefficients is equal




to zero yields (for s=f(u)):
34 |- g2 -u+22 2
S T cos ({) Ro-u+ = RBRC]C + (A19)

+ [quA—ga (RpRgz+cos ({) R;) —gcos ({) fu]c + guf,cos({) =0

The relative celerities (g=c/u) now can be represented as

9> + [-Ry-Fr?Rgcos ({) -1+Fr2RyR |¢* +

. gf,cos ({)

+
A
u2

-Fr 2R.,cos ({) -Fr2R,Ry|¢ + Fr~?cos ({) .%*. -0

(A20)

The three roots of the system can be found using the gonio-

metrical solution method. If
A, = [-Ry+Fr-2Rycos ({) ~1+FIr 2RyR.|

_ gf,cos(()

2 -Fr 2R cos ({) +R,-Fr 2R R,

A, =

£
A, = Fr2cos ({) ?“

if ( 27r? < 4q9® ) then cos(§) = (

A
0, - %@cos(é) » 2

T T




T x=§y . %2
P = g cos(— ) &
A

0, - - 2VT cos(”;f) -

The roots of the system have been investigated for two sedi-
ment transport formulas: The Meyer Peter Muller formula (Me-
yer-Peter & Muller 1984) and the Engelund Hansen formula
(Engelund & Hansen 1967).

Meyer Peter Muller formula (bedload)

i M-
7 g2

dn Vga

uZ
Jcas, Ad,

s, = 13.3 ~0.047

Cyo = 18 log( :;20‘3)
9

2 2
B o Bdenl u ~0.047 d?/ga
CCir Ad, ccsAd,

Engelund Hansen formula (bedload and suspended load)

0.084 u®
Cc*A%d,/g

t—

£ 0.42u?
u " 342
C2A%d,y/g

Incorporating these formulas in the solution method gives
the numerical values of the celerities. The celerities have
been determined as a function of the flow velocity for a fixed
water depth. The relative celerities are plotted in fig.1 as a

_function of the Froude number for various values of ¢ = f /a.




In fig. 2 the celerities are plotted as a function of the flow
velocity for flow in the Kali Thermas Lama in Indonesia (see
section 4.3). In fig.3 the celerities are plotted for a flow
over a horizontal bed. In these figures the celerities are
also plotted, with dashed lines, for the basic equations for
flow without the influence of the concentration (section 3. 4).

leriti for flow with large imen ncentrations: n

approach

Equal to the celerities for the equations with high bed-
load concentrations the matrix approach is used to determine
the characteristic celerities of flow with high suspended load
concentrations. The four basic equations (14), (15), (16) and
(17) and the expressions for the deratives of a, u, Cs,z in the
characteristic direction dx/dt = ¢ can be again represented

in a coefficient matrix.

Determinant of coefficients equal to 2zero yields The
quartic equation that represents the four celerities of the
system (for L,=uT,):

c4 - 3uc? + [3uz—gfucos((") —g’ac:'o.s'(n,")]c:'z +

+ [2_qufucos (¢) +gaucos (¢) —u3]c - gu?f, cos({) =0 (a21)

which can be rewritten as
(c-w) (¢? - 2uc? + [u*-gacos () -gf,cos({) Jc + gufuc'os(()) - 0

The first celerity is equal to the flow velocity. The re-
maining cubic equation can be solved analytically using a
goniometric solution method. The equation is equal to that for
the celerities of the equations for flow with low sediment

concentrations (see section 3. 4. 2).

For several cases the celerities are determined and

evaluated. Three cases are presented here. The conditions are




based on data from the Thermas Lama river in Indonesia,

tion 4. 3.

Case 1 Subcritical flow

Data: Fr = 0.1 A4 = 1.91
d,, = 0.3 mm c = 50 m'/s
u= 0.5 m/s a = 2.548 m

The van Rijn transport formula gives:
s, = 6.791- 107 m?/s

s, = 13.151- 107 m?/s

fu, = 1.125-10° m

ot - 1.50% + 24.246¢% + 12.37¢c - 2.7587 =0

Solution:
c, = 5.5 m/s (water)
c, = -4,.5 m/s (water)
e, = 2.23-10°° m/s (bottom)
c, = 0.5 m/s (concentration)
Case 2 Critical flow
Data: Fr = 1 4= 1.91
d,, =0.3 mm c = 50 m'/s
u = 3.14 m/s a = 1.00506 m

The van Rijn transport formula gives:
S, = 9.47-103% m2 /s
s, = 21.84-107° m?/s
fu, = 12.8°107 m

¢t - 9.42¢ + 19.59¢% + 0.805¢ - 1.2378 = 0

Solution:
¢ = 6. 29 m/s (water)
c, = -0. 2454 m/s (water)
c, = 0. 24539 m/s (bottom)

c, = 3.14 m/s (concentration)

sec~




Case 3 Supercritical flow

Data: Fr = 4 4 = 1,91
dy, =0.3 mm C = 50 nﬁ/s
u= 10 m/s a=0.63Tm

The van Rijn transport formula gives:
1.56577 m2 /s

2.306116 m2 /s

fu = 0.65822 m

n
o
[}

0
"

c' - 30c° + 287.294¢% + 808.367c - 645, 7144 = 0

Solution:
e = 12. 7657 nmnm/s (water)
c, = 7.8766 m/s (water)
e, = -0. 6423 m/s (bottom)
¢, = 10 m/s

From these cases it follows that the differences in the
celerities for the flow with and the flow without the in-
fluence of sediment concentration is negligible. The velocity
of propagation of small disturbances is therefore equal for
both cases. For the applications however it follows that the
influence of the sediment concentration appears in the shape

alterations of bed irregularities during time.
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Appendix 2

Model for steady non-uniform flow on a fixed bed

1. Introduction

The steady non-uniform flow is described in section 3. 3.
In addition to the description of the solution of the gradual-
ly varied flow equations in that section, the theory behind
these subjects will be treated in this appendix. First the
classification of flow is described in part 2. Then three
numerical and two analytical methods are described to solve
the equations. In part 4. the method of locating a hydraulic
jump is described. Finally the computer program STUWK, which
has been developed to apply the solution methods for steady

non-uniform flow, is discussed.

2. Classification of flow profiles

It is necessary to distinguish different types of flow
for ease of survey and for comprehensibility of the results
from gradually varied flow computations. The conditions of the
flow determine this <classification. In section 3.3.2 the
subdivision of the flow into three regions (1,2,3) and the
subdivision of bed slopes into H,M,C,S,A is described. Here a
representation of this classification of surface profiles is

given in the following table.

Channel Condition (Flow) Type
Mild Slope a>a>a, (subcr.) M1
(an>a:) a>a>a, (subcr. ) M2

a,>a >a (supercr.) M3

NI 0




Steep Slope a>a>a, (subcr. ) S1

(a,<a,) a>a>a, (supercr. ) S2

a>apy>a (supercr. ) S3
Critical Slope a>a=a, (subcr. ) C1
{an=ac) a<a =a (supercr. ) G3
Horizontal Bed a>a, (subcr. ) H2
(a,=«) a<a, (supercr. ) H3
Adverse Slope a>a, (subcr. ) A2
(a,<0) a<a, (supercr. ) A3

Examples of these flow types are shown in fig.7, fig.8 and
fig. 9 (applications of the program STUWK).

3. Hydraulic jump computation

A hydraulic jump occurs when a supercritical stream
meets a subcritical stream of sufficient depth. The super-
critical stream jumps up to meet its alternate (downstream
subcritical) depth. The empirical relations that are developed
to describe the length of such a jump and its alternate depth
are treated in section 3. 3. 5.

In this appendix a general method is described to deter-
mine the location of the hydraulic jump starting from the
upstream supercritical surface profile and the downstream

subcritical profile. First a classification of the jumps on a

sloping floor is given.

Hydraulic jumps on a horizontal floor are of several
distinctive types. According to Ven Te Chow (1959), these
types can be conveniently classified dependent on the Froude

Number

Fr, = gq/yga;

i P



of the incoming flow as follows:

Fr, = 1.0 : No jump (Critical flow)

Frp = 1.0 - 1.7 : Undular jump (Energy dissipation practically

zero)
Fr, = 1.7 - 2.5 : Weak jump (Energy dissipation ~ 1.7%-18%)
Fr, = 2.5 - 4.5 : Oscillating jump (Energy dissip. =~ 45%)
Fr, = 4.5 - 9.0 : Steady jump (Energy dissipation ~ 45%-70%)
Fr, > 9.0 Strong jump (Energy dissipation ~ 85%)

1

This subdivision turns out to be visible in the size of
the depth change: A small depth change gives a undular jump
while a great depth change gives a stronger jump.

Classification of the hydraulic jumps is important for
surveyability and distinction of wvarious possible appearing

jumps.

The location of the hydraulic jump can now be estimated
using the upstream and downstream surface profiles, the se-
quent depths (eq. 3.3.20) belonging to the supercritical
profile and the length of the jump (eq. 3.3.21). Theoretically
speaking the jump occurs where the sequent depth curve (col-
lective curve of depths y, conjugate to the corresponding
depths y, of the supercritical surface profile), intersects
with the subcritical surface profile (downstream). This theo-
retical condition is generally used to locate the position of

the jump on extensive longitudinal profiles.

For a closer estimation of the location of the jump, the
length of the jump has to be considered also. The following
will illustrate this procedure for 1locating the jump, re-
presented in fig. 1.

Consider a sluice gate (point A) acting as an upstream
control and the pool elevation (point B) acting as a down-

stream control, in a mild-slope channel.

depth at B = y,

T i
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depth at B’
curve A’ B'C

b
curve of sequent depths
curve A’ B'C displaced to the right by

n

curve CDE
distance LI

The algorithm for the location of the jump is as follows:

1- Starting from point A, compute the M3-profile ABC. Point
C is the critical depth.

2- Calculate the sequent depth profile CB’A’ in which every
point B’ is sequent to a point B vertically below it on
the curve ABC -(conjugate values computed from eq.-
(3.3.20).

3- Compute L] with eq. (3.3.21) for each point on the curve
CB’A/ and shift this curve by horizontally displacing
each point in the downstream direction by respective LI
values. The resulting curve is CDE.

4- Starting from point P, compute the M2-profile PDQ.

5- The intersection of the curve PDQ with CDE (point D)
gives the downstream end of the jump. The toe of the
jump, point B, is located by drawing a horizontal line
from D to CB’A’ at B’ and then a vertical line from B’

to cut the curve ABC at B.

Mid Slope n

fig. 1 Locating the Jump
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Note that this procedure gives direct determination of
the end points of a jump and the method is general and can
therefore be applied in a wide variety of jump situations.

This procedure for locating the jump has been genera-
lized and adapted to be incorporated in a computer program.
Therefore the supercritical and sequent depth curve are com-
puted starting at the upstream boundary (The Runga Kutta
Method is chosen because computation stepsizes in x-direction
can be fixed in advance and can therefore be kept sufficiently
small to increase the accuracy of the computed location of the
intersection which represents the end of the jump). The sub-
critical curve is computed in upstream direction. The sequent
depth curve is displaced over the distance Ll'

The intersection of the curves is found by computing the
intersection of each line segment (from which the displaced
sequent depth curve is made up) with the subcritical curve
line segments until the desired point (X=X;) has been found,

see fig. 2.
depth
p T dr.cﬂm of of
a Caleuiation, direction
1 \
——— : —_—
X=Xp A x=0
Intersection
fig. 2 Intersection procedure for locating the end

of the jump

The program reckons with four possible intersections so




that it can be applied in a wide variety of jump situations.:

The possible intersections as included in the model are shown
W

in fig. 6.
4, Computer program STUWK

To compute the surface profiles and a hydraulic jump,
the discussed computations and numerical methods are combined
to one computer program, called STUWK. Before application of
the program one has always to realize that these computations
are only valid in wide prismatic channels with a constant
discharge, a constant slope and a constant roughness. This
program, therefore has a mainly instructive character to in-
crease one’s understanding in this field of study and to

verify calculations made independently.

The structure of the computer program is briefly dis-

cussed, starting from the flow diagran.

Flow dliagram

The sequence of the computations and the several pos-
sibilities of choosing a given computation method is clearly
structured in the flow diagram in fig.3 at the end of this

appendix. Arrows indicate the direction of execution of the

program.

The flow diagrams for the procedures that compute the
surface profiles using the Heun Method (not described in this
report) and the Runge Kutta Method are presented in fig.4. In
fig. 5 the flow diagram for the Simpson’s Rule is presented.
All methods start with calling the input data. Next the sur-
face profiles are computed for a step size h.

A flow diagram for the hydraulic jump is showed in fig. 5.

The programming language that has been used to write the

program is TURBO PASCAL.

T



Discussion of the program steps

After choosing a numerical method (see sections 3. 3. 3,
3.3.4) and inserting some data, the computations start auto-
matically. The calculations proper start after the determinat-
ion of the flow type or after the detection of the occurrence

of a hydraulic jump.

The surface profile computations yield values of the
distance x and the waterdepth a, which can be drawn on the

screen for ease of survey.

An error determination is performed to every numerical
surface profile computation. This error is estimated during
execution, and practically corresponds with the difference
between the numerical and the analytical solution of the final

depth (a) or distance (x) (see also section 3. 3.4).

When a hydraulic jump is detected, however, both up-
stream and downstream profiles are being computed and the
location of the jump is being determined without an error
estimation. The graphical results, drawn to the screen, in-
clude the sequent depth curve which can be useful for an

evaluation if an expected jump cannot be computed.
Considerations on the program

1- Directions of curve computations

The supercritical profile is computed starting from the
upstream boundary in downstream direction. The subcritical
profile is computed starting at the downstream boundary x=0,
proceeding in the upstream (negative) direction. In case of a
hydraulic Jjump, the sequent depth curve and the displaced
curve are deduced from the supercritical curve and their
points are therefore also numbered increasing in the down-

stream direction.

2- Intersection procedure for hydraulic jumps

The intersection of the curves is found by computing the

HMMTIET



intersection of every line segment, from which the shifted
sequent depth curve is made up, with some subecritical curve

line-segments, until the desired point has been found.

3- Negative x-values as a result
The upstream x values (distances) are negative with

regard to x=0, the downstream boundary, because of the neces-
sary compatibility with the used Runga Kutta Method algorithm.

The positive x-direction is the downstream direction.

4- Graphical Ou

Graphical output (results drawn on the screen) makes it

possible to examine the flow profiles and the hydraulic jump.

Applications

Some results of the computations executed with STUWK are
presented in fig.7, fig. 8, fig.9, f£fig.10 and fig.11l. The sur-
face profiles for distinctive flow types in the figures 7,8
and 9 are computed for the bed slopes:

i,= 1-10°* (M-profiles)

i,= -1-107° (A-profiles)

i=0 (H-profiles)

i,= 5-10% (S-profiles)
respectively, and a Chezy coefficient of C=50 n#/s, a discharge

g=2 m’/s.

The vertical axis Y represents the elevation relative to
the bedlevel at X=0. The horizontal axis X represents the

location relative to the location of the downstream boundary.

The figures 10 and 11 represent computations of a hy-
draulic jump for a "steep slope" river section:

i,=1-10"%; €=50 m'/s, g=0.07 m’/s [fig.10]

i,=5-10°% ©€=50 mi/s, g=2 m’/s [fig. 11)
The locations of the jump as they are showed here, are in

close agreement with measurements in flumes.
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Flowdiagram stuwk.

Date: CJp, .q
Choose method
|
Compute a8,

Meth=t Heun Method Meth=2 Simpeon's Rule Meth=3: Fourth Order
Data: ngy 2, Date: na, .2, Runge—Kutta Method
indicate flowtype indicate flowtype Dlt:l1rln|¥n

T indicate flowtype
V;
3> Hydraullo Jump Computation
Y
Curve— and error—computation Curve— and error—computation Curve— and ermor—computation
T { Variable automatio stepelze )
Y v
Draw Curves + Classification [
Draw Hydraullc Jump

Fig. 3 STUWK
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Appendix 3

Numerical modelling of mountain river flow

8 Basic equations and discretization

The system of equations as given in section (3.7.1) for small

bedslopes ( cos({)~1 and sin({)~¢ ) is:

du + o du da 1 R,g aac:

9t Uk "9 t 2 o

0z gu?
+ g—=— + Z— =0
9 ax C?a

doa da du dCs aCs

E UGty tR[ G g -0
oz du R, [ ocs aCs

“3g * Cegp 7[ & e |70
aCs ac.

TEW +La—é;S+C‘s—Cse-0

The basic equations are discretized using the Preissmann

implicit scheme (Preissmann, 1960).

f(x,t) = —g—[f;:{l-t f;:*'l] +f0

of _ @ [fﬁil_fnv1]+ of

ox  Ax 4 ax,

(3.18)

(3.19)

(3.20)

(3.21)
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:*‘1 ntcl

of _ Ly of

et s Bl RS
ot 24t ot,
In which the index zero denotes the components of the dis-
cretized variables and deratives on the (known) time level n,.
The solution of the algebraic equations is described in the

following sections for three methods.

2. Newton’ s iteration method

The Newton's iteration method can be used to solve a
system of non-linear equations. The four algebraic equations

which follow from the discretization will be denoted by

n=+1 ne+l n,+1)

ne+1
I U ' CSJ I Zj
n +1 ng+1 ng+l

fpila;™ U.-f i CB e 2™ )
neg+l n.+1 1 ng+1

fjj ( ajb , : ng+ |: )

)

£,5(a;

CSJ M

ng+1 ntu n+1 n +1

fgyla;” ,uy” . Csy

If boundary conditions

Eo (aogl’ :+1'C;1,_.+1) -0
Ef(al™, ulet, cspt) = 0
Ea(ao 1'un+1 Ca=+1) 0

are given at the upstream end, and E "(z,"*")=0 at the down-
stream end, then there exists a system of 4(n+1) equations for
4(“::"'1) unknowns (system F(x)).

Since this system is non linear in the unknown variables it
cannot be represented with a matrix elimination method. Most
commonly used is Newton’s iteration method for systems (Mat-
hews, 1987). Newton’s iteration method begins with assigning
trial values to the unknowns. Taylor’'s theorem for functions
can be used to approximate the zero values (roots) of the
system starting from their estimated values. (Higher oxrder

terms may be neglected if the trial values are close to the

‘actual roots of the system).
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Now a Jacobian Matrix can be defined as follows:

/
oOF, 9F; OF; OF; )
du;, da; AdCs; 0z;
oF,,, OF,,, OF,,, OF,,,
du;j dal dcs! 9zl
aFj+2 aFj+2 aFj’z ath?
du; da; AICs;i Oz
OF;,; OF;,; OF;,; OF;,
| dui daj 9csi 9z )

in which F, = j'" equation of the system F(®) and if

( ng+1 \
Ug

ng+1
ap’
n:l-l

Csq

ng+1 \
Zo" (T,

P then J(x!) =

un=+1 J,

n \ Ny

ng+l

n.+1
Csp,

ng+1
n )

where X = the i'" estimation of the roots
The iteration then proceeds as follows:
Step 1 Evaluate the function F(X!)

Step 2 Evaluate the Jacobian J(xH!)

Step 3 Solve the linear system J(XW{)AX = -F(X4) for AX .

Step 4 Compute the next point X1 o RUl L AR

Repeat the process until satisfactory convergence.

MTET T T 1




Remarks

To save computation time, the updating of the Jacobian
(step 2) can be done every k' step (k~3) instead of every
step.

For the solution of the linear system (step 3), the
system has to be presented in matrix form, i.e. a banded
matrix. This matrix is solved by means of the Gauss
elimination method (see matrix representation of the

algebraic equations, section 4). Solution yields a new

vector A4X .

The conclusions of the application of this method are given in

section 4. 2. 2.

3. Predictor-corrector iteration method
Step 1
The Preissmann representation of the three basic equa-
tions of motion, suspended sediment,and continuity of
mass (eq. 3.18, 3.19, 3.21) can be solved for every suc-
cessive space step in downstream direction on the ad-
vanced time level (celerities for a,u,Cs are positive for
supercritical flow, section 3.6.2). The bed level gradi-
ent 0z/dx in the equation of motion (3.18) is taken at
the known current time level. For each (space) step the
computed values of the upstream section serve as the
upstream boundary:
(a,u,Cs) t !
> X
— » pirection of Computations
Step 2

The basic equation (3.20) for sediment is solved in
upstream direction (the celerity of the bedlevels is
negative). The concentration and velocity gradients are

determined with values from iteration step 1. The equa-

o



tion has to be solved explicitly for the bed levels at
the advanced time level, because the values from itera-
tion step 1 are computed for bed levels at the current
time level or

0z
ot L fa.u.c's<zt°) =0

In which ty= current time level
f{mm(zm)= function of u,a,Cs values determined
in iteration step 1 for bedlevels at

the current time level.

(Neumann’ s analysis of similar problems proved the occur-
rence of instability if an implicit scheme is applied,
Stelling 1990). Discretization of Jdz/dt with an explicit

scheme with numerical damping gives:

9z 0.25Z%, + 0.5Z% + 0.252%,, - Z%

ot At
z?vl - Eﬁ:LiEE
2

Step 3
Repeat iteration step 1 using the bedlevels computed in

iteration step 2.

This process can be repeated until the result values converge.
Conclusions on the application of this method are given in

section 4. 2. 2.

4, Matrix solution method for 1linearised equations with
predictor for flow variables

As both described methods don’t work well a final method
has been developed with a more simple numerical background but
successful in solving the equations.

Again the Dbasic equations are discretized wusing the
Preissmann scheme. However, the coefficients of all deratives

‘and all remaining non linear terms are predicted in advance




using an unsteady flow model for a fixed bed (bed variations
assumed small compared to the water variations because of the
small bed celerity). After substitution of the predicted
values in the coefficients and terms (not in the deratives), a
system of linear equations remains for the unknown variables

at the advanced time level (The unknowns follow from the dis-

cretized deratives).
Predictor for flow variables

The values of a and u can be predicted at the advanced

time level using the basic equations for water flow without

sediment transport:

du du da oz guy

5t " Y *9ax *Tax * Cray (1)
da da du

ot T loax ek T O €513

In which uj, a, are the values at the current time level (for

linearising)

The deratives are again discretized for the Preissmann scheme.

Assuming supercritical flow the celerities become positive.
This implies that the equations can be solved stepwise from
the upstream boundary in downstream positive x-direction

(single sweep). Rewriting the Preissmann discretized deratives

for this case gives:

du 0  nc+1 ou
x ~ Ax K *[&p

ne+l
du - Uy A [Bu]
p

ot 2A¢t ot

In which the components with index p represent the those parts
of the discretized variables and deratives which are known in
advance.

Substitution of these expressions for u and a in equations (I)
.and (ITI) and eliminating ahf“* the following relation can be

MRy
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found for the unknown velocity:

yne @ a;Ax*-gba,Ax
" a?Ax? - Fga,
with
¢, --80 _,0u _ da _ 9z _ 9w
. ot , °ox ox , ox, (2?a,
da da du
@, = - == - Uy== - Q,—
o ot , °ox ®ox ,
- u,0
%% 24t * Ax

For the depth then follows:

n,+1 a’z auﬂ ng+1
Apey = —— -

&5 a,Ax

Csesy’ follows from the van Rijn transport formula.

Matrix Representation of the Algebraic Equations

After discretization and 1linearisation of the basic
equations, a system of four linear algebraic equations for
each Preissmann segment At is found. In the fourth equation,
the depth-integrated suspended-sediment equation, the only
unknown variables appeared to be the concentrations Cs,"'*! and
Csk+l“‘+l. Therefore this equation can be solved independent of
the other three equations. Since the celerity of the con-
centration is positive (section 3.6.2) the equation can be
solved starting at the upstream boundary and computing step-
wise in downstream direction. The following relation is used
to find the solution of Cs,,,""*! from the value of Cs from the
upstream (solved) space step and the values of a,u,Cs from the
predictor:

ngrl (e, +a,-a;-a,+Cse,)

Csy., -
e T, +L38+ ;]
24t Ax 2
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In which

Ta n n
a, = o ( CSpiy +C8k”
1 2.4!:( oo + CEie )

L_(1-6
0:2 - —a—(AT)-' ( C‘S;::l“' CS;:c)

a, - (1;6) (CS;:]_'PCS;:)

-+

24t Ax

@
STEEN

|

The three remaining equations (momentum,
form a matrix for the six unknown values
advanced time level for each space step (Preissmann box).

CSk

5 n:u[ P

mass, volume) now
for a,u,z on the
The

matrix ELEM(n_t, k) is:

(( 1 _UOB) -gb -gb ( 1 +U08 gb iq \
24 Ax Ax Ax 2At Ax Ax Ax
-a,0 1 ub a, 1 u,6
Ax 0 (3FE" Iz’ Ax 0 (3Fc*ax’
6 1 0 1
\ ﬁ%dx 24t 2 ﬂ“dx 24¢t . )
if vector R = (uf“l,zf”l,aﬁgl,uﬁﬂl,zﬁil,aﬁﬁl)
and
{ 2
by du _gda _ 3 _ Gu _ 1p o0Cs)
Bt 0 ax, X q ox, C?a, 2 " 0x
da da du aCs daCs
FUNCT = -—_—u———a——R[ +u ]
at, °ox, ‘°dx, 4 ot ° ox
_ 9z _p du _ Bacs 9Cs
At , Uso 9 A [ ot ° ox ’

then ELEM(n.,k) 'R = FUNCT

If the length of one Preissmann box is Ax and the length

of the river section under consideration is JHAX, then the

total number of equations is 3'n,.
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3 unkown values in each knot

At
n, /7

a+—Ax—>»
0 J{end

n+1 l S o

The number of knots on the advanced time level is n+1,
and because each knot holds 3 unknown variables, this yields
3 n+3 unknown variables. To equalize the amount of equations
to the number of unknown variables it is necessary to derive

three more relations for a,u and z. These are the Boundary

Conditions.

The system of m=3-n+3 equations can be represented by a
banded matrix with length m and width of the band = 8:

(E. )
LB By O : 0 ( FuncT, )
0 ELEM(n,, 1) 0
. FUNCT,
é‘-
“FUNCT,
L 0 ELEM(n,, n,-1)) \ 2x~1)

Solution of this matrix is done by means of a Gauss elimi-
nation for which the matrix and the composed vector FUNCT is
first transformed working from the top of the matrix to the

tail.
(1-1)

€51 (1) (i-1) (1y)
My = —y = Sk < &k~ My8u’
€11
(1) (i-1) (i-1)
fj = fj - mjifi
In which m = multiplicator

e;, = element of the matrix: j' row, k'™ column
f. = j'" element of the vector FUNCT

Next the solution of the matrix is found by calculating the

e 1]
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values starting at the tail of the matrix (lit).

Initial Condition at t=0

In section 4.2.3 of this report the boundary conditions
and inital condition are described. In addition to that de-

scription the base flow initial condition is treated in this

appendix.

The flow at t=0 is assumed to be small and quasi-steady.
Influence of sediment concentration on the water movement is
neglected. The equations that apply to these assumptions are
the basic equations for steady non-uniform flow on a fixed bed
(section 3. 3):

u_g—;+g%+ %1-?:;-0

du , 492 _ 9q .
‘aax +Ilax ox 9

The solution of the steady non-uniform flow as presented in
section 3.3 does not hold because of the variation in the
bedslope. Therefore, in conformity with the numerical solution
for the full equations, an implicit method has been developed.
The values of a,u are determined using the values of the
upstream given or computed values of a,u The variables a,u

and their deratives are rewritten as

0 0
Ug,a & Ug

u -
p 2 2
0 4]
ox Ax Ax

Because of the steady properties of the flow the variables on
an advanced time level do not differ from those on the current

time level. Therefore only the variables on the time level "O"

have to be included in the scheme.

e e e et
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Inserting the scheme in the differential equations and

g oo s 0 '
eliminating a,, " gives

af 1 1 3f 1
(wha) | 5az+ 50 + (b [iz @] +
2 gay 1 gugay
" (k) [“2‘ T 3 (R e[ ¢ (o) [ufe;] + THEE -

Where
- g
%1 Cc2ap
o, - g0z - (u)®
d ox 24x

° can be solved numerically

This quartic equation in Uy
using the Newton Raphson method with u’ as the first approxi-
mation for u“f and with all values at location "k". The com-
putations proceed downstream because of the positive ce-
lerities for the water in supercritical flow. The depth fol-
lows from g=u-a=constant. The concentration of suspended load
is assumed to be equal to the suspended transport equilibrium
capacity (Cse) and can be determined using the Van Rijn Trans-

port formula.
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5 Program SABOFLOW and applications

For the computations of the unsteady sediment-laden flow
in volcanic rivers the computer program SABOFLOW has been
developed. The program consists of several units, incor-
porating the numerical method (section 4.2.3) and the support-
ing procedures. The full structure is outlined in fig. 4.
Another program which shows the graphic results of the com-

putations is called SABOPLOT. The structure of this program is

outlined in fig. 5.

Comments on the flow chart of SABOFLOW (fig. 4):

- "Are You Sure" refers to the repetition of the input of
the required values.

- One can choose whether the computations are executed with
or without the influence of the suspended load con-
centration Cs.

- Maximum and minimum values of a,u,z are determined for

the output scaling of the graphical representation (SABO-
PLOT).

Comments on the flow chart of SABOPLOT (fig.5):

- Bed levels are plotted relative to a straight line from
level z at t=0,x=0 to level z at t=0,x=x,, 8O that bed
levels deviating from this 1line can be plotted more

clearly.

In the following a few applications of the model are
described . The computations are limited in the time period
and the length of the channel section when using a personal
computer. Therefore the initial condition is not taken as a
small discharge in all the computations (e.g. computation of
the morphology during the period of maximum discharge, instead
of computing during the full time period of the flood wave).
However, the results clearly illustrate the properties of the
model. A discussion of the various applications is given in

section 4. 3.




Flow over a small shoal

In fig.1l the initial bed level (t=0) is given for a small
5 cm high shoal on a river bed with a 1% sloping bottom.

Shoal
bed levels t=0
reference
bedisvel Tovel

05
z [ml
T 04

03f
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oaf

00
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X [m)
fig. 1l Bed levels shoal

The computations are executed for a time interval of 200 s,
imposing normal depth and equilibrium concentration at x=0.

In fig. 6 the bed levels are shown relative to the bed level at
t=0. This graphic shows the upstream propagation of the shoal.
In fig.7 the computed flow velocities (u) and waterdepths (a)
are shown. Note that an increased depth and a decreased depth
exist at the top of the shoal. The gradient of the velocity
(du/dx) at the top of the shoal can cause local erosion. In
fig. 8 the flow velocities and suspended transport concentra-
tion (Cs) are given. Because of the phase lag between bed
level and concentration variations, a gradient of the con-
centration (dCs/dx) at the top of the shoal can cause local
sedimentation. The growth of the shoal during the time is
therefore dependent on the magnitude of the gradients of u and
Cs at the top of the shoal (local erosion or sedimentation).




In fig. 9 and £fig. 10 the results are given for the same
case if the concentration of suspended material is neglected.
The bed levels in fig.9 show a decrease of the height of the
shoal caused by the local erosion at the top of the shoal.
Fig. 10 shows the computed velocities and depths for this case.

The results are compared to the computations with con-

centration and discussed in section 4. 3.

Flow over a small trench

The same conditions apply as for the small shoal, but the

river bed is lowered-over 5 cm instead of being raised. The

initial bed levels are shown in figure 2.

Thrench
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fig. 2 Bed levels trench

The results are presented in fig.11 and f£fig.12. Again

upstream propagation of the trench can be noticed.

Kali Thermas Lama - Indonesia

The data for the Kali Thermas Lama are discussed in

section 4.3. Two simplified cases are considered. In the




following a description of these cases is given.

Case 1, accumulation

The severe accumulation in the river bed clearly mani-
fests itself in the substantial rise of the river bed near the

Karanggondang bridge. This phenomenon can be caused by se-
dimentation upstream of the bridge (the bridge obstructs the
flow and can cause a hydraulic jump), and by the upstream
propagation of bed level elevations from the downstream reach
(mild slopes cause sedimentation). It has been investigated
whether these downstream elavations can affect the river bed

near the bridge. The initial bed levels for this case are

presented in fig. 3a.

Kali Thermas Lama
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fig. 3a Bed levels Kali Thermas Lama - Case 1

At the upstream boundary (the bridge) normal depth and equili-
brium concentration are imposed. The computation is seperated
into three parts, respectively 1l.a, 1.b, 1l.c¢ ,for computa-
tional reasons (economical use of time and memory). The first
part of the discharge curve (fig.3b) is introduced in the com-
putations (1h to 4.5h). Results of the are shown in fig. 13a,
fig. 13b and fig.13c. The upstream propagation of the bed




variation finally causes a net bed elavation at the bridge

(case 1l.c).

2, Degr tion
The upper channel section of the Kali Thermas Lama ap-

pears to be eroding. This degradation can be caused by deten-

tion of suspended sediment upstream of the Sumbersari dam. In

these computations the top of the discharge curve (fig. 3b) and

the normal depth are imposed at the upstream boundary. The

sediment concentration is assumed to be a part of the equili-

brium concentration. The bed slope is approximately 6%. Re-

sults of the computations are given in fig. 14. Degradation

occurred already for this small period.



4.6

Kali Thermas Lama
Indonesia

4 Discharge curve
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Flow Clard program SAPOFLOW

[ input e Creation |
Give xend, dx ::
tond, dt Sure?
L
Choose: include Cs Are
Glve C,D§0,D16 | [ You
D84, D90, A Sure?
Are
Bed Levels t=0 You
Sure?
—

Boundary Condtions
*=0: for t=0 to tend

Y
a=normal depth
mq!c.

Goto SABOPLOT
{Plot results to screen)

Are

Sure?

fig. 4

Write data to
INPUT.IN

S |

SABOFLOW

Determine &, 4 C¥

F=uw\m
detsrmine amax, amin,
umax, umin, zmax, zmin

Write Result to
OUTPUT.DAT

Write amax, amin, umax, umin,

zmax, zmin to
MAXVAL.DAT

Repent for
all dt

Halt if Fr<=i




Flew Chart program SABOPLOT

T T

SABOPLOT
! i
Plot of the Bed Levels Goto DOS Plot of Water Depths
and Flow Velocltles
Read INPUT.IN /
Read MAXVAL.OQUT Read INPUT.IN
+ Read MAXVAL.OUT
Reference z Is stralght line
from z[0,0] to z[nx,0] Plot x-axls
Relative bedlevel = z — Ref.z i Plot a—axis
Plot u—axis
(automatic scaling)
y
Plot x—axls
Plot z—axis
(automatic scaling) Detecming '
Interval for plotting (n¥*dt)
y
y | |
Determine o CUTPLT DT
ea i
Interval for plotting (n¥*dt) ) | [Repeat for
t=0 to tend
— Plot Depths and Velocltles
If t=I%Interval
Read OUTPUT.DAT
‘ || Repeat for b
t=0 to tend
Plot Relative bed levels
If t=P¢interval
 E——

£fig. 5 SABOPLOT
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program SABOFLOW output: Shoal, Cs=0.0
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