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ABSTRACT

The purpose of this study is to consider sediment deposition in large reservoirs with high
suspended sediment inflows. A characterising feature of this kind of reservoir is the
existence of turbidity currents due to density differences between inflow and ambient
waters of the reservoir. Therefore, two major parts can be found in this study: firstly,
experiments and analysis of the experiments on gravity currents, and secondly the

development of a computer model for reservoir sedimentation modelling.

Some experiments were conducted using a laboratory flume to consider different aspects
of gravity currents including: the development of the head of gravity currents, the body
of subcritical gravity currents, and deposition due to the head and the body of turbidity
currents. The analyses of the measured velocities, concentrations and the sizes of
sediment particles have been presented. By using the data collected from this study and
other available data a new coefficient for the equation of the head of gravity currents was
proposed with the help of a statistical package. Sediment transport by the head of
gravity currents is discussed. Based on the calculated water entrainment and using other
available water entrainment data, an equation for the water entrainment coefficient was
proposed. A new equation for sediment entrainment over an erodible bed was presented

by using the available data from other investigators.

A new procedure for the prediction of sediment processes in reservoirs was developed
recognising the fact that turbidity currents affect long-term sedimentation, particularly
when suSpended sediment concentration is relatively high. Based on this a new computer
program, DEPOQ, for the prediction of sediment processes in reservoirs was developed by
incorporating the effects of turbidity currents on long term sedimentation. Although the
model is theoretically one-dimensional, some options exist for the distribution of
sediment deposited on the bed or for sediment scoured from the bed. This makes the

model a pseudo two dimensional model.

To verify the proposed model, four different turbidity currents were run in the laboratory
flume. The computations performed by DEPO for: the water elevation, the height of the
turbidity current and the amount of the deposited material on the bed, showed excellent

agreement with the measured values. The proposed model was also tested by application



to a prototype situation, Dez Reservoir (a large reservoir in the south-west of Iran). Test
results showed the capabilities of the model as a practical tool for the prediction of long
term reservoir sedimentation. The DEPO model was tested using Dez Reservoir to
consider the effects of alternative bottom gates on deposited sediment. By using the
alternative bottom gates the amount and the pattern of sediment deposited in the
reservoir were affected significantly. The height of the sediment deposited in the
reservoir was reduced, particularly in the region from the dam wall to 20 km upstream of
the dam. The estimated volume of deposited sediment was reduced by about 55 percent
and the trap efficiency was reduced to 0.46. The model was also utilised to predict the

future volume and bed elevation of Dez Reservoir after 60 years of operation.

The results showed the capabilities of the model for predicting long term reservoir
sedimentation, for the management of reservoirs, for considering the effects of the

bottom gate on reservoir life, and for controlling turbidity currents in reservoirs.
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- Chapter One

AN INTRODUCTION TO RESERVOIR
SEDIMENTATION

1.1 Introduction

Although more than two thirds of the earth’s surface is covered by water, less than 3
percent of that is fresh water. A large amount of fresh water is unusable as it is trapped
in various forms such as polar ice, icecaps and in the atmosphere. Therefore, only about

0.003 percent of the world’s water is available for human consumption.

Following the rapid population growth and development of the world in the last century,
the demand for water has increased very rapidly. As a result, most of the rivers have
been exploited and only a few rivers are still flowing in their natural condition. The
supply of sufficient water for urban, industrial and agricultural activities, flood control
and supply of electricity requires large reservoirs to store fresh water in the flood

seasons.

In general, reservoirs are formed by constructing different types of dams on natural
streams. The benefits and costs of a reservoir are evaluated before constructing a dam.
Finding an appropriate place for construction of a dam is very important and depends on
the reservoir volume. Therefore, comprehensive geological and geomorphological
information is needed for this purpose. One of the most important characteristics of a
reservoir is its useful life time. This is the period of time over which the reservoir
performs its functions. This life of a multi-purpose reservoir is usually more than 100

years.
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1.2 Reservoirs and Sediment Deposition

Controlling the excess water in a region by constructing a hydraulic structure disturbs the
natural equilibrium of a stream. The velocity of water flow is reduced and a large
volume of sediment is usually deposited in the reservoir basin. These sediment deposits
have many effects on the reservoir, as well as on the downstream and upstream parts of
the reservoir. These effects are of great concermn to water resource engineers. In
planning and designing a reservoir, it is very important for the engineer to have a good
idea of the sediment deposit distribution in the reservoir during its life time. This is
crucial for the prediction of sedimentation and the incorporation of its effects into design

measures, Or reservoir management.

In the 50’s and before that, when some large reservoirs came into operation, it was
thought that depositing sediments first filled the deepest part of the reservoir and then
got distributed to the other parts. Based on this assumption, a storage space was usually
considered for sediment accumulation in the reservoir. As reservoirs were resurveyed, it
was realised that the sediment deposition process within the reservoir was very complex
and a number of factors such as water and sediment inflow, sediment specification, shape
of the reservoir, operation mode and turbidity current affected the pattern of sediment
distribution. As a result, the above processes should be taken into account in the analysis

of sediment deposition in reservoirs.

It is important to note that not only the amount of sediment deposition in the reservoir
but also the location of sediment accumulation are key factors in the design and
management of such projects. Many attempts have been made to study the sediment-
flow interactions in reservoirs over the last 50 years. A number of researchers tried to
find a general method for predicting the phenomenon of sediment deposition in
reservoirs. They examined numerous factors which affect the sediment processes, but
they were hampered by a lack of information about some of these factors. To avoid a
complicated, difficult solution, particularly in a time when high speed computers were
not available, the attempts were mostly confined to simple empirical methods. The
empirical methods were based on general trends of measured sediment depositions in

reservoirs. Generally, the application of empirical methods are simple and do not need
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large amount of data for prediction of sediment deposition. Also, these methods do not
cover all aspects and all conditions because they are based on one or more observations.
Generalising from such a model to all cases is not appropriate. Mathematical methods,
on the other hand, are based on the solution of a number of equations which govern and
represent the behaviour of the sediment processes. The mathematical methods always
utilise computer programs and they always need geometric data from selected sections of
the reservoir as well as data on the hydraulics and hydrologic boundary elements. In
comparison with the empirical methods, the mathematical methods are more reliable.
The major deficiencies of the latter methods are that large amount of data are needed and
often the computer program needs to be calibrated to fit with the particular data

measured from sediment deposition surveys.

1.3 Statement of the Problem

Deposition in the reservoirs has a tremendous.influence on the surrounding environment
and is quite difficult to analyse. Sediment deposition in a reservoir affects not only the

reservoir itself but also the upstream and downstream parts of the reservoir.

The first problem is the influence of a decrease in reservoir volume on the performance
of the reservoir. Important functions of the reservoir which may be affected by sediment
deposition are:

e water yield

¢ loss of flood-control

¢ impairment of navigability

¢ entrainment of sediment through hydropbwer equipment

¢ blockage of gates

¢ determination of water quality

The effect on the upstream part is another problem. Sediment deposition in the deltaic
region increases flooding in the upstream region. This condition is shown schematically

in Figure 1.1.
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Figure 1.1 Effect of sediment deposition on upstream of the reservoir.

The other significant problem occurs on the downstream part of the reservoir. The lack

of sediment in the water outflow from the reservoir causes scouring by the water and the

water entrains bed material downstream of the dam wall. This case is shown in Figure
1.2.

Figure 1.2 River bed degradation.
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Some additional environmental concerns are reported due to sedimentation such as
effects on the water quality, aquatic life (Fan and Springer, 1990), nutrient supply
downstream, and recreation. In some cases these problems are of great concern for

engineers, and sometimes they are very expensive to repair or there may be irreversible
damage.

1.4 Factors Affecting Reservoir Deposition

Recognising factors which may affect sediment deposition in the reservoir is the first step
towards understanding, controlling and modelling this phenomenon. There are many
interrelated factors contributing to the sediment deposition process. They can be

summarised as follows:
A) Quantity of Sediment Discharge

The amount of sediment discharge is one of the most important factors in reservoir
sedimentation. Factors such as run-off yield in the basin, vegetation cover in the basin,

and geometry and paedology of the basin may significantly affect the sediment discharge.
B) Trap Efficiency

The ratio of the sediment retained in the reservoir to the total inflow of river sediment is
called “the trap efficiency” of the reservoir. The capacity of the reservoir, water and
sediment inflow, sediment specification, shape of the reservoir, operation duration curve

and density current are factors which affect the trap efficiency of the reservoir.
C) Density of Sediment Deposited

The amount of sediment inflow to the reservoir is usually reported in terms of weight.
For converting this weight to the volume which the sediment occupies in the reservoir,
the bulk density of sediment deposition plays a significant role. Some factors which
affect the bulk density of sediment are: depth of sediment deposition, sediment
characteristics, chemical characteristics of cohesive sediment, variation of the pool level

and the age of the deposited sediment.
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D) Turbidity Current

When water with high suspended sediment flows into the clear ambient water of a
reservoir, the difference between the two densities will create two different layers in the
reservoir. This phenomenon has a significant effect on the pattern of sediment deposition
in some large reservoirs. Consideration of the effects due to this phenomenon is the

subject of the present research. Figure 1.3 shows a schematic view of such a current.

Clear water
(low density)

Deposited sediment

Figure 1.3 Turbidity current in a reservoir.

There are some other factors that can effects reservoir deposition such as wind and
thermal stratification. These factors are not significant in compare with the above

mentioned factors.

1.5 Objectives of the Research

Consideration of the effect of turbidity current in reservoirs, particularly in large
reservoirs with high suspended sediment inflow, and its effects on the sedimentation
process is the objective of the current study. The prediction of long term reservoir
sedimentation will result in an error if turbidity current effects are ignored. Furthermore,
mathematical models in which the turbidity current is taken into account should consider
other factors such as water level, the non-equilibrium transportation of sand particles,
scour and deposition of cohesive sediment particles, the effect of flocculation on fall

velocity of fine sediments and the unit weight of the deposited sediments.
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Based on these concepts, the objectives of the present study are:

I. to review literature on reservoir sedimentation methods, theoretical aspects of

sediment transport and depositional processes in watercourses and turbidity

current.

II. to study some aspects of the head of the gravity current, including its velocity
of the head and its sediment transport and deposition processes, through

laboratory experiments.

I to study the steady state gravity current, water entrainment and sediment

transport and depositional processes.

IV. to develop a new mathematical model for predicting the sediment depositional

processes in reservoirs which takes into account the turbidity current effects.

V. to test and verify the proposed model through laboratory experiments and field

data from a large reservoir

VL to test the applicability of the new model in controlling turbidity current and

estimating the effects on the sediment deposition in reservoirs.

1.6 Contributions made in the Research

The main aim of this investigation was to consider the effects of turbidity currents on the
sediment transport and depositional processes in reservoirs. Gravity current experiments
were conducted in a laboratory flume. A new equation for the prediction of the velocity
of the gravity current is proposed. The sediment transport by the head and the body of
the turbidity current are compared and the role of the head of the current on the sediment
transport and deposition processes is discussed. A new equation for water entrainment
coefficient is introduced based on the results of the experiments in this study and some
available laboratory and field data from literature. Furthermore, an equation based on

the available data is presented for sediment entrainment of the turbidity current.

The equations of flow and sediment were linked with those of the turbidity current and a
new computer program called “DEPO” has been developed. DEPO is the first

sedimentation model that can handle the effects of turbidity currents on the sediment
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transport and depositional processes in reservoirs. The model was tested using data
collected from the laboratory experiments. It has been shown that the model including
the turbidity current effects provides a very accurate prediction of the sedimentation
processes. Furthermore, the new model, DEPO, was applied to Dez Reservoir, one of
the largest reservoirs in Iran. The estimated data with and without consideration of the
turbidity current are compared with measured data from the reservoir. The results show
a remarkable improvement in prediction when the turbidity current is included in the
sedimentation processes. Finally, the model was run to predict the sedimentation in Dez
Reservoir when a bottom gate is installed to release some of the floodwater as an
alternative to it being released through the existing gates. In the case of using a bottom
gate, the model predicted that a significant reduction of sediment deposited in the
reservoir can be achieved. One of the most significant advantages of the proposed model
- that can be used in reservoir management - is to predict the occurrence, movement and
sedimentation of the turbidity current. Thus, the reservoir manager can estimate the
effects of the storage or release of each discharge on future sedimentation and arrive at
an optimum decision. This model can also estimate the distribution of bed gradation in

the surface layer of the material deposited.

1.7 Scope of the Research

In accordance with the objectives outlined in section 1.5, this thesis includes nine

chapters.

The first chapter describes the main aim of the research, the impact of reservoir

sedimentation on the environment and factors affecting reservoir sedimentation.

Chapter two is a literature review of investigations related to the subject. Important
research on reservoir sedimentation factors are reviewed. The existing methods for
predicting reservoir sedimentation and the advantages and disadvantages of each method

are discussed.

In Chapter three, the theoretical aspects of sediment process computation have been

described. The sand and cohesive sediment transport functions are presented. The
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concepts of active layer and armour layer are described and the turbidity current

characteristics and its behaviour in a large reservoir have been studied.

Chapter four describes the experimental equipment and procedures. All experimental

apparatus and the measurement equipment are described. The experiments and the

methods of collecting data are described.

In Chapter five the results of the experiments on the head of the gravity currents are
presented. A summary of the collected data is shown and the results related to the flow
and sediment aspects of the head are obtained. A new equation has been proposed for
the velocity of the head.

In Chapter six the results of the experiments on the sub-critical gravity currents (the
body) are presented. The initial conditions and a summary of the collected data are
shown. The results related to the flow and sediment aspects of the head are obtained.
Based on the calculated data from this study and the available data in water and sediment

entrainment of the turbidity current, new equations are presented.

Chapter seven describes the governing equations for modelling sediment deposition with
consideration of the turbidity current effects. All details of the new computer model,
“DEPO”, including turbidity current effects are explained. The theoretical basis,

numerical technique and data requirements are described.

In Chapter eight, the new model is verified with experimental and actual reservoir data.
The details of experimental results are discussed and compared with model results. The
model is then applied to Dez Reservoir, a large reservoir in Iran, based on the actual data
obtained. Also the data of Dez Reservoir are used for running the HEC-6 model entitled
“Scour and Deposition in Rivers and Reservoirs” and the results are compared with the

results obtained from the new model “DEPQ”.

A summary of the major conclusions from this research together with some suggestions

for future studies are presented in Chapter 9.

The structure of the nine chapters is shown in Figure 1.4.
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Chapter Two

REVIEW OF LITERATURE ON RESERVOIR
SEDIMENTATION

2.1 Introduction

Prediction of sediment deposition is always needed in the planning, design and operation
stages of reservoir systems. Researchers in this area have examined numerous '
parameters which affect the sediment processes. Modelling of this phenomenon requires
knowledge of the principles of open channel hydraulics, hydrology, geomorphology and

structural features.

In this chapter the methods of trap efficiency and the existing methods to predict

reservoir sedimentation are presented and discussed.

2.2 Trap Efficiency

The ratio of the quantity of deposited sediment to the total sediment inflow is called trap
efficiency.  This parameter is mostly used in empirical methods of reservoir
sedimentation. It is not used in mathematical methods of reservoir sedimentation,
because it can be calculated directly from a comparison of the sediment discharge into
and out of the reservoir. The methods formulated to predict trap efficiency are very
simple for predicting the quantity of sediment deposited in, or passed through, the
reservoir without deposition. These methods are empirical and based on measured data

from different reservoirs. Although most of the sediment and reservoir characteristics
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affect the value of trap efficiency, only some of them are used in the trap efficiency

formulae.

Brown (1944) related trap efficiency to the ratio of capacity of the reservoir and the area
of the watershed. He used data from 34 actual reservoirs and provided a graph as shown
in Figure 2.1 for calculating the trap efficiency. He defined the ratio of C/W, where C is
the capacity of the reservoir in acre-feet and W is the area of the catchment in square

miles.

100 e *v v i _— Y

\

Sediment Trapped in Percent

@ Measured data

e Brown's Curve

B H
i i

20 40 60 80 100 120 140 160 180 200

Ratio of Capacity and Catchment Area (Storage Capacity per Square Mile of
Drainage Areain Acre-Feet)

Figure 2.1 Reservoir trap efficiency [after Brown, 1944].

Churchill (1948) correlated the trap efficiency with a sedimentation index based on
Tennessee Valley Authority reservoirs. The sedimentation index is equal to the ratio of
the retention period to the mean velocity of the flow through the reservoir. The

Churchill curve is shown in Figure 2.2. Terms used in Figure 2.2 are defined as follows:

Capacity = capacity of the reservoir in the mean operating pool for the

period of the analyses (ff).

12
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Inflow = average daily inflow rate during the study period (f’/ sec).
Retention time = capacity divided by average inflow rate (7 /£’ / sec).
Length = reservoir length at mean operating pool level (ft).

Velocity = mean velocity, which is arrived at by dividing the inflow by
the average cross sectional area in square feet. The average
cross sectional area can be determined by dividing capacity

by the length (ft/ sec).

Sedimentation index = retention time divided by velocity (sec’/ft).
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\ ~. N -

g \ \\O\\
: o e
iy |
=t
@ § (]
g &
£ 1 Churchill Curve
S
k] I Churehill Curve fo r Fine Sikt Discharged
k- From an Upstream Reservoir
[}
£ O  Measured Data
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Sedimentation Index of Reservoir (Retention Time / Mean Velocity)

Figure 2.2 Reservoir trap efficiency [after Churchill, 1948].

Brune (1953) developed a relationship between the trap efficiency and the reservoir
capacity-inflow (C, /I') ratio where C, is the capacity of the reservoir (m®) and I is the
volume of annual water inflow (m®). The curves resulting from this method is depicted

in Figure 2.3.

Karaushev (1966) developed an equation for trap efficiency in small reservoirs as:

TE=1-[1-(C,/1)] exp{

M] 20

1-(C, /I

13
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Figure 2.3 Reservoir trap efficiency [after Brune, 1953].
where
TE = trap efficiency
¢ = vs_ts
h,
v, = mean fall velocity of the transported sediment (m/s)
t = duration of spill over period (s)
h_, = the mean depth of the reservoir (m).

Bube and Trimble (1986) revised the Churchill curves based on measured data from
some of the US reservoirs. Figure 2.4 shows a revision of the Churchill curves
conducted by Bube and Trimble. For the sedimentation index less than 10° the revised
curve shows a considerable difference compared with the curves presented by Churchill

(1948). For the other ranges there is no significant difference.

14
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Figure 2.4 Reservoir trap efficiency, revision of the Churchill Curves [after Bube and
Trimble, 1986].

Based on some actual reservoirs and laboratory data, Skryl'nikov (1989) related the trap
efficiency to the ratio of the volume of the channel C; in which the flow transports the
design amount of sediments of a given fractional composition and with the design
capacity of the reservoir C,. He divided the trap efficiency values into two stages. The
trap efficiency in the first stage is a constant and equal to one (TE=1). The ratio of
C,/C, =0.2 is an index for transition from the first to the second stage. According to

this criterion, if the initial storage capacity of the reservoir,

C, >833C; (2.2)
then the siltation will occur at first stage, and if,

C, <833C; (2.3)

then the siltation will occur at the second stage. In the second stage the trap efficiency

will be calculated as follows:

15
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TE = 0041 (c.rc,) ™ ~(c,1c)] (2.4)

Generally, the methods outlined above for calculating trap efficiency are very simple and
basically determine the volume of sediment deposition without regard to the sediment
distribution. Most empirical methods for distributing sediment in reservoirs also need to
determine the volume of deposition by using the trap efficiency of the reservoir. The
equations of trap efficiency are empirical and are obtained based on field or laboratory
data. Significant differences may be obtained using different equations. Therefore,
equations of trap efficiency should be qualified, based on their initial conditions, before

using them in a particular case.

2.3 Reservoir Sedimentation Prediction Methods

Study on reservoir sedimentation began in the 1950’s when the first reservoirs were
resurveyed. Many efforts, were made to describe the sediment deposition processes in

reservoirs. The first attempts were empirical and were based on few actual observations.

The first important attempt to construct a mathematical method for sediment deposition
for field situations was developed in 1968 by Bonham-Carter and Sutherland. They used
jet theory to simulate sediment deposition at a river mouth discharging into the sea. In
1974 Mermill used diffusion equations for modelling reservoir sedimentation.
Subsequently many investigators have used sediment transport equations to model
sediment processes in rivers and reservoirs. This category of methods was developed
with the aid of high speed computers and the development of knowledge occurred on

various aspects of sediment deposition and scour in the reservoir.

2.3.1 Empirical Methods

Empirical methods are based on observations and field measurements made on existing
reservoirs. The capability of these methods are limited to a few features only, which may
be important in the preliminary evaluation of reservoir planning. Investigators in this

area tried to establish a general trend for sediment deposition in reservoirs based on the

16
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measured data from some existing reservoirs. Some of the important methods are

mentioned briefly.

Cristofano (1953) presented the “Area Increment Method” for predicting the distribution
of sediment in a reservoir. This method assumes that the deposition follows a constant
pattern, and deposition could be approximated by reducing a fixed amount of reservoir
area at each elevation. The application of this method in a reservoir needs Equation 2.5
to be solved in an iterative manner to balance the calculated and expected sediment

deposition volume.

Ve =2, Ag (B, —ho)+V,

2.5
H2>h, 2h, (25)

where V, is total volume of sediment; A, is water surface area of the original reservoir
basin at height ho; H is maximum reservoir depth at dam wall measured from original
zero elevation; ho is assumed as the depth of sediment at dam wall; V;, is volume of
sediment accumulated under depth hy; and h, is variable depth measured from original
zero elevation. The sediment distribution under this method is very simple and it is

schematically shown in Figure 2.5.

Elevation of water

Initial bed

Dam wall

Figure 2.5 Sediment distribution by the area-increment method (Cristofano, 1953).

Borland and Miller, in 1958, presented the well known “Empirical Area-Reduction
Method”. This prediction method for probable sediment distribution is accomplished
through two main steps: (1) Classify the reservoir using 4 basic standard type curves
which were developed from actual resurvey data. (2) Make a trial and error type

computation using the average area or prismoidal formulae until the computed capacity

17
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equals the predetermined capacity. The resurvey data from 30 reservoirs has been used
to develop four standard type curves of percentages of sediment deposit versus reservoir

depth percentages. The general classification of reservoirs is shown in Table 2.1.

Table 2.1 Standard reservoir type for using Empirical Area-Reduction Method

M= Reservoir type Standard classification
1.0-1.5 Gorge IV
1.5-2.5 Hill 111
2.5-3.5 Flood Plain-Foothill Lake I
3.5-45 Lake I

* M is the reciprocal of the slope of the line obtained by plotting the reservoir depth (m)

as ordinate against reservoir capacity (m®) as abscissa on log-log paper.

The dimensionless relative area for each standard type of reservoirs is expressed by

Equation 2.6.
A,=C, pi (l—p)J (2.6)

where A, represents a dimensionless relative area at relative distance p above the stream-
bed. C,, i and j are dimensionless constants which are determined by the type of reservoir

as given in Table 2.2

Table 2.2 Dimensionless coefficients C,, m and n.

Type C. | i J
I 3.4170 1.5 0.2
II 2.3240 0.5 04
11 15.882 1.1 23
v 42324 0.1 25

The rest of the procedure would be mathematical calculation. The schematic distribution

of sediment deposition is shown in Figure 2.6.
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Elevation of water

" Dam wall

Figure 2.6 Sediment distribution pattern in Empirical Area-Reduction Method.

Hobbs’” in 1969 presented a method, called the “Pool-Elevation Duration Method”.
According to this method, a part of the total sediment deposition will be deposited above
the pool-elevation that will be exceeded only 5 percent of the time. The remainder of the
sediment will be distributed below the pool level. Distribution of the sediment deposition
in this method requires a pool-elevation-duration analysis and sediment size distribution
to estimate the amount of deposition above and below the pool level. The percentage of
the total sediment deposits above the water level can be determined from Figure 2.7
which is based on the data from 11 reservoirs. Figure 2.8 is used for distribution of the

rest of the sediment throughout the reservoir.
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Figure 2.7 Percentage of sediment to be deposited above 5 per cent pool elevation
level [Hobbs, 1969].
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Figure 2.8 Sediment distribution in large reservoirs (Hobbs, 1969).

Borland in 1971 proposed a method for calculating the slopes of the sediment deposited
in a typical delta (Figure 2.9). He assumed that all the sediment is deposited in a typical
delta. Based on the results obtained from 31 American reservoirs, he found a ratio
between the topset slope of the delta and the original river bed slope. According to the
measured data, the ratio was between a 1.0 (curve 1) and a 0.2 (curve 3). The ratio of
0.5 (curve 2) was proposed by Borland for design purposes. The frontset slope is
calculated by multiplying the topset slope by a constant factor equal to 6.5. The
relationship between the original river bed slope and topset slope is shown in Figure
2.10.

Initial Bed

Figure 2.9 Typical delta in a reservoir.

20



Chapter 2: Review of Literature on Reservoir Sedimentation
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Figure 2.10 Relationship between original stream slope and topset slope [after
Borland, 1971].

Szechowycz and Qureshi (1973) took into account the delta formation and progressed to
calculate the rate of storage depletion and estimate the useful life of Mangla Reservoir in
Pakistan. They used the available methods to calculate the volume of sediment
deposition in the reservoir. Available data was used to calculate the mean annual
suspended sediment load and the bed load was assumed to be 10% of the estimated
suspended load. They also used Lane and Koelzer’s (1943) formula for estimating the
specific weight of sediment deposition, assuming that deltas were formed only by
deposition of the bed material load. They also assumed that all particles in bed load plus
all sand particles and 25% of silt particles in suspended load, will form the bed material
load. The rest of the sediment inclhding 75% of the silt, and all the clay particles were
deposited in the lower reaches of the reservoir or passed through the reservoir. Based
on previous assumptions and considering annual fluctuations of the water level, median
size of the bed material load, channel width and depth of the dominant discharge, they
calculated the delta deposition. The amount of trapped fine sediment was determined
using the lower curve from the Brune method (1953). The pattern of fine sediment
deposition was not determined. A schematic description of their method is shown in

Figure 2.11.
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Figure 2.11 Schematic description of delta formation [Szechowycz and Qureshi, 1 973].

Garde et al. in 1978 (Simons et al, 1982) developed a scheme for predicting progressive

delta formation. They estimated the progressive loss of capacity using Equation 2.7.

Vs (¢/2.)"
Co = =Y (2.7)
[1+ (¢/1.) ]
where
Co = initial volume of reservoir (m’)
Vs = volume of sediment deposited in t years (m®)
t = time in years since reservoir operation began
m, n = constants for a given reservoir,
te = time in years when V, =C, (reservoir full with sediment)
m = slope of V, /Cy versus t on log-log paper
e = represents the departure from a straight line of the plot of V,/Cy versus t

at V,/C, approximately equals to 0.6. Based on the analysis of reservoirs

that were completely filled, n is approximately equals to 0.25.

When the constants are established in Equation 2.7, the distribution of the sediment in
the reservoir can be predicted with the aid of empirical relationships between geometric

variables.
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Chien in 1982 (cited in Annandale 1987) presented an empirical equation to estimate the
delta formations based on Chinese reservoirs. He used Equation 2.8 to estimate topset

slope, and frontset slope by multiplying the topset slope with the constant value equal to
1.6. The proposed equation is as follows:

5
s? b} aly

x

S; = A« (Q/B)% (2.8)
where
S = the topset slope of delta
A. = a coefficient ranging between 1.21x10* and 1.68x10* for various
Chinese reservoirs
S- = mean sediment concentration during flood season (kg/m’)
Dso = median diameter of bed material in suspension (m)
dso = median diameter of bed material (m)
(0] = mean discharge during flood season (m3/s)
B = width of the flow (m)

In addition to these methods, Menne and Kriel (1959), Croley et al. (1978) and
Pemberton (1978, cited in Annandale 1987) presented reservoir sedimentation methods

that are similar to the methods described in this section.

2.3.2 Discussion on Empirical Methods of Reservoir Sedimentation

The empirical methods of reservoir sedimentation can be classified into two major
groups. Some of them such as the Area Increment Method, Empirical Area-Reduction
Method, Menne and Kriel Method, and the Pool-Elevation Duration Method assume that
the sedimentation in a reservoir follows a relatively constant pattern. The methods
described by Borland, Szechowycz and Qureshi, Garde et al, and Chien assume that the
bulk of sediment is deposited in a typical delta and, based on this assumption, they

attempted to formulate the slopes of delta formation.
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Generally,' empirical methods do not cover all aspects and conditions of reservoir
sedimentation. These methods are based on one or more observations and generalising
the model for all cases is not appropriate. There are glaring differences among the
deposition pattern results from these methods. These have been schematically illustrated
in Figures 2.5, 2.6 and 2.10. This causes difficulty in selecting a method that is suitable
for each reservoir. Dividing reservoirs into a few categories or applying a specific
equation for the deltaic sediment deposition without a precise analysis of the hydraulic
and sediment process in actual geometric conditions provides a very low approximation.
Although empirical methods are not very reliable in comparison with mathematical
methods, some of them (eg. “Empirical Area-Reduction Method” by Borland and Miller,
1958) are still utilised for reservoirs sediment analysis. The simplicity of the methods
and less data requirement for analysis are reasons for employing empirical methods in

some Cascs.

2.3.3 Mathematical Methods

Mathematical models are based on mathematical solutions for all phenomena affecting
sediment transportation, distribution, deposition and scour. These models often require
repeated calculations of a number of equations by computer. From a theoretical point of
view, three different concepts can be found in the mathematical methods; “Jet Theory”,
“Diffusion Theory”, and the methods using sediment transport theory. Apart from
Bonham-Carter and Sutherland (1968) (using the “Jet Theory”), and Memill (1974)
(using the “Diffusion Theory”) methods, the other mathematical methods are based on
sedimentl t.ranspoh theories and are solved using the continuity of sediment, continuity of
water flow, dynamic equation, and sediment transport equation. Some of the analytical

methods are briefly mentioned as follows:

Bonham-Carter and Sutherland (1968) presented the “Jet Theory” method for predicting
delta deposition in a river mouth discharging into the sea. They used plane jets theory to
predict sediment deposition. A rectangular open channel flow is assumed for the river
and the situation is compared with a jet discharging from a slot. The streamwise velocity

is predicted by different equations in three parts of jet zones as shown in Figure 2.12.
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Figure 2.12 Structure of velocity field in Jet Theory.

To calculate the sediment deposition, the river mouth is divided into a number of cells by
means of a vertical grid as shown in Figure 2.13. All sediment which passes through a
grid river-mouth cell are assumed to follow the same path as would a nominal particle

that had the coordinates of the cell center at x = 0.

This model can be used for an expanded connection between river and reservoir where
the width of channel will be abruptly expanded. Also, the model can be used for coarse
particles but could not apply when fine particles are present in significant amount in the
flow. No records of using this model for the prediction of sediment deposition in actual

reservoirs have been reported.

River Mouth Grid

Nominal Particle Trajectory

counting Grid

Figure 2.13 Orientation of computational grids at river mouth and nominal particle
trajectories.
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Merrill (1974), used “Diffusion Theory” to predict deposition in reservoirs. He modelled

the process by a two-dimensional diffusion equation as:

dc 92 9 2¢

A bty (2.9)
where
c = the sediment concentration
X,y = the longitudinal and lateral directions, respectively
t = time
ks, k, = the diffusion coefficient in x and y direction, respectively.

The reservoir is divided into two-dimensional cells to solve Equation 2.9 by finite-
difference numerical method. A volume of sediment, for the period of analysis, is
diffused by an iterative manner until a predetermined trap efficiency is achieved. At this
time it is assumed that all sediment in suspension settles to a location below its present

position and the additional thickness is added to the previous elevation of the cells.

The important problem of this method is that the value of diffusion coefficients is not
known and the output of the model is significantly affected with values of the
coefficients. Furthermore the large particles (sand and large silt) obviously not diffuse
and cannot model with Equation 2.9. The diffusion coefficients used in this model are
the same for all fractions. Consolidation of different particles are not considered. The
elevation of the reservoir is assumed to be constant for a long period (ten years

minimum).

There are some models (eg: FLUVIAL, HEC-6, CARICHAR, CHARIMA, FCM) which
use sediment transport theories for simulating sedimentation in rivers and IeServoirs.
The models procedure in general compare the difference between the sediment transport
capabilities of a given channel and the amount of sediment fed from upstream of the
channel. The difference between these quantities show the amount of scour or
deposition in the <£hannel. These models are generally based on the equations of

continuity and motion for water and sediments over a mobile bed. The bed elevation is
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evaluated by relating the sediment transport capacity to local flow and bed

characteristics. Generally these methods are realistic for prediction of sediment-flow

interaction in natural streams.

A one-dimensional solution has been widely used for the prediction of the sedimentation
process in rivers and reservoirs since the 1970s. The applicability and accuracy of
models depends on the recognition of physical foundation and numerical techniques
employed.

A complete model of reservoir sedimentation would require the mathematical solution of
three-dimensional water flow and sediment transport models. This is stll not possible at
this stage of knowledge of computational hydraulics and it is also believed that the three-
dimensional model is not necessary for most conditions. For most practical purposes,
however, one-dimensional models provide a satisfactory answer and most of the work on

this area relates to such cases.

Chang and Richards (1971) developed a model to determine the sensitivity of the method
of characteristics. Three basic equations describing the unsteady flow in alluvial channels
are derived from the equation of continuity for sediment, the equation of continuity for
water, and the equation of motion of sediment-laden water as follows:

p) 0A
continuity of sediment ai;d +(1- po)a—:p - g4 =0 (2.10)

00 oA dAg
ax+az“’° ot

continuity of water -q,=0 (2.11)

30 a(VQ) 3 (D+y,)
3t T oz T8AT 5 °

momentum equation gAS, =0 (2.12)

where
Qu = sediment discharge
Ag = cross section area of suspended sediment
) = water discharge

= Ccross section area of flow
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x = the distance along channel

t = time

A\ = mean velocity of water

J'4 = gravitational acceleration

D = flow depth

o = the bed elevation

S. = energy slope

Po = bed-sediment porosity

Qsd = lateral discharge of sediment
qw = lateral discharge of water

q = lateral discharge of sediment-laden water

The definition sketch is shown in Figure 2.14.

q, =9, *+ u ~
t sd %
Y f B
Z
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Z
b Dawm Datum
Profile Cross section

Figure 2.14 Definition sketch of an alluvial channel.

The total concentration of sediment per unit width is expressed by Chang and Richards in

terms of V and D as:

vi D’

c=
8Vs

where

c = concentration of sediment
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k,d, r =coefficients of sediment transport capacity

Vs = average fall velocity of sediment

The model was applied only to a hypothetical reservoir and no prediction has been

reported for actual reservoir.

Yiicel and Graf (1973) developed a computer model for simulating sediment deposition
in a rectangular reservoir which has a unit width. The procedure was based on first
calculating the water elevation using the “standard step method” (Henderson, 1966) and
then route sediment from upstream. Three bed load equations; Schoklitsch, Meyer-Peter
and Miiller (1948), and Einstein (1942) were used in the model.

The model was applied only to a hypothetical reservoir rectangular cross-section for
comparison. The different patterns of sediment deposition in a delta region obtained
using Schoklitsch, Meyer-Peter and Miiller, and Einstein bed load equations are shown in
Figure 2.15.

The model was developed for comparison of the three above mentioned bed load
equations and no actual prediction is reported. The prediction of sediment deposition in

actual cases using this model requires many modifications.

Asada (1973) presented a model for mountain rivers and reservoirs based on his own
sediment transport equation. The procedure is similar to the above methods. At first
backwater profiles for initial bed slope is calculated using non-uniform steady equations.
After that, the amount of bed deformation, dz, during time interval, dt, is calculated
using the sediment transport equation and equation of continuity of sediment. Finally,
the grading curves of bed materials after dt in each reach are calculated based on the
difference of sediment discharges for each grain size and the amount of grain size which
is distributed in the sub-surface layer. These procedures can be repeated for calculation

of the bed elevation at an optional time.

He used the model for Shingo regulating pondage and upstream of the Shingo pondage
in the Agano river (in Japan) and fairly good results between prediction and measured
bed elevation were reported. In Figure 2.16 the result of the sediment bed profile

calculation in the Shingo pondage is shown. The poundage is mainly fed by the Agano
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River and the location of a tributary (Tadami River) entry into the poundage is also

shown in Figure 2.15.

Meyer-Peter and Muller Equation

Einstein, 1942 Equation

i b 1 1 1 L 1 1 I 1 ] I 1 1 L 1 l L

Figure 2.15 Prediction of sediment distribution patterns obtained using different bed
load equations [after Yiicel and Graf, 1 973].
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Figure 2.16 Calculated and measured bed profiles for Shingo regulating pondage
(Asada, 1973)

The main problem in using this model is the unique sediment transport equation used for
mountain river. The sediment transport equation has empirical coefficients that should
be determined for each grain size based on the data of deposited sediment in a reservoir

or river bed deformation. The cohesive sediment processes are also not considered.

Lopez (1978) presented a model using both sediment transport and jet theory to predict
reservoir sedimentation. The model considers the reservoir as a set of multiple channels
and uses a compound stream model approach together with a two-dimensional jet theory

to route the flow of water and sediment through the system.

A reservoir is divided into three zones; the river, transition and reservoir zones.
Discharge in the river zone is considered as a one-dimensional flow. Continuity and
momentum equations for water flow and the sediment continuity equation are used for
analysing water and sediment in this zone. In the transition zone, a simplified model for
the velocity distribution of a two-dimensional submerged jet is proposed. The flow in
the reservoir zone is divided into a number of imaginary canals and flow in each
imaginary canal is considered to be one-dimensional. In Figure 2.17 the river and

reservoir system simulated by this model is shown schematically.
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Figure 2.17 The river-reservoir system simulated by the Lopez Model [after Lopez,
1978].

In the model the gradually varied, unsteady flow and momentum equations for flow are

expressed as:
a0 OJA
St -4qL= 2.14
d3x ar UL 0 (2.14)
d V) 9 oD
(Bame )+a?+gA3;=gA(s-sf)+quL (2.15)
where
qL = lateral inflow into stream
Bw = momentum correction factor for velocity distribution
S = bed slope
St = friction slope
L = velocity component of the lateral flow in the x-direction

The implicit scheme of finite differences is employed to solve the above equations.
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The sediment continuity equation is expressed as:

%Hl—po)a;:p 42 gf“’ ~qs54 =0 (2.16)
where
Qu = total sediment load in units of volume per unit time
Csa = average sediment concentration in the cross section on a volume basis
Do = bed-sediment porosity

The total flow at a cross section is divided into imaginary canals by multiplying the total
flow by the conveyance of the sub-channel divided by the conveyance of the entire
channel. The specific weight of the deposited sediment is also considered instead of po
which varies according td sediment gradation. Then the sediment continuity equation for
each individual canal becomes:

0 QsdE 0 ASPE 0 (Acsa)E
dx Y e 0t *sE ot

—q4g +q4g-1) =0(2.17)

where
E = number of channels
Qu = total sediment load in units of weight per unit time
YeE = specific weight of the sediment deposits at the Eth stream
YsE = specific weight of the transported sediment particles
GaE » GaE-1) = sediment transfer between channels (units of weight per unit

time)

The g4 and que.1) are terms that can be evaluated by first solving the continuity equation

for flow between channels g; ¢ and then substituting them into the following equation.

’

4
Qg =€) qLE +k, Da—y" (2.18)
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where
qLE = lateral flow between channels
cp = suspended concentration in the longitudinal direction at a section
ke = diffusion coefficient for the sediment particles in the lateral direction
D = average flow depth
3¢, | S
3y = suspended sediment concentration gradient in the lateral direction

The sediment transport equation is eXpress as:

Q. =kV? (2.19)

k and d are two parameters which can be obtained by calibration from field data.

Problems associated with the use of this method are as follows:

1. the model can be applied to predict the distribution of sediment in small

reservoirs in which the effect of turbidity currents may be neglected;

2. the sediment processes of cohesive grains are not considered;

3. the method relates to reservoir systems with merely expanded channels;
and,

4, running the model requires many parameters and coefficients. Therefore,

the calibration of the model becomes very difficult.

The FLUVIAL model (different versions) has been developed for water and sediment
routing in rivers by Chang (1982, 1984, 1988). This model is the only one which can
handle bank scour. The model uses unsteady equations for water flow and substitutes
conservation of momentum for conservation of energy to derive the water flow
equations. The model has five major components: water routing, sediment routing,
changes in channel width, changes in channel-bed profile, and changes in geometry due
to curvature effect. The continuity and momentum equations in the longitudinal

direction, are derived as:
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A 0Q 0
ot a -4 = (2.20)
100 32, 19 (@? Q9
— — + -
Aot 8735 TAas ( t85- 74 =0 (2.21)
where
s = the curvilinear coordinate along discharge centerline measured from the
upstream entrance
Z, = the stage or water surface elevation

In this model the transverse energy gradient, and the mean flow curvature, due to

secondary current in curved channel are also employed.

The sediment routing component for this model has four features:

1. computation of sediment transport capacity using DuBoys (bed load,
Vanoni 1975) and Graf (1971) suspended load formula for the physical
conditions

2. determination of actual sediment discharge by making corrections for

availability, sorting, and diffusion
3. upstream conditions for sediment inflow
4. numerical solution of the continuity equation for sediment.

These features are evaluated at each time step, and the value of change in cross-sectional

area (dA,) obtained are used in determining the changes in channel configuration.

The changes in width of channel is calculated. The direction of width adjustment is
determined following the stream power approach, and the rate of change is based on
bank erodibility and sediment transport functions. After the banks are adjusted, the
remaining dAs is applied to the bed. The changes in bed topography due to curvature is
also considered in this model. |

The model can not handle the cohesive sediment process and also the effects of turbidity

current on sediment processes is not considered.
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The US Army Corps of Engineers released several versions of HEC-6, (ver. 1, 1977, ver.
4.1, 1986, 1993) a one dimensional mathematical model, for simulating scour and
deposition in the river and reservoirs. This model is popularly used for the prediction of
sediment transport, because it is developed and supported by the Corps of Engineers and
is widely distributed (Dawdy and Vanoni, 1986). The latest versions has the capability to
model scour and deposition of sand, silt and clay (MacArthur et al. 1990).

In HEC-6 the flow and sediment are routed in two phases. First, the water is routed
from downstream to upstream by using the backwater “standard step method”
(Henderson, 1966); then, the sediment is routed from upstream to downstream. The

sediment processes and bed evaluation of this model has the following procedures.

1. computation of non-cohesive sediment transport capacity using different

optional equations for the physical conditions of the section;

2. determination of actual sediment discharge by making corrections for
availability of each grain size based on calculating active and sub-surface

layers, existing of clay particles, and effect of armour layer;

3. solving the continuity equation for sediment with actual sediment

discharge of the section and the upstream sediment discharge;

4, applying the same procedures for cohesive sediment processes by using
krone (1962) for deposition and Parthenaides (1965) for erosion, and then
calculating the rate of cohesive sediment deposition or scour (only in

version 4.1, 1993); and,

5. calculating the bed deformation based on accumulated sediment deposited

or scour, bulk unit weight of sediment, and geometry of the section.

The rate of scour and deposition distributes uniformly across the active portion of the
channel which is set by the user. In the new version of the model eleven sediment
transport equations are available as: Toffaleti’s (1969), Madden’s (1963), Yang'’s
(1973), DuBoys’ (Vanoni 1975), Ackers and White (1973), Colby (1964), Toffaleti and
Schoklitch (1934) combination, Meyer-Peter and Miiller (1948), Toffaleti and Meyer-
Peter and Miiller combination, Madden’s (1985, unpublished) modification of Laursen’s

(1958) relationship, and Copeland’s (1990) modification of Laursen’s relationship. The
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armouring process is used in the model. An equilibrium depth is defined by combining
Manning’s equation, a form of the Strickler equation and Einstein’s bed load equation,
The equilibrium depth for a given grain size and unit discharge is defined as the depth for
which no transport of bed material of that size occurs. The depth of scour required to
produce a volume of a particular grain size sufficient to completely cover the bed to a
thickness of one grain diameter is used to determine the required depth of scour to fully
develop an armour layer, at which point all bed material movement ceases. The one-

grain layer criterion is derived from Gessler (1971).

Problems associated with the use of this model are as follows:

1. the model can be applied to predict the distribution of sediment in rivers
and small reservoirs in which the effect of turbidity current can be
neglected; and,

2. the user should specify the active portion of each cross section. The

pattern of sediment deposition and scour is highly sensitive with this

parameter and it is very difficult to determine.

HEC-2SR is a version of HEC-2 with sediment routing added (National Research
Council, 1983). The model uses a combination of the Meyer-Peter and Miiller bed load
equation (1948), and the Einstein’s suspended load equation (1950). It also includes bed
armouring algorithms. Shields’ criterion is used to determine a non-moving size, and a
layer, which is two-grain diameters thick (based on the smallest non-moving particle),
armours the bed. The model distributes scour and fill proportionally relative to the

conveyance in the cross section.

The effects of turbidity current is not considered in this model. Therefore, the model can
be used in rivers and in only small reservoirs. Also, the process of cohesive sediment is

not considered.

Rahuel et al. (1989) presented a coupled simulation of unsteady water and sediment
movement in mobile-bed alluvial rivers called CARICHAR. The basic equations

describing the unsteady flow (the same as Equations 2.10, 2.11 and 2.12) were solved in
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a coupled, implicit manner using a finite difference scheme. Two equations are adopted

to determine the bed load transport:

1. Meyer-Peter and Miiller’s (1948) sediment bed load equation as a bed
load predictor
2. Bell and Sutherland’s (1983) loading law equation to take into account

the spatial bed load delay compared to its equilibrium value as:

[ 1
Dby =[1 +(——q’:”‘ - 1]e"‘1<“‘1) Jq,‘;v (2.22)
dbv1
where
Qo = measured unit-width volumetric bed load transport rate

q* o = equilibrium value of o
K, = loading-law coefficient
x = distance

index 1 = the upstream limit of the reach being considered.

A particular concept for active layer and armouring is defined and used in this model.
The equation proposed by Borah et al. (1982) is employed for calculating thickness of
the active layer. The model is used in a hypothetical reservoir to show the processes of
the model and the affects of considering the loading law equation on predicting sediment
processes. The model can be used for predicting of water level and sediment processes
in rivers, but the suspended load and cohesive sediments were not considered in the
prediction of sediment transport. Using the model for reservoirs is limited to small ones

because the turbidity current is not considered.

Holly et al. (1990) presented a model called CHARIMA for simulating the unsteady
water and sediment movement in multiple connected networks of mobile-bed channels.
The equations of unsteady water and sediment movement (the same as Equations 2.10 to
2.12) are solved in Preissmann’s finite-difference scheme. Four total-load predictors are
available in the model and hydraulic sorting and bed armouring procedures are

considered. The model is used in three natural river systems (A river reach of Missouri
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River, Cho-Shui River in western Taiwan, and Susitna River in Alaska) and the
prediction results were in good agreement with measured data. The cohesive sediment

process and the effects of turbidity currents are not considered.

Correia et al. (1992) presented a coupled one dimensional model for rivers called FCM.
The governing equations for mass and momentum balance of sediment-water mixture
under unsteady flow conditions in natural rivers with irregular geometry, are considered

as follows:

90 L[99y pl0D |
”{a:]”[a: =g, (2.23)
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where

P = the wetted perimeter
B = the top width of the channel
AY, . =the rate of change of A with respect to x when y is held constant
S = the slope of the bed
S¢ = the slope of the energy grade line
v = the velocity of the lateral inflow in the direction of the main flow
Cav = the average volumetric sediment concentration within a control volume

these equations are solved in coupled, one-dimensional manner using the Preissmann
four-point linear implicit scheme with weighting factors for space and time coordinates.
The bed load equations of Ackers and White (1973), Brownlie (1983), van Rijn (1984a,
1984b), Graf (1971), Schoklitsch (1934), Smart and Jaeggi (1983), and Meyer-Peter and

Miiller (1948) are available in the model and also the process of bed armouring 18
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simulated. The model is tested in a hypothetical reservoir to demonstrate the original

features of the model. This model can not handle the cohesive sediment process and

turbidity currents.

Spasojevic and Holly (1990) presented a two dimensional model, MOBED?2, for
simulating mobile-bed processes. The governing equations for fluid flow, sediment

transport, and bed evolution were as:

mass-conservation equation (continuity) for fluid flow:

VV=0 (2.26)

momentum-conservation equation for fluid flow:

oV - =~ 1= 1 1
—4+(V-V)W=—F, ~—Vp+—V:71 2.27
> ( ) > b o P o b (2.27)

mass-conservation equation for one size class of suspended sediment:

dc - 1 _
—aT"'+V-(ch)=-;V-qd (2.28)

mass-conservation for one size class of active-layer sediment:

3B, E
P (1-po)—(B(.;t—m)+V-Z1‘,,+qu—Saf =0 (2.29)

global mass-conservation equation for bed sediment:

ps(l-po)%’-+2(v-ﬁb+sqs)=0 (2.30)
where

1% = velocity vector

p = density of the fluid

Fy = body force
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Cd = dimensionless concentration, i.e. ratio of the mass of the particular size-

class particles to the total mass of the elemental volume

Ga = suspended sediment diffusion flux
dp = bed load flux

Ex = active-layer thickness

B. = active-layer size fraction

Sqs = suspended load ‘source’

Sat = active-layer floor ‘source’

o = the bed elevation

Ps = density of the sediment particles

Several numerical solutions are employed to solve the equations. The model was run for
a simulation period of 8 days for Coralville Reservoir, which is located on the Iowa River
near Iowa City. The output results of the model are demonstrated. Comparison

between the measured and predicted values were not reported.

Many assumptions have been made to solve the procedures system of equations used in
MOBED?2. The model is applicable to the so-called “shallow” watercourses where the
depth is much less than the other two dimensions. The generalisation and the procedures

of this model is still under development (Holly, 1992: personal communication).

2.3.4 Discussion on Mathematical Methods

Amongst the mathematical methods, the jet theory method and diffusion theory method
have some limitations. The jet theory method can be used for very large particle sizes
settled down in the mouth of the river and reservoir or estuary. It doesn’t have the
ability to take into account the small size sediments and even the transport rate of large
particles in the process. The diffusion theory may be used for very fine sediment

processes but it can not handle the large sediment size particles.
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Methods based on the sediment transport theory are comparatively more reliable for
simulating the stream deformation due to sedimentation processes. That is why many
valuable investigations have been carried out to develop and completing this kind of
mathematical methods over the last two decades. In recent years, most attempts are

focused to couple the sediment and flow phases, and also to analyses the problem as a

two dimensional model.

Although some of the mathematical methods are reliable enough to predict the sediment
process in a watercourse, their uses in deep reservoirs are limited. This limitation is due
to the existence of the turbidity current in deep reservoirs. It should be emphasised here
that although in some cases, ignoring the effects of the turbidity current on long term
sediment process does not cause significant error, in the case of high suspended sediment

discharge, the difference may be remarkable and can not be ignored.

2.4 Summary

In this chapter the existing reservoir sedimentation methods were briefly reviewed and
some comments were also made considering the available theories. The methods to find
the trap efficiency of reservoirs including, Brown (1944), Churchill (1948), Brune
(1953), Karaushev (1966), Bube and Trimble (1986, revised the Churchill curves), and
Skrylnikov (1989) were presented. The existing reservoir sedimentation methods were
divided into empirical and mathematical categories. The empirical methods presented
included the “Area Increment Method” (Cristofano, 1953), the “Empirical Area-
Reduction Method” (Borland and Miller, 1958), the “Pool-Elevation Duration Method”
(Hobbs, 1969), Borland (1971), Szechowycz and Qureshi (1973), Garde et al. (1978,
Simons et al. 1982), and Chien (1982, cited in Annandale 1987). The advantages and
disadvantages of these methods were presented. Generally, these methods do not cover
all aspects of reservoir sedimentation. These methods are based on one or more field
observations. Therefore, generalising the model for all cases is not appropriate. There
are glaring differences among the deposition pattern results from these methods. This
causes difficulty in selecting a method that is suitable for a specific reservoir. Dividing

reservoirs into a few categories (that is proposed in some of these methods) or applying
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a specific equation for the deltaic sediment deposition without a precise analysis of the
hydraulic and sediment processes in actual geometric conditions provides a very low
approximation. However, in some cases the simplicity and less data requirement for
analysis are the advantages of using these methods. The theoretical aspects of the
mathematical methods category included the *“Jet Theory” (Bonham-Carter and
Suthreland, 1968), the “Diffusion Theory” (Merrill, 1974), Chang and Richards (1971),
Yiicel and Graf (1973), Asada (1973), Lopez (1978), the FLUVIAL (Chang, 1982,
1984), the HEC-6 (US Ammy Corps of Engineers, 1977), the HEC-2SR (National
Research Council, 1983), the CARICHAR (Rahuel et al., 1989), the CHARIMA (Holly
et al., 1990), the FCM (Correia et al., 1992), and the MOBED?2 (Spasojevic and Holly,
1990). The capabilities and limitations of each model were discussed. In the existing
mathematical models only the new version of HEC-6 (version 4.1) can simulate the
cohesive sediment process. In all the mathematical models described, the main limitation
is the fact that they can be used only in rivers and small reservoirs in which the effect of
turbidity currents can be neglected. In the case of a deep reservoir, in which the depth is
enough for establishment of turbidity current, the error in using an existing mathematical
model would be remarkable.
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Chapter Three

THEORETICAL ASPECTS OF THE
COMPUTATION OF SEDIMENT PROCESSES

3.1 Introduction

Sediment transport computations in watercourses are needed to simulate the channel
morphological processes. Prediction of aggradation and degradation of channels needs
adequate understanding of several concepts: coarse sediment transport; fine or cohesive
sediment transport; unit weight of sediment deposited; turbidity current; active-layer
thickness and armour layer. These factors affect the sediment processes which need
accurate evaluation. However, the processes involved are very complicated. Hence the
evaluation of sediment processes can be made only by considering the most significant
parameters that control the processes under investigation and by neglecting description
of less relevant aspects (Silvio, 1992). In this chapter, the factors affecting the sediment
processes in the rivers and reservoirs will be described briefly. Also the derivation of
turbidity current equations that especially apply to the sediment processes in reservoirs

are presented.

3.2 Sediment Transport

Sediment transport formulae provide an estimation of the rate of discharge of sediment in
terms of the sediment and the hydraulic properties of the flow. These formulae can be
divided into suspended and bed load transport. Much of the research in the early
decades of this century dealt with the development of relations for transport of bed load

by streams (Vanoni, 1984). Bed load relations are used when the bed sediment is coarse
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and moves on or near the bed and negligible amounts move in suspension. Since, both
suspended and bed load depend on almost the same parameters, they may be considered
in terms of total sediment discharge, as proposed by some investigators (Laursen, 1958;
Engelund and Hansen, 1967; Yang, 1973 and 1979, and Graf, 1971). Total load
transport equations give the entire sediment discharge of bed material. However, total
load relations usually do not give the discharge of the silt and clay (D,<62um), which
usually move in suspension as “wash load.” A number of equations which have been
developed to explain sediment transport rates under equilibrium conditions. Most of
them are empirical, in which the coefficients are determined by fitting the equations to

usually laboratory data. Some of the important equations are:

o Meyer-Peter and Miiller, 1948, for bed load

. Einstein, 1950, for bed and suspended load

o Laursen, 1958, for total load

. Bagnold, 1966, for bed and suspended load

o Engelund and Hansen, 1967, for total load

. Toffaleti, 1969, for bed and suspended load

° Graf, 1971, for total load

o Bishop et al., 1965, Total load

o Ackers and White, 1973 for total load

° Yang, 1973, 1979, for total (sand transport)

. Yang, 1984, for total (gravel transport)

. van Rijn, 1984, for bed and suspended load

. Wiuff, 1985, for suspended load

. Samaga et al., 1986, for bed and suspended load
o Celik and Rodi, 1984, for suspended load

o Habibi and Sivakumar, 1993 for suspended and 1994, for bed load

For each of the above equations, the conditions used for their calibration were different.
Before using each of the equations for a particular river or reservoir, it should be made
sure that the existing conditions in the river or reservoir and the conditions used for
calibrating that equation are similar. An evaluation of the utility of different sediment

transport equations is not an objective of the current study. Here, three of these
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equation were selected and presented in detail. The Meyer-Peter and Miiller’s theory

was selected because it is one of the most popular procedures for the calculation of

sediment transport and is one which is still being used widely. The Bagnold theory was

selected because it was the first theory which employs the energy concept for sediment

transport calculation. The Yang theory is presented because it utilises the stream power

concept and is widely used.

3.2.1 Meyer-Peter and Miiller Equation

Meyer-Peter and Miiller in 1948, using their own measured data, developed an empirical

equation for the prediction of bed load transported in open channels. The equation can

be written as:

a7 =2504% 5 - 425 D,

where
Qv = unit bed load transport rate in kg/s.m
q = water discharge per unit width in m’/s.m
S = slope of the bed
D, = size of bed materials in metres.

(3.1)

Since the Equation 3.1 was limited to relatively coarse uniform material, Meyer-Peter

and Miiller conducted experiments on non-uniform and smaller grains to develop the

following equation for non-uniform sediments:

(ns /n)% R, S/(R D,)=00474025 5 (a1 1,07 [, ~¥)5 Da]  (3.2)

1 % ¥
=—R]} %
n v b

Ry = hydraulic radius

(3.3)

(3.4)
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D, = arithmetic mean diameter of the particles

R = submerged specific gravity of the sediment particles (= P_s:_E_)
Y

p = density of water

Ys = unit weight of sediment materials

Yw = unit weight of flow

n, n, =Manning coefficients
vV = average velocity of flow

s = energy slope due to grain resistance.

3.2.2 Bagnold’s Sediment Transport Equation

Bagnold (1966) derives an expression for suspended and bed load based on the work
rate. Based on his approach, the proposed equation for suspended load is given as:

1 U
g;=%(1-e)et, V= (3.5)

s

and for bed load transport the equation is given as:

9 = -;;tb v ta:;d (3.6)

where

qs = suspended load in dry weight per unit of channel width

Ps = density of the sediment particles

ep = bed load transport efficiency

e; = suspended load transport efficiency

Ty = bed shear stress

14 = mean velocity of water

U; = mean velocity of solids

Vs = mean fall velocity of solids

o4 = coefficient of dynamic solid friction.
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For the total load, the equation can be written as:

9, =9,%4, (3.7)

3.2.3 Yang’s Sediment Transport Equation

Yang (1972, 1973, 1976) has proposed a stream power equation which can be utilised
for estimating total bed material concentrations in sand bed rivers. Based on this theory,

the relevant equations for sediment concentration is given as:

loge, =1+ Jlog (VS) (3.8)
vS
Ve Ds Ux
I=5165-0.153 log -0.297log | — (3.9)
v v,
D .
J=178-036log (vsv s ) - 0.481og (“—J (3.10)
5
where
Cr = total sediment concentration in parts per million by weight
D, = median sieve diameter of bed material
Us = shear velocity
\Y = kinematic viscosity of water.

3.3 Cohesive Sediment: Deposition and Scour

To study the non cohesive sediment a particle can be characterised with known
parameters such as, diameter, density and shape. But the properties of cohesive particles
depend on the sediment characteristics (mineralogical composition, organic content, etc)
and water properties (temperature and chemical composition). The interactions between
these properties are complex and the determination of the physico-chemical properties of

cohesive particles is needed. Therefore, study of cohesive sediment is very difficult.
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Cohesive sediments are composed principally of clay and silt minerals that are eroded
from watershed soils. The active part, that is, the clay minerals, consist of small particles
typically less than two microns that have negative surface charges (Peterson, 1988).
Krone (1962) for the first time conducted valuable experiments on deposition rates of
cohesive materials. Base on laboratory studies he presented an empirical equation for

deposition rates of cohesive materials (at concentrations less than 300 mg/L) as follows:

Cc—’; =¥ (3.11)
v, P
k=—tt (3.12)
where
cr = concentration at the end of the time period
Cs = concentration at beginning of the time period
t = time = reach length/ flow velocity
Vs = fall velocity of sediment particles
Pi = probability of particles sticking to the bed and not being re-entrained by
the flow. P, = 1- (Tw/Ts) when Tp<ts and Py = 0 when 1,2 14
D = water depth
T = bed shear stress
Td. = critical shear stress under which deposition occurs. This value should

be determined by laboratory testing on the particles.

The erosion rate of cohesive sediment, based on work by Parthenaides (1965), can be

found by the following equation:

0.=M 1[12_ IJ (3.13)

where
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L4

0. = the erosion rate per unit area per unit time
M,  =erosion rate for particle scour
Ts = critical bed shear stress above which erosion occurs

For computation processes Equation 3.13 can be written as:

f = ok [& - 1]+ s (3.14)
QYw \Ts
where
A, = surface area exposed to scour
0 = water discharge
Yw = unit weight of water.

In this equation T, should be determined with laboratory testing on specific sediment
particles. M, is dependent on the specific sediment particles and water properties, and
can be obtained with laboratory testing.

The same equation for cohesive sediment scour has been reported by Cormault (1971).

He determined the constant M, for Gironde Estuary as equal to 0.00002 (g/cm®.s).

Parchure and Mehta (1985) found the rate of surface erosion as:

Q. =0y exp[az(t,, —‘cs)w] (3.15)
where

o = an empirical constant

Q¢ = the floc erosion rate

T., O, and Oy are depend on physico-chemical properties of particles and water and

should be determined with experimental tests.
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3.4 Active-Layer Thickness and Armouring

When particles are scoured from the bed, the exchange between bed and flow takes place
in a thin layer at the bed surface. This layer is called the “active layer” and below this the
bed material remains undisturbed and is called the “inactive layer”. The materials
existing in an active layer may be scoured away by the flow and large particles existing in
this layer establish an armour coat on the inactive layer to prevent any scour from the
bed. The scour can not remove the material under thé armour coat until a high flow
removes this coat. A new active layer can be defined after the armour coat is removed.
In deposition processes several active layers may be formed. In Figure 3.1 a schematic

presentation of the layers is shown.

Armoured layer

Inactive layer

Active layers
Flow ctive lay

: £
-t
oy -;;.

Figure 3.1 Schematic of layers in bed processes.

Several algorithms are presented to define the active layer thickness. These equations
can be used in the computation of the bed processes. Borah et al. (1982) presented an

equation for active layer thickness as:

100 Dy
e N 1-24;
2P
i=L
where
ha = thickness of the active layer
P; = the percentage of the fraction 1
D,  =thesize of fraction, L
AL = the porosity of fraction, L
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N = number of particle size fraction

Fraction L is the smallest sized (d) material which the flow cannot transport.

Another algorithm to define and to calculate the bed layers is presented in HEC-6
sedimentation computer program. This method is based on defining two layers in the
active layer; the cover layer and the sub-surface layer. The cover layer is a thin layer of
bed material at the bed surface which is continually mixed by the flow. As the bed
progresses towards an equilibrium condition in which deposition and resuspension of
each size class is balanced, the slow moving thin cover layer becomes coarser and serves
as a shield, regulating the entrainment of finer particles below. If the cover layer is
replenished by deposition from the water column, it will remain as a shield constraining
the entrainment of finer material from below. This shielding began to occur when as
little as 40% of the bed surface was covered. There are two components of the active
layer; a cover layer that is retained from the previous time step and a sub-surface layer
that is created at the beginning of the time step from the inactive layer. The sub-surface
layer material is returned to the inactive layer at the end of the time step. The cover
layer from the previous time step is limited to an arbitrary maximum thickness of 0.6 m.
If the previous cover layer thickness is 0.6 m or greater, the new cover layer is assigned a
thickness of 0.06 m. The residual material is mixed with the inactive layer. The
armouring process is applied by using the equilibrium depth which is calculated by

combining Manning’s, Strickler’s, and Einstein’s equations as follows:

Vi
D, = LJ (3.17)
e~ y .
1021D?
where
D, = the minimum water depth for negligible sediment transport (ie,
equilibrium depth) for grain size D;
q = water discharge per unit width of flow.

The initial thickness of the sub-surface layer is calculated from D.. The maximum
thickness of the sub-surface layer, however, is constrained by an estimated maximum

scour that could occur during the exchange increment. The estimated maximum scour is
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calculated from the hydraulics, inactive bed gradation, and selected transport function.
This constraint will almost always override the thickness calculated using equilibrium
depth. A minimum thickness of two times the largest grain size in transport is also

imposed.

3.5 Unit Weight of Sediment Deposition

Generally, the sediment inflow to the reservoir is estimated in terms of weight per time,
eg tonnes per day, and must be converted to a volume equivalent. The density of the fine
sediment is subject to compaction during the sediment deposition process. This means
that the average unit weight of sediment deposition will increase with time. Therefore,
two different unit weights are defined: namely an initial unit weight and an average unit
weight with time. There are several factors influencing the initial unit weight such as
sediment texture, reservoir operation, chemical properties of the sediment, vegetation in
the reservoir and slope of the reservoir bed. The size of sediment particles and the

reservoir operation system are probably the most influential.

Lara and Pemberton (1965) developed a method for estimating the initial unit weight
based on analyses of 1316 samples. They used two parameters in their equation; the
particles size in three classification as clay, silt and sand, and a reservoir operation

scheme. Table 3.1 shows the proposed reservoir operation schemes.

Table 3.1 Classification of reservoirs based on their operation [after Lara and
Pemberton, 1965].

Type Reservoir operation
1 Sediment always submerged or nearly submerged.
2 Normally moderate to considerable reservoir drawdown.
3 Reservoir normally empty.
4 River bed sediments.
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The equation for unit weight of the sediment is presented as:

Y =1602(W, p, +W, p, +W, p,) (3.18)
where

Y = initial unit weight (kg/m®).

Pe, Pm, Pss = percentages of clay, silt, and sand, respectively in the incoming
sediment (%).

W., W, W, = coefficients of clay, silt and sand, respectively, which can be obtained
from Table 3.2.

Table 3.2 Values of coefficients of clay, silt and sand [after Lara and Pemberton,
1965]. '
Reservoir type W, Wn W,

1 26 70 97
2 35 71 97
3 40 72 97
4 60 73 97

As the sediment remains in the reservoir, the unit weight increases with time. Lane and

Koelzer (1943) proposed the following equation for calculating unit weight with time.

Y, =Y, +Klog,, ! (3.19)
where
Ye = unit weight after T years of compaction (kg/m”)
" = the initial unit weight considered at the end of first year (kg/m’)
K = constant dependent on the size analysis of the sediment
t = time (year)

The values of ¥, and K can be obtained from Table 3.3.
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Table 3.3 Values of i and K of Equation 3.19 [after Lane and Koelzer, 1943 ],

Sediment material

Reservoir operation Sand Silt Clay
N % K Y K
kg/m’ kg/m’ kg/m*

(a) Sediment always

submerged or nearly 1489.86 1041.30| 91.31 480.60 | 256.32

submerged
(b) Normally a moderate

reservoir drawdown 1489.86 1185.48| 43.25 736.92| 171.41
(c) Normally considerable

reservoir drawdown 1489.86 1265.58| 16.02 961.20| 96.12
(d) Normally empty 1489.86 1313.64 0 1249.56 0

In Figure 3.2 the variations of unit weight of sediment materials over 100 years are

shown using Equation 3.19 and reservoir operation (a) from Table 3.3.

1600 [
1400 f

1200
1000
800
600
400

?k(kghns)

200 }

0

Sand

\an Ban

B B

bt i e bl

P N

NS IS I PP |

Clay —

Silt  ———

U

0

10

20 30 40 50 60 70 80

t (years)

90 100

Figure 3.2 Variation of unit weight with time based on Lane and Koelzer’s equation
and reservoir operation (a) from Table 2.3.
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Miller (1953) developed an approximation of the integral of the Lane and Koelzer (1943)

formula for determining the average unit weight (Ya,) of all sediment deposited in ¢ years

of operation as follows:

t
Ya =7, +0434 K[:ln(t) - l] (3.20)
where
Yat = average unit weight after ¢ years of compaction (kg/m”)
Y = the initial unit weight considered at the end of first year (kg/m’)
K = constant dependent on the size analysis of the sediment
t = time (year)

The usage of Lara and Pemberton (1965) and Lane and Koelzer (1943) equations for
estimating the initial unit weight of deposited sediment is tested in Dez Reservoir in Iran.
It has been shown by (Bina et al, 1993) that the calculation using Lara and Pemberton

equation is better than Lane and Koelzer equation for the application in Dez Reservoir.

3.6 Turbidity Current

Turbidity currents are defined as gravity currents or density currents. When water with
density (pw+dpo) flows into a water body which has a density (p.), a density current
occurs. The nature of the density current depends on the condition of the ambient water

and the density difference.
A density difference may occur because of one or several of the following conditions:

1) Temperature difference
2) Difference in dissolved substance concentration
3) Difference in concentration of suspended particles

In a continuously fed gravity current where the density difference is due to the
temperature or to the presence of dissolved substance, the buoyancy flux is conserved

throughout the current, and it is referred to as a “conservative gravity current”. A
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turbidity éurrent on a mobile bed, however may change its buoyancy flux either by
eroding or by depositing sediment. Thus, it is referred to as a “non-conservative gravity
current” where the settling velocity of the suspended particles constitutes an additional
parameter. In contrast to the conservative gravity current, the non-conservative gravity
current seem to have received relatively little attention. This is perhaps due to the
difficulties inherent in its study which partly comes from the fact that the presence of the
transported sediment generates and maintains the turbidity current (Altinakar, 1990). In
fluvial hydraulics, turbidity currents are encountered if a sediment-laden discharge enters
into a reservoir, where, during the passage, it unloads the granular material (Graf, 1983).
In this situation four sections can be recognised in the turbidity currents: plunge point,

plunge region, body and head as shown in Figure 3.3.

One of the greatest difficulties in the study of gravity current is the lack of field daté.
Monitoring the data of the gravity current is a very difficult task; particularly from the
body of currents. In many cases the equipment used for this purpose have been reported
as being damages by the currents. Hebbert et al. (1979) recorded the movement of a
conservative density current (saline) in Wellington Reservoir in Western Australia. The
results of their study for six days (Julian date 76198, 76222, 76228, 76230, 76231, and
76232) are presented in Figure 3.4. The isopycnals have been plotted for a midstream

longitudinal section of the reservoir.

3.6.1 Plunge point

When a turbidity current flows into a reservoir or lake, a plunging flow will occur. Some
investigators studied the depth of the plunge point. Their studies are mainly based on
laboratory tests and some field observations. These investigations can be expressed in a

general form with a unknown value of Fj, as follows:

1 Y
h, {—2— q—]/ (3.21)
F, \Ag
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where:
hy = plunge depth (L)
Fy = densimetric Froude number at plunge point
q = inflow per unit span (L’T™")
A = relative density difference between inflow (pw+dpo) and ambient water

(P, (=dpo/P.)

The following are specific equations proposed by different investigators for the plunge

point depth;
Singh and Shah (1971)

2 W3
q
h, =185+ IS[A—g] (3.22)

Wunderlich and Elder (1973)
3 2 W3
B = (L 9 (3.23)
P05 Ag
Savage and Brimberg (1975)

B = 205 i ) i o (3.24)
P 1Q+a)llf Ag '

Hebbert et al. (1979) for Wellington Reservoir

Vs
Q’
_ (3.25)
h, 1.16( g]

Jain (1981)

0126 0.008 / 5 \W3
h = 16| —= 851 |4- (3.26)
p 1+a, 1, Ag
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Akiyama and Stefan (1984)

1
1d sl RS
(a) mild slope (S < 150)

, L (2+yd)+[s2s]+\/[(2+yd)+szs]2_ a (s, S\ 1. V(g
2 2 fi 2 fi I+y,\ f, 5SS, Ag

(3.27)

1
(b) steep slope (S > 150)

—-1_ 2+7,) |'(2+,Yd) T 48, -1—1/3 q2 /3
hf"z{—z +S,+\/L 2 +51J —(1+Yd) 5, Az (3.28)

where:

f = bed friction coefficient

S = bed slope

Ya = dilution coefficient

fi = total friction coefficient (it is assumed approximately equal to 0.02)

S1, 8, = coefficients (S = 0.2~0.3; and S, = 0.6~0.9; Ellison and Turner, 1959)
o, = ratio of interfacial to bed shear stress

Q = water discharge of Wellington Reservoir

3.6.2 Turbidity Current Head

Turbidity currents always develop a head in ambient water. The head of a wrbidity
current has a velocity of Us and can be calculated by a simple Chezy-type relationship
(Turner, 1973) such as:

U, =C.¢; H, (3.29)

where g/ is the actual effective gravitational acceleration inside the head and is

calculated using the following equation
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, _&lp,-p.)
87 = —p_ (3.30)
and:
C. = constant coefficient
H; = height of the current head
Ps = density of the sediment particles

According to Middleton (1966a) and Turner (1973), the C, coefficient can be taken as
0.75. For small slope bed § < 3% and goH, <~20 (gg is the initial effective

gravitational acceleration) Altinakar et al (1990) suggested a smaller friction coefficient
C. =0.63 based on their experimental and Denton et al. (1981) data.

3.6.3 Under Flow Region

The buoyancy flux of the turbidity current may change either by eroding or by depositing
sediment during passage through the reservoir. The focus of this section is to
demonstrate how the effect of a turbidity current can be formulated in a quantitative

form.

As the turbidity current is characterised by various parameters such as concentration of
sediment, discharge of water, slope of bed, and upstream and downstream conditions
particular analysis is required to develop equations which can express the effect of
individual parameters on the turbidity current. The important part of the turbidity
current in reservoir sedimentation analysis is the body of current in a steady continuous
situation. Ellison and Turner (1959) presented a set of equations for the “conservative
gravity current”. Following them Plapp and Mitchell (1960), Chu et al. (1979), Luthi
(1981), Akiyama and Fukushima (1985), Fukushima et al. (1985), Parker et al. (1986)
and Garcia (1990) used almost the same analysis for deriving equations for a steady state

turbidity current.

Figure 3.5 shows the situation of a turbidity current which is used to derive the
equations. The cross section is assumed to be a wide rectangular shape. The slender-

flow or boundary approximations are taken into account for a two-dimensional turbidity
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current. Variations in the lateral (y) direction are ignored. The submerged specific

gravity of the sediment is denoted by R = [_P_s_ l), where p; and p. are densities of the

w
sediment and water, respectively. The local components of the flow velocity are u(x,z)
and w(x,z) in the x and z directions respectively. Variation in the lateral direction is
neglected. Itis assumed that u » w, d/dz » d/dx, the slope, S, is constant and small, and

the turbidity current is fully turbulent with all viscous terms being negligible.

==

Clear Water

; Water Entrainment

Figure 3.5 A turbidity current flowing through a quiescent clear water.

Under these constraints, the equation of mean fluid mass balance can be presented as:

(S5
(S5

u w
—+5—=0 (3.31)

* |

and the mean momentum balance in the x and z directions as:

9 u? 3uw 1 dp 1 a1
_— 3.32
8x 02 pw3x+chLS+p 0z (3.32)
1 ap
=- 3.33
0 pwaz+gRCL ( )

where T =—p,, u’w’ is Reynolds stress. #” and w” denote the fluctuating (instantaneous
value minus mean value) or turbulent components of longitudinal and transverse velocity
respectively, ¢ is local volumetric concentration of suspended sediment, and p is

hydrostatic pressure.

The mean sediment mass balance for the material is then expressed by Equation 3.34.
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duc; dwcp d
ax oz = a\f Vet (3.34)

where F =c7w’ is Reynolds sediment flux and v, is the fall velocity of the sediment.

The upward component of the mean momentum balance (Equation 3.33) can be reduced

to

p=pgR[ c e (3.35)

which corresponds to the extra component of the hydrostatic pressure due to the weight
of the sediment. The downslope component of mean momentum balance (Equation
3.32) is reduced to

I 20 R [y o gRey s+-L2T 3.36
ax 1oz 8RRl cLkreRa S+ T (3.36)

After integrating Equation 3.36 over the vertical direction, and considering similarity
assumptions, including , similarity of local velocity and excess density profiles, and “top
hat” assumption (Turner, 1973), Equation 3.31, Equation 3.34, and Equation 3.36 are
transformed to Equation 3.37 to Equation 3.39, respectively.

dUh
= U 3.37
dx Ew (3.37)
dUch
dx =V (Es - rOC) (3.38)
dU?h 1 dch? )
= S-— -CpU 3.39
1 -8 Rch 58 R e D (3.39)
where
c = average sediment concentration
h = current thickness
U = current averaged velocity
E. = water entrainment coefficient
E, = dimensionless sediment entrainment coefficient
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ro = ratio of the near-bed concentration ¢, to layer-averaged concentration c.
The experiments carried out by Parker et al (1987) indicated that r, was
almost a constant, equal to 2.0 for a wide range of dimensionless shear
velocities.

2
. . . 3 u*
Co = bed friction coefficient (=D—2-). Values of constant Cp for a turbidity

current may vary between 0.002 and 0.05 (Garcia, 1985). The lower
values correspond to observations in reservoirs and the higher values are
associated with laboratory experiments.

Us = bed shear velocity

The Richardson number is an important parameter governing the behaviour of stratified

slender flows, defined as follows:

(3.40)
The volumetric sediment discharge per unit width is denoted as Wy and is expressed as:

v =chU (3.41)

As the down-channel buoyancy transport is gRy, Equation 3.40 can be written as:

g = 8RY

=3 (3.42)

Parameter Wy, which shows the volumetric sediment discharge in equilibrium state is

defined as,

E,hU

o

y, = (3.43)

Finally, Equation 3.37, to Equation 3.39, can be cast in the following forms:

h dU dh
— 2 F —— 3.44
U d E, p» (3.44)

R; R v vy
—R,' S+ CD +(2 ——ZLJEW +_2"I‘075(Ve— 1]

(1-R;)

&&

(3.45)
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hdv _ ve(ve
v dx OU v (3.46)

A comprehensive explanation on the preceding equations has been presented by Parker
et al. (1986) and Garcia (1990).

3.7 Summary

In this chapter several concepts related to sediment process computation in natural beds
were presented. Computation of sediment deposition and scour in reservoirs and rivers
requires the understanding of the concepts and solution of the equations related to coarse
sediment transport, cohesive sediment transport, active-layer thickness, armour layer,
unit weight of sediment deposited and turbidity current. The literature was reviewed to
find the available methods for calculating the above-mentioned concepts. The important
sediment transport equations (suspended load and bed load) were listed and three of
them (The Meyer-Peter and Miiller’s theory, Bagnold theory, and Yang theory) were
presented in detail. The available theories to estimate the deposition rate and scour rate
of cohesive sediment were explained. The actual sediment transport of each hydraulic
condition depends on the composition of the active layer and the establishment of the
armour layer. Therefore, two available theories about the thickness of the active layer
and the establishment of the armour layer were presented. The equations to estimate the
initial unit weight of deposited sediment and average unit weight with time were
described. Also, the turbidity current definition and the available equations to estimate
plunge point, velocity of the head, and body of the steady state turbidity currents were
presented in detail.



Chapter Four

EXPERIMENTATION

4.1 Introduction

The study on behaviour of gravity currents in the field and the laboratory began in the
1960s. In pervious studies, the motion of the head of density currents (saline) have
received more attention and some valuable experiments have been reported. However,
study on the body of gravity currents, especially turbidity currents that are created by
density differences due to solid material, have received little attention. Due to the
exchange of material between the bed and the turbidity current, the study of this kind of
gravity currents is very complicated. It should be noted that wrbidity currents occur in
many reservoirs and these are known as the phenomena responsible for siltation near
dam walls in large reservoirs and causes deterioration in water quality for water supply
purposes. Understanding of the sediment processes in the head and the body of the
turbidity currents needs more investigation. In this study the experimental works are

focused on the subcritical gravity currents.

4.2 Experimental Apparatus

The experiments were conducted in a flume 43 cm wide, 55 cm deep and 4.1 m long.
The slope of the flume bed was constant and equal to 0.00635 (0.36 degrees). The bed
and the sides of flume was made from acrylic sheet (plexiglass). The flume was equipped
with several apparatus to prepare the dense fluid and to control the steady state of the
turbidity current during the experiments. The flume and the associated equipment are

shown schematically in Figure 4.1. They consist of the following parts:



Chapter 4 Experimentation

« Two tanks with a capacity of 570 litres each, one for preparing dense fluid and

the other for storing clear water.

« A mixer to mix the dense fluid in the tank and prevent deposition of particles in
the mixing tank.

o A pump for pumping the water from the mixing tank to the head tank.
« A head tank to supply constant fluid head during the experiments.

o An orifice flow meter for measuring the flow rate into the flume.

o A valve for controlling the water rate to the flume.

o A gate at the entrance of the flume for controlling the initial depth of the

turbidity current.
« A fibre optic turbidity probe for measuring the concentration of sediment
« A fibre optic Laser Doppler Velocimeter system for measuring the velocity.
A laser particle sizer for analysing particle size distribution of samples

o Two thermometers to measure the temperatures in the mixing tank and the

flume.

The dense fluid was prepared in the mixing tank by either mixing sediment and water or
dissolving salt in water. All of the measuring instruments were prepared properly and
the flume was filled with clear water before starting the experiments. Then the dense
fluid was pumped up to the constant head tank. The dense water was delivered from the
head tank to the flume with a system of hoses, valves and an orifice flow meter (the
connection of the head tank and the flume is shown in Figure 4.2). The initial depth of
the current was created by the entrance gate. The current was driven into the flume and
then it flowed downstream of the flume. The current was piped to the drain system by
pipes and a valve. During the experiments uncontaminated water was supplied to the
flume from a separate tank (ranging from 0.2 L/s to 0.35 L/s) to replace the water

entrained by the underflow current and to keep the elevation of water at a constant level.

This apparatus and the components can be used to do experiments on gravity currents

and to measure the flow in detail.
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Figure 4.2 Experimental facility (inlet arrangement).

4.3 Measuring Instruments

Four important instruments were used to collect data:
1. An orifice flow meter measured the flow rate to the flume.

2. The flow velocities within the flume were measured using a two dimensional fibre
optic Laser Doppler Velocimeter system (LDV) from TSI Incorporated. Using LDV
refers to the process of measuring the motion of a fluid by measuring the frequency
shift of light scattered from objects in the fluid. These “objects” are usually either
small particles or small bubbles in the fluid. LDV is fast becoming one of the most
powerful techniques in flow measurement. In comparison with the other flow

measurement techniques the advantages of LDV are as follows :

) no flow disturbance
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o no “in situ” calibration needed
. very large velocity range
. accurate measurement of very slow flow and flow reversals
° close to a point measurement
. precise separation of velocity components

Existence of sediment particles does not affect the flow measurement if the concentration
is not high enough to prevent the beam passing through the fluid. In applications where
the sediment concentration prevents the beam from passing through the fluid, the
measurement of velocity with LDV is not possible. The main parts of any LDV are the
laser source, the optical transmitter/receiver and the electronic signal processor. The
LDV used for these experiments had two components. The laser source was an argon-
ion laser and it generates green (514.5 nm), blue (488 nm), and violet (476.5 nm)
colours. Two of these colours (green and blue ) are used to measure two components of
the velocity vector. The transmitting optic was a 9201 Colorburst and it separated the
beam output from the laser source. The optical receiver was a 9230 Multicolor
Receiver. The signal processor was an IFA 750 Automatic Burst Correlator with FIND
Software for data analysis and display of the data. The beams were focused to the
measurement point by a 83 mm diameter 9253 fibre optic probe which had a focal length
of 350 mm. The LDV system components and the relationship between them are shown

in Figure 4.3.

In Figures 4.4 and 4.5, the LDV system components and the actual TSI LDV system are
shown respectively. The range of velocities recorded in the experiments were between -

7.5 ™/, and 41.5 ™/,.

3. A fibre optic turbidity probe (Analite Portable Nephelometer from McVAN
Instruments) was used to measure the sediment concentration with uniform particles
along the flume. This turbidity probe could measure turbidity between 0.1 to 1999
NTU in two ranges (one from 0.1 to 199.9 and the other from 2 to 1999).
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Figure 4.3 Relationship between LDV system components.

Figure 4.4 Two component Laser Doppler Velocimeter system.
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Figure 4.5 Laser probe in operation.

The accuracy of the high sensitive range (range from 0.1 to 199.9) was = 0.1 NTU
and for the other range (range from 2 to 1999) was = 1 NTU. The principle of using
the turbidity probe is based on the scattering of light due to the presence of suspended
solids. The output voltage was related to the reading on the display in NTU and it
- could be calibrated for each particle size concentration. The calibration was.made by
submerging the probe into a known sediment concentration suspension and recording
the associated signal. The turbidity probe and a typical calibration curve are shown in
Figure 4.6 and Figure 4.7 respectively. The turbidity probe was also used to measure
differences in density due to salt water. This was done by adding a certain amount of
potassium permanganate into the mixing tank. A sample of the solution was used to
prepare several reference samples of known salt concentration. These samples were
then used to calibrate the turbidity probe. A typical calibration curve of turbidity

meter for saline currents is shown in Figure 4.8.
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Figure 4.6 The Analite Fibre Optic turbidity probe.
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Figure 4.7 The calibration curve of the turbidity probe for the solid material.
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09 + A/Am = 1.0042(N/Nm)
R? = 0.9995

&/Am

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 4.8 Typical calibration curve of the turbidity probe for the saline water. Ny, is
initial turbidity of fluid (in the mixing tank), N is turbidity of fluid (in the flume), Ay, is
initial fractional density of fluid (in the mixing tank), and A is fractional density of fluid
(in the flume).

4. A laser particle sizer with the range of 0.5 um to 564 um was used for analysing the
particles of samples collected from different part of experimental works. The particle
sizer are all based on the principle of laser ensemble light scattering. They fall into
the category of non imaging optical systems due to the fact that sizing is
accomplished without forming an image of the particle onto a detector. The particle
sizer used in this study (model 2600 of Malvern Company) used optical method,
called conventional Fourier Optics. The light from low power Helium-Neon laser is
used to form a collimated and monochromatic beam of light, 9 mm in diameter. This
beam of light is known as the analyser beam and any particles present within it will
scatter this laser light. The light scattered by the particles and the unscattered
remainder falling onto a receiver lens, also known as the range lens. This operates as
a Fourier transform lens forming the far field diffraction pattern of the scattered light
at its focal plane. An annular sector, gathers the scattered light over a range of solid
angles of scatter. A schematic diagram of the laser particle sizer is shown in Figure
4.9. The measurement accuracy of this equipment is * 4% of volume median

diameter (measured by an approved technique using a diffraction reference reticule).

75



Chapter 4 Experimentation

A photograph of the Laser Particle Sizer is presented in Figure 4.10. The range

measured in this study was between 1 and 150 pm.

Particles Detector

Scanning 5 1olifier

Spatial receiver

Beam filter
expander

Computer

Figure 4.10 Model 2600 of Malvern laser particle sizer.

76



Chapter 4 Experimentation

4.4 Sediment Materials

The material used was filter aids (amorphous silica) from Olin Chemicals. The geometric
mean size of the material (D,) was 36.25 um. The specific gravity of particles was 2.33
and the apparent bulk density was 2330 kg/m”.

The fall velocity of the sediment particles are calculated from the equation developed by
Dietrich (1982) which is applied successfully for natural particles ranging from 14 um to

67 mm. The equation is given as:

3
v, =(gRvw.)" (4.1)
where
2
log(Wa ) = —3.7617 + 192944 log(D.) - 0.09815(log(D. ))
(4.2)
3
~000575(log(D.))” +000056{1og(D.))’
and
RD}
p, =2 (4.3)
\
Vs = fall velocity
R = submerged specific gravity of the sediment
\ = kinematic viscosity of the water
D, = geometric mean size of the sediment
8 = acceleration due to gravity

The sediment size distribution curve is determined by using a Malvern model 2600 Laser
Particle Sizer. A small amount of sediment particles is suspended in water and this liquid
is taken to the laser particle sizer to obtain the size distribution curve. The size

distribution curve of the material is shown in Figure 4.11.
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Figure 4.11 Typical sediment particle size distribution.

4.5 Details of Experimental Work

A sediment material with geometric size equal to 36.25 um was used. The inlet current
thickness (h,) was set equal to 40 mm for all experiments. The current reached the
normal depth after a short distance. The buoyancy discharge per unit width and the inlet
Richardson number was varied by changing the sediment concentration and fluid
discharge. For each part of experimental work several different Richardson numbers
greater than 1 were tried. The conservative current was created by dissolving ordinary
salt in water. In experiments related to the head of saline density currents, some
potassium permanganate (almost 10 mg/L) was also added to be used as a criterion for
measuring the concentration and to make the current visible so that the height and the
velocity of the head can be measured. The outflow water drained directly to the drainage
system. A pipe was installed at the end of the flume to add clear water (ranging from 0.2

L/s t0 0.35 L/s) to the flume to replace the entrainment rate of clear water by the current.

Nine points along the flume, with a distance of 0.5 m between each of them, were
chosen as the data collection stations. The location of the stations are shown in Figure

4.12. The first 50 cm of the flume and 50 cm from the end part of the flume were not
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monitored as the current was not in a normal condition in these zones. In the remaining
parts of the flume, the data were measured along the flume. The turbidity probe was
attached to a vernier gauge and mounted above the flume. The turbidity probe could be
moved along the flume and the vernier gauge could be moved up and down. The LDV
was installed on a traverse near the side of the flume. The traverse could be moved
vertically with the accuracy of 21 mm. These facilities allowed access to all points of the
flume to measure the velocity and concentration. In Figure 4.13 the position of the LDV

and turbidity probe are shown in the profile of the flume.

Five sampling taps were installed along the flume, one at the entrance, one near the
outlet and three inside the flume (in stations 2, 4 and 6) each with one meter intervals.
These taps were used to collect water samples from the head and from the body of
turbidity current for particle size analyses. Also, the first and the last point were used for
calculating inflow and outflow sediment concentration from the flume. In Figure 4.14

these sampler are shown schematically.

In the turbidity current experiments conducted in this study, due to settling coarse
particles in the mixing tank and the head tank, the sediment concentrations in the mixing

tank and at the flow entrance to the flume were different. Therefore, the sediment

Inleqi

[1Outlet

0.5 0.5

St0 St1 St2 St3 Std St5 St6 St7 St8

St = Station

Figure 4.12 Location of sampling stations.
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Figure 4.14 Schematic of stations and water sampling locations.

concentrations and sizes calculated from inlet point were used for analyses of the

experimental results instead of the concentrations and sizes in the mixing tank.

4.6 Experimental Procedure

The measuring instruments were checked before each experiment and the mixing tank

and flume were thoroughly cleaned to remove deposited sediment particles from
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previous e;cperiment. The mixing tanks and the flume were then filled from potable tap
water. Then a known amount of sediment particles (range from 1000 g to 7000 g) or
table salt (range from 1500 g to 10000 g) were added to the mixing tank to generate
turbidity current or conservative density current. In this procedure, the desired dense
fluid was prepared for the experiments. The mixer pump was run to mix the fluid and
prevent sedimentation within the mixing tank. The dense fluid was then pumped to the
head tank to be fed to the flume. Inflow rate was adjusted to the determined discharge
with the aid of the valve and the orifice flow meter. The outflow was adjusted more than
the inflow rate (approximately 0.4 L/s) to prevent any backwater in the current. Clear
water was also supplied from the surface pipe to the flume to keep the water at a
constant level. The temperatures were measured from the flume and the mixing tank to
ensure that there was no significant difference between the temperature of the two layers
to create another source of density differences. The temperatures of the two fluids were
collected and controlled. The experiments was abandoned when the temperature

differences were equal or more than one degree.

66 experiments were conducted in the flume. Only five of these experiments were
cancelled because of large temperature differences. In all the experiments, the following

three conditions were evaluated:
1. Progress of the head of turbidity current and saline density current
2. The progress of subcritical conservative density current and turbidity current

3. Sediment deposition resulting from turbidity current.

4.6.1 Data Collection: Head of Gravity Current

35 experiments were conducted to study the head of gravity current. 17 of them were
non conservative turbidity currents that were established by mixing the sediment particles
in water. The dense fluids were prepared in the mixing tank by mixing certain amounts
of sediment material (range from 2300 g to 6000 g) or salt (range from 1500 g to 9000
) and clear water (almost 570 litre). The flume was filled with the clear water and the

inlet gate opening was set on 40 mm. The fluid was pumped to the head tank and was
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fed by gravity to the flume. The height of the turbidity current head and the time were
collected along the flume at 0.5 m intervals. Two samples were collected from each
sampling tape, one from the head of the current and one from the body. These samples
were collected in plastic bottles and used for particle sizing analyses. The profiles of
particle concentration of the current head were collected by using the turbidity probe in
the center-line of the flume at stations 2, 4, and 6. The turbidity meter was moved to
each measurement station before the current reached that station in order to prevent the
disturbance of the current by the meter. Two one litre samples were collected from the
first and last sampler points respectively. These samples were dried in an oven and
weighed to calculate the inflow and outflow particle concentration. No fresh water was
added to the flume for these experiments and the outlet gate was closed until the current

was reached to the end of the flume.

18 of the experiments were conservative saline density currents. The procedure used
was similar to that used in the experiments related to non conservative turbidity currents.
This type of current could be considered to have a zero settling velocity. Several
different buoyancy of saline density current were conducted in the flume. The
conservative dense fluid was also mixed with some permanganate (almost 10 mg/L) to be
used as a criterion for measuring the concentration, and the turbidity probe was
calibrated by making several reference fluids from the fluid of the mixing tank. The
velocity and the height of the current were collected inside the flume and the profile of
the density of the current was collected using the turbidity probe. The flow parameters
of the runs and a summary of the data collected are presented in chapter five. The raw

data are presented in Appendix 1.

4.6.2 Data Collection: Subcritical Conservative Density Current and
Turbidity Current

For conducting experiments on conservative density currents, the dense fluid was
prepared in the mixing tank by dissolving a certain amount of salt (3000 g to 10000 g)
with fresh water (almost 570 litre). The flume was filled with clear water. The tap water
was opened in the flume and the outlet gate was opened. The tap water was adjusted to

keep water level constant (almost 0.5 m from the bed). Two mercury thermometers
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were used to collect the temperatures of the two fluids. The collected temperatures were

controlled to make sure the differences were less than one Celsius degree.

After starting the experiments no data was collected until the current reached the end of
the flume and a steady condition was achieved. When a steady condition of current was
achieved, data were collected at several vertical points at station 2 (1 meter distance

from inlet gate) and at station 6 (3 meters distance from inlet gate).

Ten different currents of dense fluid were selected for this experiment. The density
differences between fresh water and dense fluid were calculated by weighing the same
volume of water and dense water with a sensitive weighing machine. In each station, the
local velocities were measured at the center-line of the flume and at some vertical points
ranging from 10 mm above the bed up to a few centimetres above the density current, all
at 5 mm intervals. The turbidity measurements were also made at the center-line of the
flume and at selected vertical points from 10 mm above the bed up to a few centimetres
above the density current using 10 mm intervals. The measuring instruments were
moved to station 2 and were located at the first vertical point to collect the data. The

| collection of data was then continued for the other vertical points and at other station.
The flow parameters of the conservative density current experiments and a summary of
the data collected are presented in chapter six. The raw data are presented in Appendix
I

The same procedure was used for the experiments related to the turbidity current. Ten
different currents of dense fluid were selected for this experiment. The determined
sediment particles were weighed with a sensitive (0.01 g) weighing machine (range from
1000 g to 5000 g) and mixed with water in the mixing tank (almost 570 litre). The
locations of the measurement points were the same as those for the subcritical saline
density current experiments. Unfortunately in this part of the experiment, the profile of
the velocity could not be collected properly because the LDV could not collect the
velocity from the center-line of the flume. This was because of the existence of a large
amount of fine particles in the turbidity current scattering the laser beams before the
measurement point. The measurement point (from center-line of the flume) was changed
to find a point at which the velocity could be recorded by the LDV. This point was

found to be almost 50 mm from the wall of the flume. The effects of the wall on the
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local velocity at this point was too large to ignore. Therefore, the collected velocities
were not used for analysing the data and the analyses of the velocity profiles are limited
to the data collected from the saline density current. The flow parameters of the runs
and a summary of the data collected are presented in chapter six. The raw data are

presented in Appendix L.

4.6.3 Data Collection: Sediment Deposition Results from Turbidity Current

In this part of the experiments, sediment deposition results from turbidity current is
considered. The flume was assumed as a laboratory reservoir and the dense fluids were
gravity fed into the flume. The inlet gate was set at 40 mm and four different turbidity
currents were run. The steady state turbidity currents were established in the flume and
kept for more than half an hour. Water samples (500 ml) were collected from inflow and
outflow for calculating the inflow and outflow concentration and particle size
distribution. The turbidity current height were measured along the flume. After each
run, the water was pounded in the flume and 8 samples were collected from the bed of
flume to calculate the amounts of the sediment deposition along the flume. Bed samples
were collected every 50 cm along the center-line of the flume. A plexiglass tube with
38.046 cm” in area was used to collect the bed samples. The tube were fixed on the bed
and the sediments inside of the tube were collected on a glass beaker by the aids of a
vacuum sampler. These samples were dried and weighed later to determined the amount
of sediment deposited. Further samples were collected from the same place for sediment
analyses. In Figure 4.15, a schematic sketch of the sample points and the tube are
shown. The flow parameters of the runs and a summary of the data collected are

presented in chapter eight. The raw data are presented in Appendix L

4.7 Summary

In this chapter the experimental apparatus and the measurement equipment were
presented. The flume and related parts, and the location and methods of collecting data
were described. The flume was rectangular in cross section with 43 cm wide, 55 cm

deep and 4.1 m long. The slope of the flume bed was constant and equal to 0.00635.
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Figure 4.15 Schematic of collection of deposited materials.

The flume was equipped with several apparatus to prepare the dense fluid and to control
all details of the experiments. The mechanics of the measuring instruments used to
collect data, including the fiber optic Laser Doppler Velocimeter system, the fibre optic
turbidity probe with accuracy of £ 0.1 NTU and the laser particle sizer with accuracy of
+ 4% of volume median diameter, were presented. Usage of highly accurate equipment
such as the fiber optic Laser Doppler Velocimeter to measure very low velocities
including flow reversal was one of the advantages of the present study. The inflow to
the flume was measured by means of a standard orifice meter and it has been found that
this simple measuring technique was adequate for this purpose. The sediment material
used was diatomaceous earth (swimming pool filter aids) with the geometric mean size
equal to 36.25 um and specific gravity equal to 2.33. Finally, the experimental
procedures were presented in detail. All together fifty nine experiments were conducted.
35 experiments were conducted to study the head of gravity current including head of
non conservative turbidity currents (by mixing sediment particles in water) and
conservative saline density currents (by mixing salt in water). 20 experiments were
conducted to study the subcritical conservative density current and turbidity current. 4
experiments (experiments 1, 2, 4, and 6) were conducted to study the sediment

deposition results from turbidity current.
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ANALYSIS OF EXPERIMENTAL RESULTS:
THE HEAD OF THE GRAVITY CURRENT

5.1 Introduction

The edge of a gravity current forms a typical frontal zone that is often called the head of
the gravity current. The pressure gradient arising from the density difference between
two fluids forms the shape of the head. The head usually has a foremost point which is
raised above the bed. The motion of the head has been studied mainly in the experiments
of Middleton (1966a) and in the theoretical work of Benjamin (1968). The velocity of
the head is expressed by the densimetric Froude number called ‘Keulegan’s formula’
(Middleton, 1966a) as follows:

U,=C,gH, (5.1)

where g~ is effective gravitational acceleration (=Ag), Uy is the velocity of the head, A is
the relative density difference between two fluids, g is acceleration due to gravity, Hy is
the thickness of the head, and C. is a constant equal to the value of the Froude number.
The parameters are shown schematically in Figure 5.1. The coefficient C. can be taken
as 0.7 according to Keulegan (1958, cited in Middleton, 1966a) for flow Reynolds
numbers greater than 10°. Middleton (1966a) found that C. = 0.75, for slopes up to 4%.
Altinakar et al. (1990) suggested that C, = 0.63 for small slopes. Using Equation 5.1 is
easy, but the disadvantage in doing so is that it combines the two major dependent
variables, H; and U;. To overcome this problem Britter and Linden (1980) and Denton

(1981) preferred to explain the head velocity with initial parameters of the current as:
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U, =C,(g'g0)" (5.2)

where C, is a coefficient and qo is discharge of the fluid in unit width. The coefficient
can be taken as C, = 1.5 £ 0.2 for bed slopes between 5° and 90° according to Britter
and Linden (1980) and C, = 1.06 for small slopes according to Denton (1981).

From a sediment transport point of view no studies have been found in the literature
relating to the head of the gravity current. In this chapter the data collected from the
heads of both conservative saline density currents and non conservative turbidity currents

are analysed.

= .

pw+dpo

Figure 5.1 Diagram of the head of turbidity current.

5.2 Experimental Conditions

Thirty five sets of experiment were conducted in this part of the study. 17 of them
(experiments 8 to 24) were non conservative turbidity currents that were established by
mixing the sediment particles in water and 18 of the experiments (27 to 44) were
conservative saline density currents that were established by mixing table salt in water.
The raw data for all thirty five experiments are given in Appendix I. For all the
experiments, the inlet current thickness was set at 40 mm with the help of a sluice gate,
the height of clear water in the flume was kept at 500 mm, and the currents were in sub-
critical condition. The range of parameters in the experiments are presented in Tables
5.1 and 5.2. In these tables Q, is the inlet flow rate, co is the inlet volumetric

concentration, A is the inlet fractional density (= Rc, for sediment, R = (p; /Pw)—1,ps

and p,, are densities of the sediment and water, respectively.). By is the inlet buoyancy
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flux Bo = g Ao go (qo is inlet discharge per unit width), and Ry is the inlet Richardson
number R;o = B, / Ug. The selected range was limited by the size of the experimental

flume and by the need to keep the current in a subcritical condition that mostly occurs in

reservoirs.

Table 5.1 Range of parameters related to the turbidity current head experiments.

Non-conservative turbidity current
Parameter Minimum Maximum
Co 0.001716 0.004292
Qo (L/s) 0.095 0.275
Uy (mm/s) 5.52 16.00
Ay 0.002283 0.005708
Bo (m’/s’) 4.4E-v6 22.8E-6
R 3 35
T (°C) 19 22

Table 5.2 Range of parameters related to the saline density current head experiments.

Conservative saline density current
Parameter Minimum Maximum
Qo (L/s) 0.110 0.290
Up (mm/s) 6.395 16.86
Ao 0.001906 0.01114
B, (m’/s®) 7.61E-6 65.97 E-6
R | 2 88
T (°C) 21 25
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One type of sediment materials was used during the turbidity current head experiments.
The size distribution curve of the material was shown in Chapter 4. The slope of the
flume was kept constant and equal to 0.00635. This slope was chosen to make sure that
the currents always stay in a sub-critical condition. In all the experiments, the inlet
Reynolds numbers were between 220 and 675. The parameters of all the experiments

are presented in Tables 5.3 and 5.4. The parameters used in the tables are described as

follows:
T = Temperature in degree Celsius
9o = Input discharge per unit width
By = Initial buoyancy flux (= g Ao qo)
x = Distance from the inlet gate
A = fractional density at a given section
H; = Height of the head of gravity current
Us = Velocity of the head
D, = Mean geometric size of the particles at a section

Geometric mean size D, is defined as:

1
log D, =ﬁ2p,~ log D; (5.3)
in which p; is the percentage weight corresponding to the size D;.

In Figure 5.2 the measurement points to find U; and H in the location of x = 1.0 m are
shown schematically. The error in determination of H; is probably +5%. This is due to
existing large eddies in the upper layer of the fluid of the head which disturbs the
boundary of the two fluids. The average velocities of the head in each measurement
point were measured by reading the time (with a digital chronometer) of reaching the
front of head between the points 0.5m before and 0.5m after the measurement point.
The error in determination of U; should be less than #2.5%. It is important that the
fractional density is measured locally rather than at the inlet or in the mixing tank because

inlet mixing and interfacial entrainment can cause substantial dilution of the current.
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Therefore, the layer-averaged density fraction of the head (A) was determined by using
the density fraction (for saline density current) or sediment concentration (for turbidity
current) profiles measured along the center-line of the head and calculating the mean

value with integration. The error in determination of A should be less than +2.5%.

' ' £yt
o ' .
x=0 X, =(.5m X, = 1.0m Xy = 1.5m

Figure 5.2 Schematic diagram showing the relationship between Hy, Uy, and x.

5.3 Development of a Typical Gravity Current Head

As the current entered the flume the front of the head was established within the first 50
cm of the flume. A mixing region then develops in the lee side of the front. The head of
the current rapidly reached an equilibrium value. It also advanced on the bed of the
flume without significant changes in the shape, height and velocity. The interaction
between dense fluid and fresh water created a very complex pattern of flow inside and
around the head. The height of the current had a remarkable reduction in height
immediately behind the head. This part of the current had uniform pattern of flow and
continuously follows the head. It is called the body of the gravity current. The shape of
the heads were almost the same for both turbidity and saline density currents. A typical
shape of the gravity current head is shown in Figure 5.3. It was observed that in the
turbidity current experiments using sediment particles, the average concentration of the
sediment were changed with the distance due to settling of sediments. A thin layer of
deposited sediments was observed on bed when the flume was emptied. Two
photographs showing the development of a sediment type turbidity current and a salt

type density current heads are shown in Figure 5.4 and Figure 5.5 respectively.
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Table 5.3 Experimental parameters related to the head for all turbidity current.

Exp. Type T qo B, x A H U D,

No. CC) (ms) %) (m) (mm) (mm/s) (mm)

1 0000584 140 179 2791

8 Solid 20.0 0.000640 22.83E-6 2 0.000584 140 23.8 25.11
3 0.000613 150 25.0 25.88

1 0.000270 110 15.8 22093

9 Solid 21.0 0.000349 9.65E-6 2 0.000309 110 14.1 22.87
3 0000281 115 161 2146

1 0000190 100 120 2434

10 Solid 21.0 0.000221 S.11E-6 2 0.000209 100 133 19.77
3 0.000130 90 10.3 18.03

1 0000475 110 167 2872

11 Solid 21.0 0.000430 12.38E-6 2 0.000524 110 19.2 23.67
30000391 115 161 21.04

1 0.000234 160 11.8 3292

12 Solid 19.0 0.000407 8.77E-6 2 0.000266 160 133 2584
3 0.000241 160 11.1  26.24

1 0000173 145 154 30.63

13 Solid 21.0 0.000530 10.89E-6 2 0.000250 150 170 27.35
3 0.000237 150 15.2 25.23

1 0.000184 110 125 28.60

14 Solid 21.0 0.000340 4.40E-6 2 0.000215 105 13.0 2409
3 0.000170 110 10.8 21.53

1 0000196 100 87 2605

15 Solid 21.0 0.000256 4.54E-6 2 0.000169 120 83 2158
3 0.000174 80 5.2 19.73

1 0.000249 80 10.2 25.13

16 Solid 22.0 0.000256 6.01E-6 2 0.000309 80 11.2 2393
3 0.000193 75 89 22.88

1 0.000512 120 189 3207

17 Solid 200 0.000605 10.54E-6 2 0.000480 120 19.2 26.68
3 0000384 125 16.7 24.49

1 0.000283 130 133  26.66

18 Solid 21.0 0.000442 6.76E-6 2 0.000217 130 14.7 23.84
3 0.000258 130 13.7 2245

1 0.000563 110 20.0 28.06

20 Solid 220 0.000523 19.21E-6 2 0.000602 100 238 24.05
3 0.000596 105 18.5 24.05

1 0.000464 110 18.2 26.35

21 Solid 22.0 0.000453 14.74E-6 2 0.000499 110 213 2477
3 0.000489 110 179 23.11

1 0.000501 90 154 25.70

22 Solid 22.0 0.000360 14.07E-6 2 0.000360 90 182 23.55
3 0.000290 95 16.7 21.66

1 0.000358 80 13.5 24.69

23 Solid 22.0 0.000233 7.01E-6 2 0.000410 75 135 21.14
3 0.000265 75 125 2143

1 0.000565 105 16.1 26.74

24 Solid 190 0000337 15.15E-6 2 0000548 105 182 23.96
3 0.000531 105 164 21.10
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Table 5.4 Experimental parameters related to the head for all saline gravity current.

Exp.No. Type T qo B, x A H; U
CC)  (ms) m¥s*  (m) (mm)  (mmJs)

1 0.002262 60 19.2

27 Salt 230 0000279 2987E-6 2 0.000827 70 23.8
3 0.002466 70 23.2

1 0.002403 90 25.0

28 Salt 23.5  0.000291 31.12E-6 2 0.002844 90 30.3
3 0.003249 90 3.03

1 0.002398 75 28.6

29 Salt 23.0 0.000616 65.97E-6 2 0.003160 95 345
3 0.003268 95 34.5

1 0.002667 70 20.8

30 Salt 22.0 0.000326 35.58E-6 2 - 85 30.3
3 0.002432 85 27.8

1 0.002992 95 35.7

K) | Salt 22.0 0.000453 49.56E-6 2 - 95 38.5
3 0.003115 ~ 95 37.0

1 0.00288 110 345

32 Salt 22.0  0.000593 64.81E-6 2 - 120 40.0
3 0.002979 120 38.5

1 0.001883 120 24,4

3 Salt 210 0.000302 2024E-6 2 - 105 27.0
3 - 105 23.8

1 0.001198 120 25.0

34 Salt 22.0  0.000488 32.69E-6 2 0.001442 120 333
3 0.001644 115 30.3

1 0.001615 135 27.8

s Salt 22.0 0.000593 39.69E-6 2 - 135 323
3 0.001545 135 32.3

1 0.000765 85 25.0

36 Salt 25.0 0.000256 17.12E-6 2 0.001730 85 278
3 0.001581 85 25.6

1 0.000996 130 25.6

37 Salt 22.0 0.000442 26.34E-6 2 0.001025 130 28.6
3 0.001121 125 27.0

1 0.000913 140 25.0

38 Salt 220 0000558 3327E-6 2 0.000579 140 345
3 0.001011 140 29.4

1 0.001534 150 27.0

39 Salt 220 0000674  4020E-6 2 - 155 323
3 0.001675 150 32.3

1 0.002149 130 19.2

40 Salt 22.0 0.000349 13.44E-6 2 0.001780 140 23.8
3 0.001110 135 22.2

1 0.000439 145 233

4 Salt 220 0.000542  20.88E-6 2 0.001532 145 28.6
3 0.001671 150 27.0

1 0.000599 240 18.9

42 Salt 220 0.000674 12.61E-6 2 0.000535 210 19.2
3 0.000577 210 18.5

1 0.000217 210 20.8

43 Salt 23.0  0.000553 10.35E-6 2 0.000787 200 227
3 0.000779 180 21.3

1 0.000418 190 14.7

44 Salt 22.0  0.000407 7.61E-6 2 0.000735 190 14.9
3 0.000679 190 14.9

- indicates measurement not taken.
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Figure 5.3 Typical shape of the head of a gravity current.

The photographs show a side view of the head movement along the flume taken at right

angles to the flume.

As can be seen the head develops to a certain height after a small distance. The nose is
raised above the bed (h,) and vortex structures are observed in the head. The billows are
formed at the front. It was found that they had the properties of Kelvin-Helmholtz
billows (Simpson, 1986). This type of billow is associated with instability formed at the
interface between two fluids. The ambient water is entrained into the head by the billows
and the vortices. Due to friction at the stationary bed, the lowest streamlines in the flow
relative to the head returns towards the rear and this causes the front nose of the head to
raise above the bed. A schematic diagram of a two-dimensional flow pattern of such a

gravity current head is shown in Figure 5.6.

In some experiments, as the gravity current advanced, some parts of the upper layer of
the head ran out of the head into ambient water, and this caused the cancellation of the
experiments (ie experiment no. 19). This separation layer was found especially in the
sediment type of current. By controlling and checking the various parameters it was
found that this separation was due to temperature differences between the current and
the ambient water (2 °C or more). This shows the sensitivity of the Curnents and the

effect of different sources of currents on each other.
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billows

Figure 5.6 Schematic of the flow pattern at the head of a gravity current.

5.4 Overview of Data Collection

In these experiments, apart from the initial parameters, five other parameters were

collected as follows:

e the distance from the inlet gate based on the name of the stations, x
e the height of the gravity current head, H¢

¢ time from beginning of the experiment

e the profile of the density fraction, A

e also in the sediment type of gravity current, the distribution curve of sediment

particles in the head and in the body were measured.

In Figure 5.7 and Figure 5.8, the advances of both types of heads are shown by plotting
the distance of the head from the inlet gate against time. A variation can be seen in
turbidity current head experiments (Figure 5.7). This variation reflects the effects of
sediment deposition on the movement of the head. In the saline density current (Figure
5.8) however, no significant variation can be seen because the density of the current did
not change along the flume. The slopes of the lines show the average velocities. The
mean head velocity, Uy, was found for three parts of the flume in each experiment by

calculating dx/dt between 0.5m to 1.5m, 1.5m to 2.5m and 2.5 to 3.5m.
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Figure 5.7 Advance of the head along the flume for selected turbidity current runs.
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Figure 5.8 Advance of the head along the flume for selected saline current runs.

In Figure 5.9 and Figure 5.10, the height of the head H;, is plotted against distance for
selected mrbidity and saline current runs respectively. As can be seen in most of the
experiments, the heights of the currents are not stable in the first meter from the entrance
and the 0.5 m from the end of the flume, and between that points, the heights are almost
stable. In Figure 5.11 and Figure 5.12 the velocity of the head is plotted against distance
for selected turbidity and saline current runs, respectively. The averages of the velocities
at two consecutive points are used to calculate the velocity of the head at each
measurement station (Station 2, Station 4 and Station 6). For experiments 13 and 16
(related to the turbidity current) and experiments 42 and 44 (saline density current) the
best fit linear lines are shown by the broken lines. In Figure 5.13 the geometric mean

size of the particles presented in the head are plotted against the distance for selected
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turbidity current runs. As can be seen, in all experiments runs, the geometric mean size
reduces with distance and this is one of the effects of deposition of particles along the
flume by the head of turbidity current. The sudden decrease in the value of Dy in the first
part of the flume shows the deposition of large particles in the entrance gate. After this
point the reduction continues almost linearly along the flume and reflects the gradual
deposition of sediment particles from the head.

Although the existing vortices in the head of the gravity current created mixing in the
dense fluid, a distinguishable profile of height versus fractional density in the head of the
gravity currents is observed. The profiles of fractional density of the head for selected
turbidity and saline density currents are shown respectively in Figures 5.14 and 5.15. As
can be seen the variations of fractional density in the profiles of the head for turbidity
currents (Figure 5.14) are relatively high in comparison with the saline density currents
(Figure 5.15). This difference is related to the effect of the particles’ fall velocity
existing in the turbidity current. The high reduction of fractional density in upper layers
of both figures is probably related to the mixing of clear water with dense fluid (see
Figure 5.23).

5.5 Velocity of Head

In Figures 5.11 and 5.12, the variations of the average head velocity with distance are
shown. In these figures some small fluctuations in the average velocity of the head are
seen. These variations may be related to the existing billows and instability at the
interface between the two fluids. The lines that were fitted in the velocity data of the
experiments show a slight difference between the velocity of the turbidity and the saline
density currents. The velocity of the turbidity current shows a small deceleration as in
Figure 5.11. Similar results were reported by Altinakar et al., 1990. Because the
velocity of the head is proportional to the fractional density, the reduction of velocity
found in the turbidity current experiments is related to the reduction of the fractional

density due to the settling of particles from the current.

98



Chapter 5: Analyses of Experimental Results: the Head of the Gravity Current

160

150 | — - - /‘
140 | ~——Exp. no. 9
130

120 |
110 |
100 |
90 |
80 [
x

¢ (mm)

O
~—&— Exp. no. 13
O

70 [ ——Exp. no. 16
60
so L
150
140
130
120
110
100
90
80
70
60
Sohg N ¥ PUBEPIND S S S G U S Al PO PN TS VPG P |

0 0.5 1 1.5 2 25 3 35 4

Helght of the head H

¢+ (mm)

L SN s g S N S B o ]

—&— Exp. no. 21
‘\} —Exp. no. 22
e - & ————=X -+
= —"

e

v

—8—Exp. no. 10
> ——

+ +

~X—Exp. no. 20

LR A J

~—&— Exp. no. 24

Helght of the head H

Distance from the inlet gate (m)

Figure 5.9 Height of the head with distance for selected turbidity current runs.

140
130
120

110 —@— Exp. no. 33

100 ! ./‘.
90 |
[ —- p-— o ~—a— Exp. no. 35

- & —— 4
—&— Exp. no. 32

¢+ (mm)

80 +

0 —— Exp. no. 36

Height of the head H

—e— Exp. no. 39

¢ (mm)

210 + + + + +

190 of———¢ &= —— —0 —+~—Exp. no. 40
4+

150 g — X —~—x X X
130 x

120 —o— Exp. no. 44

—X—Exp. no. 42

Helght of the head H
=
=]

l(x),‘L.ALA.LJAAL...AL‘L.J.n-...‘._.LAA....A...A_n

0 05 1 15 2 25 3 3.5 4

Distance from the inlet gate (m)

Figure 5.10 Height of the head with distance for selected saline gravity current runs.
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Figure 5.14 Fractional density profile in the head of selected turbidity current
experiments at station 6.
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Figure 5.15 Fractional density profile in the head of selected saline density current
experiments at station 6.
For analysing the velocity of the head, the data presented in Tables 5.3 and 5.4 were
used. It should be noted that for each measurement point in the flume, the layer-
averaged density fraction of the head (A) was used for analysis. This was done by using
the density fraction (for saline density current) or sediment concentration (for turbidity

current) profiles measured along the center-line of the head.

The velocity of the head Uy is often calculated by Equation 5.1. The data obtained from
the present study, turbidity current data of Middleton (1966b), turbidity and saline
density current data of Altinakar et al. (1990), saline density current data of Denton et al.
(1981), and the data obtained by Wright (1979, cited in Biihler et al., 1991) were used to
find the accuracy of Equation 5.1. The data were analysed with the statistical package,

SPSS. The results of the data analysis significantly agreed with the combination of the
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equation and also the value of power, 0.5, for the variable (AgH;). The coefficient of
determination of this analysis was quite high (98 percent). The coefficient, C., was

determined using the above data analysis. In Figure 5.16 the head velocity, Uy, is plotted
against ,/ g’H, , for the data of the present study. The best linear correlation between

this data point can be expressed by Equation 5.1 with C. = 0.65. The solid line plotted in
Figure 5.16 corresponds to this correlation line. In Figure 5.17, the data of the present
experiments as well as those by Middleton (1966b, turbidity current using plastic beads),
Altinakar et al. (1990, saline density current and turbidity current using quartz fluor),
Denton et al. (1981), and Wright (1979, cited in Bihler et al. '1991, saline density
current) are plotted. These data are presented in Appendix A. The best linear
comrelation for this set of data was obtained when C. = 0.72. As can be seen in Figure
5.17, the data collected in the present study are located in the lower part of the figure
and the lower value of C. is due to an increased influence of the bottom drag on small
slopes (Altinakar et al., 1990). From Figure 5.17, it can be seen that the solid line related
to C. = 0.72 covered all of the data points with a very high coefficient of determination
(98%). Hence it is recommended that this value of 0.72 may be used in future. Then the

equation for the velocity of the gravity current can be written as:

U, =O.72,/g'H, (5.4)
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Figure 5.16 Head velocity Uy, against 1/g’H ; » (data of present study).
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Based on saline density current experiments in six different slopes, Middleton (1966b)
reported that C. varied with slope. The averages of C, which Middleton calculated for

different slopes are summarised in Table 5.5.

Table 5.5 The average values of the coefficient, C. for different slopes (calculated from
Middleton, 1966a experiments)

Slope C.

0.0025 0.67
0.005 0.7
0.01 0.719
0.02 0.76
0.03 0.85
0.04 0.8

Using these values and the value obtained from the present study (slope = 0.00635, C. =
0.65) and Denton et al. (1981) (slope = 0.015, C. = 0.68) a statistical analysis of this data

shows a relation between the slope and the coefficient C, as:

C.=1x 5% (5.5)

The data and the values obtained from Equation 5.5 are shown in Figure 5.18

0.9

F C, = 1.0403(5)°%*” °
08 | R*=0.6704 —=)
Uv 0.7 E /’—:—"‘—-
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0.5 L : —_ —
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Figure 5.18 Variation of the coefficient C. with the slope.

As a result, for slopes less than 0.04, the equation of the velocity of the head can be
proposed as:

Uy =5°% [¢'H, for 0 <5 <0.04 (5.6)
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5.5.1 Height of Head

It has been already pointed out that for using Equation 5.1, in order to calculate U;, H;
needs to be measured. This is one of the disadvantage of using Equation 5.1. Therefore,

to overcome this problem a criterion to calculate the height of the head is needed.

As indicated before, due to existing large eddies in the upper layer of the fluid of the
head, the error of reading the height of the head is large and probably of the order of
+5%. Therefore, developing an equation for estimating the height of the head is difficult.
However, an attempt is made to explain the height of the head as a function of initial

parameters.

Hy =f(q0.8,4) (5.7)

From dimensional analysis, it can be shown that,

g8
Hy = {2 (5.8)

The measured data of the present study (Tables 5.3 and 5.4), as well as data from
Altinakar et al. (1990) and Denton et al. (1981) have been used to find the best fit
relationship between the non-dimensional parameters in Equation 5.8. The final equation

is expressed as:

He =22 [—— for0<S5<0.04 (5.9)

The measured data and the proposed equation (5.9) are shown in Figure 5.19

5.5.2 Comparison of the Present Equations with Denton’s Approach

Equations 5.6 and 5.9 respectively can be used to calculate the velocity and height in the
turbidity current when no information is available. To compare usage of Equations 5.6
and 5.9 (for predicting velocity of the head) with the Denton equation, both methods are
used to predict head velocity. The measured data of Denton et al. (1981) Altinakar et al.
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(1990) and the present study are used. The results are almost same and are shown in
Figure 5.20 and 5.21.
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Figure 5.19 Height of the head of gravity current, H;, against A
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Figure 5.20 Comparison of the measured and predicted velocity of the head with
Equations 5.6 and 5.9.
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Figure 5.21 Comparison of the measured and predicted velocity of the head with
Denton equation (1981) (Equation 5.2).

5.5.3 Velocity of the Head by Simpson and Britter’s Approach

Simpson and Britter (1979) used a Froude number based approach to express to velocity
of head, U and hy (bottom region depth of head, see Figure 5.1). They found that this
Froude number varied with the fraction of the current depth over total depth. The data
of the present study is shown in Figure 5.22. The unbroken line shows the regression
line through the measurement points. It appears that the densimetric Froude number is

inversely dependant on hy/h;.
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Figure 5.22 Variation of Froude number with the fraction of the current depth over
total depth.
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5.6 Sediment Transport in the Head of the Turbidity Current

It is very difficult to model the processes of sediment transport by the head of gravity
currents. This difficulty can be related to the existence of secondary flows inside the

head. In Figure 5.23, a pattern of the flow in a head is shown schematically.

L

Figure 5.23 The nature of the flow related to the front of a gravity current. The mean
two dimensional flow is shown (after Simpson 1987).

In the present study, the information were obtained with reference to sediment transport:
the characteristic of the head, the average and profile of the sediment concentration in
three stations along the flume, the size distribution curve of the particles from the head
and the body of the current and the initial condition of the runs. Although this
information is useful in finding some unknown characteristics of the head of the currents,
the limitation of the experiments (using one slope and one solid with a mean size of
36.25 um) and the unavailability of any other data prevented the finding of a relationship

between the hydraulic phenomena and sediment transport of the head.

The samples collected from the head and the body of the current at different locations
were analysed with the laser particle sizer. In Figure 5.24, typical particle size
distribution curves in the head and in the body of the turbidity current, of two section of
the flume, are shown. These curves are used to calculate the geometric mean size of the
particles. A summary of the geometric mean size of the sediment particles, calculated

~ from particle size distribution curves, is presented in Table 5.6. It can be seen that in all

109



Chapter 5: Analyses of Experimental Results: the Head of the Gravity Current

experiments, the geometric mean size of the particles, D,, gradually decreases with
distance for both the head and the body of the current. This indicates that settling of
particles take place both within the head and body of the current. Also, D, of the head is
always greater than D, of the body for all the locations after the inlet gate, and for all the
experiments. Probably this is due to the difference of flow patterns in the head and the
body of the current. The variation of D, in the head and the body of the turbidity current
are plotted in Figure 5.25 for selected experiments. In Figure 5.26 the concentration of
the particles in the head of turbidity current are plotted against the distance for four of
the experiments. A high reduction of the concentration can be seen in the first part of the
flume and this reduction of concentration continues slightly for the rest of the flume.
The settling of a considerable amount of the large grain size at the entrance gate is the

reason for this reduction in concentration in the first part of the flume.

The results obtained from Table 5.6, Figure 5.25 and Figure 5.26 are summarised as

follows:

1. The hypothesis that “sediment is not deposited from the head itself, but that
deposition begins to take place some distance behind the head (Middleton 1966b,
1967)" may not be applicable for all conditions. The results of data analysis seen in
Figures 5.25 and 5.26, show that the head of the turbidity current had some
deposition on the bed.

2. Although the average velocity of the head is always lower than that of the body
(because the height of the head is greater than the body of the current), the sediment
transport potential of the head is much higher than that of the body of the turbidity
current. This can be found from Table 5.6 and Figure 5.25 in which the head always
transported larger particles in comparison with the body. Existence of vortices in the
head increases the potential of sediment transport of the head (see the flow pattern of
the head in Figure 5.26). Existence of high turbulence in the head may be another
reason (value of turbulence can be measured with the LDV, but due to high sediment
concentration and fast movement of the head it was not measured). Therefore, in
nature, sometime the head of the current has high potential erosion and has the
capability to decrease the bed strength due to the existence of the cohesive sediment

in the composition of the bed. Alternatively, it may disperse the consolidated layer of
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the bed or destroy the armour layer. Finally, the separated particles are available to
be swept up with the head itself or the body of the current. A sketch of this

mechanism is shown in Figure 5.27.

3. The sediment transport equations of open channels cannot be used for estimating
sediment transport potential of the head of a gravity current. These equations may

be used for estimating potential sediment transport of the body of the gravity current.
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D,=22.88 ym
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d
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Figure 5.24 Particle size distribution curves in the head and the body of the turbidity
current at two sections of the flume. (data from experiment no. 16)
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Table 5.6 Geometric mean size of the particles transported in the head and the body of
turbidity current runs and the location of the samples.

_Dg (um) (um)
Experiment No. | Position |Dg Body Dg Head| [Experiment No. |Position |Dg Body|Dg Head
Inflow 32.00 | 32.00 Inflow 3099 | 30.99
St2 25.07 | 2791 St2 2351 | 3207
8 St4 2299 | 25.11 17 St4 22.52 | 26.68
Sté 21.25 | 25.88 St6 20.81 | 24.49
Inflow 36.29 | 36.29 Inflow 2534 | 25.34
St2 20.76 | 2293 St2 21.36 | 26.66
9 St4 19.82 | 22.87 18 St4 19.89 | 23.84
St6 1898 | 21.46 Sté 18.70 | 22.45
Inflow 35.45 35.45 Inflow 3207 | 3207
St2 1943 | 2434 St2 19.74 | 24.57
10 St4 16.50 19.77 19 St4 17.74 | 20.22
St6 16.44 18.03 Sté 15.83 | 17.77
Inflow 3416 | 34.16 Inflow 3271 | 3271
St2 2248 | 28.72 St2 23.60 | 28.06
11 St4 19.66 | 23.67 20 St4 21.15 | 2405
St6 18.57 | 21.04 Sté 19.69 | 24.05
Inflow 50.05 | 50.05 Inflow 29.02 | 29.02
St2 2446 | 3292 St2 2335 | 26.35
12 St4 2139 | 25.84 21 St4 20.86 | 24.77
Sté6 20.52 | 26.24 Sté6 19.29 | 23.11
Inflow 35.98 35.98 Inflow 37.10 | 37.10
St2 2459 | 30.63 St2 20.89 | 25.70
13 St4 22.31 27.35 22 St4 19.38 | 23.55
St6 2047 | 25.23 Sté6 17.81 | 21.66
Inflow 37.08 | 37.08 Inflow 35.10 | 35.10
St2 2212 | 28.60 St2 2037 | 24.69
14 St4 2048 | 24.09 23 St4 17.62 | 21.14
St6 18.32 | 21.53 Sté6 16.16 | 21.43
Inflow 39.02 | 39.02 Inflow 3279 | 32.79
St2 2042 | 26.05 St2 19.68 | 26.74
15 St4 18.19 | 21.58 24 St4 2144 | 2396
Sté6 15.45 19.73 Sté6 18.05 | 21.10
Inflow 4467 | 44.67
St2 18.70 | 25.13
16 St4 1693 | 2393
Sté6 15.72 | 22.88
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Figure 5.25 The geometric mean size of the particles against the distance for the head
and the body of the turbidity current.
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Figure 5.26 Average concentration in the head of the turbidity current against the
distance.
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Figure 5.27 Effect of the head of the gravity current on a natural bed.

5.7 Summary

In this chapter the data collected from the head of both turbidity and saline density
currents were analysed and discussed. Two aspects of the head including the velocity
and the sediment transport have been considered. Critical analysis of the head velocities
along the flume showed a small deceleration in the turbidity current experiments. This
reduction of velocity was related to the reduction of the fractional density due to the

settling of particles from the current. Although the existing vortices in the head of the
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gravity current makes the dense fluid almost uniform, it has been shown that a profile for

fractional density can be distinguished in the head.

The data collected from the present study and the data obtained from laboratory
experiments by Middleton (1966a), Wright (1976, as reported by Biihler et al. 1991),
Denton et al. (1981), and Altinakar et al. (1990) were used to find the coefficient of the
velocity equation. The SPSS statistical package was used to find the best fitting line
through the data. A value equal to (.72 was obtained for the coefficient, C.. Therefore
Equation 5.1 was proposed as:

U, =072,[¢g'H, (5.4)

The coefficient, C., calculated by Middleton (1966a) for different slopes and the C.
calculated from the experiments of the present study were analysed and a relationship

was proposed for C. as a function of slope as:

U, =8°% [¢gH, for 0 < 5 < 0.04 (5.6)

The measured data of the present study, Altinakar et al. (1990) and Denton et al. (1981)
are used to find a relationship between the parameters of the height of the head of the
gravity current. Finally, the equation for predicting the height of the head of the gravity

current is proposed as:

H, =22 (g¢/a g)% for 0 < § <0.04 (5.9)

The data from the turbidity current experiments, including concentration and mean
particle size, shows that some sediment deposition occurs from the head of the current.
Hence the hypothesis that “sediment is not deposited from the head itself, but that
deposition begins to take place some distance behind the head” (Middleton, 1966a), may
be correct in some conditions, but can not be applicable for all conditions. Although the
average velocity of the head is always lower than that of the body, it was found that the
sediment transport capacity of the head is much higher than that of the body of the
turbidity current. Therefore, in nature the head of the current plays a very important role
in destroying consolidated layers and prepares separated particles to be swept up with

the head itself or by the body of the current. Finally, it was emphasised that the sediment
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transport equations of open channels cannot be used for estimating the sediment

transport potential of the head of a gravity current.
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Chapter Six

ANALYSIS OF EXPERIMENTAL RESULTS:
THE BODY OF THE GRAVITY CURRENT

6.1 Introduction

There are certain parameters in the equations of the gravity current (the body) that need
to be determined only by experimental test. The velocity and the fractional density
profiles, water entrainment and sediment entrainment are the parameters that could not
be determined theoretically. The focus of this chapter is to analyse the data collected
from the body of saline density and wrbidity currents. The data obtained by other

investigators are also utilised to complete this study.

6.2 Experimental Conditions

A total of 19 experiments were conducted in this part of the study, 9 of which
(experiments 47 to 55) were conservative saline density current experiments, and 10 of
which (experiments 56 to 66) were concerned with non-conservative turbidity currents.
The raw data for these set of experiment are given in Appendix I. Experiment 57 was
cancelled because the temperature difference between the ambient and dense fluids was
higher than 1° C. For all the experiments, the inlet current thickness was set at 40 mm
with the help of a sluice gate. The range of parameters in the experiments are
summarised in Tables 6.1 and 6.2. The range selected for each parameter was limited by

the size of the experimental flume.
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Table 6.1 Range of parameters used in experiments of the saline density current.

Table 6.2 Range of parameters used in experiments of the turbidity current.

Conservative saline density current

Parameter Minimum Maximum
Qo (m’/s) 0.000110 0.000265
Up (mmV/s) 6.40 15.41
Ao 0.00349 0.01119
B, (m’/s®) 13.54E-6 67.65E-6
R 7.7 55.1

T (°C) 22.0 23.0

Non-conservative turbidity current

Parameter Minimum Maximum
Qo (m%s) 0.000140 0.000265
Uop (mmVs) 8.14 15.41
Co 0.000925 0.00293
Ao 0.00123 0.0039
B, (m’s®) 5.69E-6 22.18E-6
Rio 2.58 17.5

T (°C) 22.0 24.0
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In all the experiments the inlet Reynolds numbers R,, = U h, /v were greater than 255.
Typical shapes of saline and turbidity currents are shown in Figures 6.1 and 6.2
respectively. The inlet parameters of all the experiments are presented in Table 6.3. In
this table A is the fractional density at the inlet of the flume and R,, is the inlet bulk

Richardson number.

Figure 6.1 Typical shape of the subcritical saline density current.

Figure 6.2 Typical shape of the subcritical turbidity current.
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Table 6.3 Experimental parameters related to all turbidity and saline gravity currents.

E?- Type T Ao o B, R
o) (ms) (m’s%)
47 Salt 230 0.00774 0.000337 25.60E-6 42.7
48 Salt 230 000774 0.000500 37.96E-6 19.4
49 Salt 230 000574 0000256 14.40E-6 55.1
50 Salt 220 000349 0000395 13.54E-6 14.0
51 Salt  22.0 000349 0.000535 1831E-6 7.7
52 Salt 225 000894 0000337 29.57E-6 49.4
53 Salt 225 000894 0000581 50.99E-6 166
54 Salt 225 001119 0000442 48.50E-6 36.0
55 Salt 225 001119 0000616 67.65E-6 18.5
56 Solid 220 000123 0000535 64SE-6 2.7
58 Solid 225 000164 0.000353  S5.69E-6 8.3
59 Solid 22.5 0.00156 0.000616 9.42E-6 26
60 Solid 22.0 0.00214 0.000605 12.67E-6 3.7
61 Solid 23.0 000185 0000326 592E-6 110
62 Solid 23.5 0.00223 0.000488 10.69E-6 59
63 Solid 232  0.00264 0000337 9.75E-6 163
64 Solid 240  0.00264 0.000581 15.04E-6 49
65 Solid 23.0 0.00386 0.000372 14.08E-6 17.5
66 Solid 235 0.00389 0.000581 22.18E-6 7.2

In the experiments, relating to the body of the gravity currents apart from the initial

parameters (initial density fraction, initial discharge of dense fluid, initial value of
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Richardson number, and temperature), four other parameters were collected. They are

as follows:

e the velocity profile of the current at two measurement points (stations 2 and 6)

e the observed height of the gravity current
e the profile of the density fraction, A, at two stations (stations 2 and 6)

o the size distribution curve of grain particles transported by the turbidity current.

6.3 Profiles of Velocity and Fractional Density

During each run, two vertical velocity profiles and two vertical excess fractional densities
were measured along the center-line of the flume. Measurement of local mean velocity
for currents with very low local velocities (from very small negative velocity to less than
35 ™/,) is not possible with existing micropropellers. Therefore, an accurate and non-
intensive measuring method such as the LDV for measuring the local mean velocity is
inevitable. In Figure 6.3, local mean velocities at two measuring points are plotted as a
function of height from the bed for three typical runs. It can be seen that the minimum
velocity occurs along the interface of the two layers of fluids (dense water and ambient
water). Most of the time small negative values were shown in the interface layer and
again a small positive local velocity was shown above the interface. This velocity pattern
in upper layer shows the circulation in ambient water due to movement of gravity
current. Comparison of the velocity profiles of the two measurement locations shows a
growing rate in the height of the turbidity current along the flume. This is due to water
entrainment from ambient water and, as a result a growing rate of the discharge of the
dense fluid. Based on the data from experiment 47, the velocity patterns and the heights
of two fluids are shown in Figure 6.4. In the velocity profile, the location of the
maximum velocity divides the flowing layer into two subregions. The region from the
bed to the maximum velocity will be referred to as the inner or wall region (H;) and the
region from the maximum velocity point to the edge of the flow as the outer or free

mixing region (H,).
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In Figure 6.5, the measured excess fractional density for three of the experiments are
shown. The excess fractional density is seen to decrease gradually in a vertical direction.
The differences between the excess fractional density at station 2 (x = 1 m) and at station

6 (x =3 m) reflect the growing height of the current between these two stations.

In Figure 6.6, the dimensionless velocity profile for all of the saline density current
experiments are plotted. Figure 6.7 and Figure 6.8 show the excess fractional density
profiles for both the saline density and turbidity current. The measured values collected
from the first measurement point (Station 2) are used in these three figures. The

parameters used are defined as follows:

z = vertical distance from the bed

h = current thickness

u = average local velocity

U = current averaged velocity

) = average local fractional density

A = current averaged fractional density

From Figures 6.6, 6.7 and 6.8 the similarity of the local velocity and excess density
profiles can be evaluated. It can be seen for Figure 6.6 that the velocity profile collapse
together when the ratio of local velocity to mean velocity is plotted against local height
to mean height of turbidity current. This collapse is very good in outer layer of the flow
(z/h >0.3). For the inner layer, large deviation is seen and for collapse to occur variables
other than mean velocity and height may have to used. The collapse shown in excess
density profile in Figure 6.7 and 6.8 are not as good as the velocity profile particularly in
the middle region. . This variation is found to be due to the equipment used to collect
the wrbidity of the current. The turbidity meter used to collect the fractional density
gives the average turbidity in 20 mm vertical longitudinal sections. Hence in the middle
region, the turbidity readings are affected by the probe being submerged in both the clear
water and turbidity current. Therefore, in the thin layer of the turbidity current it showed
high variation when a part of the deflector cone is located in the interface between two
fluids.
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Figure 6.7 Dimensionless excess fractional density for saline density current.
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Figure 6.8 Dimensionless excess fractional density for turbidity current.

6.4 Grain Size in Turbidity Current Experiments

During each experiment related to turbidity currents, five water samples were collected
from the dense fluid and their particle size distributions were determined. These samples
were collected from inlet and outlet points, and from three points inside the flume at one
meter intervals. The particle size distribution curves were then used to calculate the
geometric mean size of the particles. During these experiments some particles were
deposited from the suspension and a layer of deposited material was observed after each
experimental run. Measurements of the amount of, and the characteristics of, the

deposited material were considered separately and are discussed in chapter 8.

In Table 6.4, the geometric mean sizes (Dg) of the suspended material of the turbidity
current experiments are summarised. Figure 6.9 shows a typical plot of Dg against
distance from inlet. It can be seen that the geometric mean sizes of the particles sharply
decrease between the inlet and the first measurement point. This is due to the settling of
large particles coming from the head tank at the entrance gate. In the other part of the
flume, the decrease in the mean sizes continued slowly in the downstream direction. This
reduction is due to further deposition of some large grain sizes present in the body of the
current. In Figure 6.10, the size distribution curves of the suspended material are shown
for a typical run. In this figure the reduction of the large grain sizes with increasing

distance is clearly indicated.
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Table 6.4 Geometric mean size of the suspension particles in five measurement points
for all turbidity current experiments.

Geometric mean size, Dg, (jum)
x=0 x=1m X=2m X=3m Xx=4m
Exp. 57 30.9 223 18.7 17.9 17.7
Exp. 58 377 23.2 19.6 173 18.0
Exp. 59 29.0 23.7 20.1 18.8 18.9
Exp. 60 318 222 20.7 19.4 18.8
Exp. 61 328 21.5 19.2 18.1 16.9
Exp. 62 371 242 21.2 17.9 18.6
Exp. 63 38.5 21.2 18.8 17.8 17.3
Exp. 64 30.6 22.7 20.6 19.6 214
Exp. 65 337 220 19.9 15.7 15.6
Exp. 66 328 223 21.9 18.7 19.3
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Figure 6.9 Variation of geometric mean size of suspension with the distance for three
typical experiments.
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Figure 6.10 Typical variation size distribution curves of the suspended material with
the distance. (Data related to experiment 65.)

6.5 Water Entrainment

The water entrainment coefficient of the gravity current, E,, is known to be a function of

the bulk Richardson number, R; ,

szf(Ri) (6.1)

This parameter has been taken into account as an important parameter of the turbidity

equations by several investigators. The following are some equations suggested for this

purpose.
Ashida and Egashira (1977):
_ 00015 (6.2)
w R,'
Fukushima et al. (1985) and Parker et al. (1986):
__ 000153 (6.3)
" 00204 + R,

Parker et al. (1987):
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0075

Ew =

Chikita and Okumura (1990) for Katsurazawa Reservoir in Japan:

E_ =00087 exp(—0.106/R.) (6.5)

During the course of the present research, the water entrainment coefficient was
calculated by using the velocity profile data of the saline density current experiments.
The layer-averaged velocity, U, and the current thickness, h, were calculated at stations 2
and 6 (1 m and 3 m from entrance gate) with the aid of the following equations:

j: uldz

U=—"C (6.6)
A udz

e o
l:uzdz .

The water entrainment coefficient can be calculated from Equation 3.37 as:

Ll (6.8)
dx —Mw s

With the aid of Equations 6.6 to 6.8, the water entrainment coefficients were calculated.
The calculated water entrainment coefficients are presented in Table 6.5. In this table R;

is the average Richardson number at two stations.

Table 6.5 Measured water entrainment.

Exp. no. R, E.
47 3.5 0.00793
48 24 0.00661
49 0.8 0.00253
50 15 0.00575
51 12 0.00746
54 42 0.00138
55 37 0.00103
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Based on the measured data from the present study and the available data in the literature
related to the conservative density currents and turbidity currents (Ellison and Turner,
1959; Lofquist, 1960; Ashida and Egashira, 1975; Fukuoka and Fukushima, 1980:
Alavian, 1986; Parker et al., 1987; Stacey and Bowen, 1988; Chikita and Okumura,
(1990) and Garcia, (1990), a new equation for water entrainment coefficient E, was

developed. The above mentioned data are presented in Appendix B.

In order to determine the relationship between the water entrainment and the slope of
bed, the data were plotted in the form of Figure 6.11. In this figure the horizontal axis
shows the slope of bed and the vertical axis shows water entrainment. The simple
regression analysis on the data resulted in a coefficient of determination R? = 0.925. This

showed that E,, has a linear relationship with S as expressed in Equation 6.9:

E,, =0.00295+ 0.00094S (6.9)

For the gravity currents, the relationship between the water entrainment coefficient and
the Richardson number is preferable. In Figure 6.12, all the data are plotted as a function
of the Richardson number, R, The linear regression line with a good coefficient of

determination R* = 0.858 is given as follows:

_ 00024

E,= RIS (6.10)

If a value of 0.075 for a neutral jet is accepted as the maximum value of the water
entrainment coefficient (Ellison and Turner, 1959), then the Equation 6.10 can be written

in a form as follows:

0.075
E, = (6.11)

(1+ 30517 R,-3‘18)%

Equation 6.11 is compared with the available data in Figure 6.13. Figure 6.14 presents a
comprehensive comparison of Equation 6.11 and other equations with the measured
data. Among the previous equations proposed by other researchers only that of Parker
etal. (1987) is close to Equation 6.11. The equation of Chikita and Okumura is far away

from the measured data.
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Figure 6.13 Comparison of water entrainment data with Equation 6.11.
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6.6 Sediment Entrainment

The function of sediment entrainment is the same for both open channel flow and for the
turbidity current. The sediment entrainment is defined as the amount of sediment
concentration near the bed. There are different concepts defined for the point at which
the near bed concentration is measured. For example, Einstein (1950) and Engelund and
Fredsoe (1976) used a distance twice the mean diameter of the representative sediment
above the bed, D;. van Rijn (1984) used a distance equal to half of the bed-form height,
and Celik and Rodi (1984), Itakura and Kishi (1980), Akiyama and Fukushima (1985),
Akiyama and Stefan (1985) and Garcia and Parker (1993) used the value equal to 0.05D
where D is the depth of the water. Use of value of 0.05D appear most popular in recent
research because of the simplicity of the calculation and its consistency with experimental

work.

Many investigators proposed various equations to include the near bed concentration in

the calculation of suspended sediment in an open channel flow.

6.6.1 Equations for Sediment Entrainment

The sediment entrainment, E,, is determined as being equal to the near-bed concentration

¢, at a distance “a” above the bed for an equilibrium condition, C.

E,=ce (6.12)

Engelund and Fredsoe (1976) presented an equation for the value c,. at a distance 2D

as:
Cae = ——0'6_5, 3 (6.13)
(1+2,7)
where
’_ _ . 0.5
b =[e 0.(());;6-(1?:: 1)1?913/6] (.14
0’=u?/(g-R-D,) (6.15)
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) 8, /6 025
’ ‘[1““[9'-0-06) }

us=(g-Ry-8)%

U? )
RI; =;—-§[6+2510(R1’,/ks)] ’

U

= specific gravity of a submerged particle, [= (p; /pw )-1]

= gravitational acceleration

= size of sediment particles

= bed shear velocity due to grain friction

= hydraulic roughness (=2 D)

= hydraulic radius with respect to the grains
= slope of the bed

(6.16)

(6.17)

(6.18)

= coefficient equal to 0.51 (Engelund and Fredsoe, 1976) and it was later

modified to 1.0 (Engelund and Fredsoe, 1982)

= mean flow velocity

van Rijn (1984) proposed an equation for c,c as:

D, Ty’
Coe = 0.0lS—a- INE
where
F g R »
D, =D, I.—v_z-
T ui? —u.2,c,
0= 23
ut,,

us = (g% [y

C’'=18. 10g(12Rb/3D90)

D
A%
Ty

= non-dimensional particle parameter
= kinematic viscosity of water

= transport stage parameter
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u. = bed shear velocity due to grain friction

Uscr = critical bed-shear velocity according to shields curve

c’ = Chézy- coefficient related to grains

'R., = hydraulic radius

a = assumed to be equal to half the bed-form height

Dyo = a size of sediment particle that 90% of grain particles is less than this
size

Based on the analysis carried out by Parker and Anderson (1977), the most general

dimensionless relationship for water-sediment flow is expressed as follows:

E=fre L p & 6.24
s—f(vs’D’pa) (- )

N

where the particle Reynolds number, R,, is calculated using Equation 6.25.

05
RgD;) D
Rp=( ¢D,) D, 625
\
where
Ps = density of the sediment
Pw = density of the clear water
Us = bed shear velocity (= T /pw, and 7 is the bed shear stress)
\A = fall velocity of sediment particles
D = depth of the water

Under most conditions the sediment particle has a specific gravity of about 2.65, thus the
submerged specific gravity of particles (R) is a constant value equal to 1.65 and can be
eliminated from Equation 6.24. Akiyama and Fukushima (1985) and Garcia and Parker
(1991) showed that the measured data did not confirm the clear dependency between

D/D; (the relative roughness) and E,. Therefore, Equation 6.24 is simplified as:
s (6.26)
E s = f (Z ’ R p) .

and finally the sediment entrainment variable is chosen (by Akiyama and Fukushima,

1985, Parker et al., 1987, and Garcia and Parker, 1991) as:
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Ux
Z="Ry (6.27)

s

Based on this approach and taking a = 0.05D, Akiyama and Fukushima (1985) and
Akiyama and Stefan (1985) used the data for uniform sediment to determine the
following relationship for Es.

o0, for Z<2Z,,
Z
E, =13x 10—12210(1—7‘), for Z. <2 <Zf (6.28)
0.3, for Z>Z;
where
Y pos
Z=_"R} (6.29)

For a non-uniform sediment grain size, they used Z,, instead of Z as:

Z
E =3.0><10'122,L°[1——°—) (6.30)
Zm
E, =2 (6.31)
Di
1.4
R D,
Z, =—R’% [—] (6.32)
v, LDy
where
Z = critical value of Z found to be equal to five (Akiyama and Fukushima,
1985)
Z; = upper limit for Z (= 13.2, Akiyama and Fukushima, 1985)
i = is an index for a specific range of the sediment particles
50 = is an index for mean size of sediment particles
Di = size fraction
Cae = near-bed concentration in equilibrium condition

Parker et al. (1987) fitted the following equation for data obtained with uniform

sediments as:
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__3x107Z7
ST 14+(x1071027) (6.33)
where:
Ux
7= Rg-75 (6.34)

Vs

Another Equation was proposed by Garcia and Parker (1991) as:

_13x107Z; 635
* T (1+433%107Z8) )
where:
wl
zZ,= Ry (6.36)

s

and i’ is the bed shear velocity due to grain friction.

He also presented a sediment entrainment function for a non-uniform sediment as

follows:
13x1077 2>
E;= _7“"7 3 (6.37)
(1+433x10 Zeﬁ)
where
Zg5 =\Z, (6.38)
and
, 2
Zp== Rﬁf{ = T (6.39)
Vi DSO

A is a constant value used to fit the non-uniform measured data to the uniform equation.

The constant A was determined to be equal to 0.802 for Niobrara River in USA.
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6.6.2 The New Proposed Equation for Sediment Entrainment

Based on the Parker and Anderson (1977) analysis, Equation 6.26 was obtained. The
available measured data from Vanoni (1941), Vanoni and Nomicos (1959), Onishi et al,
(1976), Coleman (1969), Coleman (1981), Straub et al., Einstein and Chien, (cited in
Akiyama and Stefan, 1987), Ismail, Ashida and Michiue, Ashida and Okabe, Barton and
Lin, Kalinske and Pien, and Lyn (cited in Garcia, 1990) were employed to find a
relationship between the sediment entrainment and its variation. The laboratory data of
the sediment entrainment of uniform sediment were collected. The data used for this
purpose are summarised in Appendix C. Multiple regressions analysis from the statistical
package, SPSS, was used to calculate the relationship between the data and the variables
of Equation 6.27. The result was quite different from the above mentioned equations.

The best fitting equation to the data was found to be:

E,=33x107"z* (6.40)
Ur 065

Z=—R, (6.41)
A\

The coefficient of determination, R%, was 58.9%. In Figure 6.15 the measured data are

plotted against Z together with the proposed equation.

In Figures 6.16 to 6.21, the predicted sediment entrainment values using different
equations, are plotted against the available measured values. These figures can be used
to compare the accuracy of the newly proposed equation with the existing equations. In
Figure 6.16 (equation of Engelund and Fredsoe) the c,. at a=0.05D is obtained by
extrapolating from the calculated c,, at a= 2D,, with the aid of the Rouse distribution as:

[D-00sD 2D, {/*J

aea=0.050=c“e|a=wl_ 005D D- 2D

(6.42)
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Figure 6.15 Measured sediment entrainment data and the proposed equation.
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Figure 6.16 Predicted values of E,, obtained from the Engelund and Fredsoe equation
against the measured values.
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Figure 6.17 Predicted values of E, obtained from the van Rijn equation against the
measured values.
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Figure 6.18 Predicted values of E., obtained from the Akiyama and Fukushima
equation against the measured values.
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Figure 6.19 Predicted values of E,, obtained from the Parker et al. equation against the
measured values.
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Figure 6.20 Predicted values of E,, obtained from the Garcia equation against the
measured values.
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Figure 6.21 Predicted values of E,, obtained from the proposed equation against the
measured values.

The mean of the discrepancy ratio, M., and the mean absolute deviation of the

discrepancy ratio, A4, are employed to show the performance of each equation as:

M, =10%
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Ag =107 (6.44)
)
b = n—o' : llog(caep /Caeo) (6.45)
i=
L3,
b= 1|10g(cae,, [ Caco) —b1| (6.46)
i=
where
Cacp = predicted near bed sediment concentration
Caco = observed near bed sediment concentration
n, = number of data points

The perfect agreement is indicated by M, =1 and A4 =1. These estimators are calculated

for a number of predictor equations and are presented in Table 6.6.

Table 6.6 The value of M., A,, obtained using various formulae with the measured

data.

Formula M. Aq
Engelund and Fredsoe 0.76 25.94
van Rijn 1.86 4.45
Akiyama and Fukushima 0.41 7.37
Parker et al. 0.40 6.24
Garcia 0.24 16.86
Present study 1.04 2.89

It can be clearly seen from Table 6.6 that the equations of this study and van Rijn show a

very good agreement with the measured data in comparison with the others.

In Figure 6.22 the data of sediment entrainment obtained by Parker et al. (1987) and
Garcia and Parker (1993) from turbidity current experiments are presented as a function
of the proposed Z. In this figure the unbroken line shows the proposed equation. It can
be seen that the data results from turbidity current experiments are in good agreement

with Equation 6.40.
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Figure 6.22 Sediment entrainment data obtained from turbidity current experiments as
a function of the proposed Z.
Equation 6.40 does not show any limitation, even at very high sediment concentration.
Engelund and Fredsoe (1976) showed upper limitation of the near bed concentration.
They suggested that the near bed concentration should not exceed a value of 0.3.
Therefore, to include this value, Equation 6.40 can be written as:
33x1077 2*

S 1+11x107%Z4

In a river, the sediment particles are a mixture of different sized grains. If the material is
divided into N size ranges and each size fraction is denoted by p;, the mass conservation

equation gives a sediment entrainment rate for the ith size particle as follows:

E, =—aic (6.48)
Pi
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and Equation 6.24 can be further generalised to the following form:

Us D D;
Eg =f( 9—9R 509P’9—') 6.49
Y v Dsg PV Dsg (6:49)
where:
Caic = the value of c, at equilibrium state
D; = the mean size of the sediment particle range
D5 = the mean size of the mix particles.

The application of the newly developed Equation 6.40 is extended for a mixed sediment

as follows:

—L J : | (6.50)

si

The field data collected by Colby and Hembree (1955) from the Niobrara River in USA
and by Nordin and Dempster (1963) from the Bernallio and Socorro in USA, are used to
calculate the value of m in Equation 6.49. For this set of the measured data m was found

to be equal to 0.5. It means the equation can be written for non-uniform particles as

follows:
05

Uxs rD -I
7 = 0.65] i 6.51
v pSOI.DsoJ (61
33x1077z4 .5
= (6.52)

T 1+11x107%Z4

The measured data for non-uniform sediments together with the measured data for
uniform sediments and the proposed equation are plotted in Figure 6.23. As can be seen,
the proposed equation is in good agreement with all measured data. The non-uniform

sediment data show a small disagreement when Ej is in the range of 0.0001 to 0.002.
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Figure 6.23 The measured uniform and non-uniform data together with the proposed
equation.
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6.7 Summary

In this chapter the data collected from the steady state of the gravity current were
analysed and discussed. The profiles of the local velocity and the excess fractional
density were shown and the accuracy of the similarity assumption were considered. The
results showed good similarity for the velocity profile . The profiles of the excess
fractional density showed a large variation in the profiles. Analysing the grain size in the
body of the turbidity current revealed a significant reduction of mean grain size with
distance. This reduction was due to deposition of some of the large particles in the bed.
The value of the water entrainment coefficient was calculated by analysing the velocity
profiles at two sequence measurement points. A new water entrainment coefficient, E,, ,
was found based on the data of the present study and on other available data. The
measured data of the uniform sediment entrainment over an erodible bed from other
investigators were employed to find a new formula and to test the existing formulations.
It was shown that the proposed sediment entrainment equation is in good agreement with

the available data in comparison with existing equations.
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Chapter Seven

DEVELOPMENT OF A NEW RESERVOIR
SEDIMENTATION MODEL “DEPO”

7.1 Introduction

A number of computer programs are available for predicting flow and sediment
interaction in streams and reservoirs.  Although they are used for predicting
sedimentation in the reservoirs, application of them for analysis of sediment in large
reservoirs is limited particularly when the suspended sediment discharge is relatively
high. Ignorance of the effects of turbidity currents that occur in such reservoirs is the
limitation of using the available programs for accurate prediction of long term
sedimentation.

During the course of this research, a new computer program, DEPO, is developed. The
program can predict long term sedimentation in large reservoirs taking into account the
effects of turbidity current. Furthermore, this program can be used to predict sediment

processes and bed evaluation of rivers and reservoirs.

DEPO is a one-dimensional sedimentation program for modelling sediment processes
and bed evaluation in a reservoir. DEPO can also be used for one dimensional analysis
of fluvial streams. Furthermore, the program can be used as a powerful tool to analyse
the establishment and transportation of turbidity currents in reservoirs during flood
events. It can be used to evaluate the effects of storing or releasing turbidity currents on
the reservoir bed. The model is particularly recommended for prediction of
sedimentation processes in large reservoirs with relatively high suspended sediment
concentration. Subcritical flows and turbidity currents, which are generally dominant in

the man-made reservoirs in the steady condition, are considered in the model.
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The computer program “DEPO” is written in FORTRAN-77L. It consist of one main
program with 9 subroutines and functions. It uses the conventional memory of the

computer and accepts data for up to 100 cross sections. The flow chart of the model and
other details are shown later in section 7.3.

All input data are sent to the program from an input file and the results are written in an
output file. The input data requirements are described in section 7.8. The output file
contains the important results including a summary of input data, elevation of water
surface and turbidity current surface, final geometry of sections, final reservoir thalweg
elevation and final bed composition of cross sections.

7.2 Water Surface Level

The one dimensional energy equation was applied to estimate the water elevation in the
channel. Standard Step Method (Henderson 1966) was used to solve the energy
equation. For each discharge, the computation starts from the downstream section and
continues towards the upstream section. Based on this method, the relationship between
each section and the last downstream section is expressed as:

2 2

Q. 1% adsVds
WS+——=WS, + +h 7.1
2g a7 2g ¢ (7.1)

where
WS, WS, = water surface elevation at the current section and downstream section
a, , 0y, = velocity distribution coefficients for flow at the current and downstream

sections respectively (in the computer program it was assumed to be a

constant equal to 1.15)

V,V, = average velocities at the current and downstream sections respectively
g = acceleration due to gravity
h. = total energy loss.

In a natural stream, the main part of the total energy loss is due to friction, contractions
and expansions. Based on the average flow parameters at each section, the friction loss
(k) can be calculated from Manning's Equation as:
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A
Q=;Rfé sh (7.2)

h
When S =—lfT is replaced in Equation 7.2 and the equation is solved for h;, then the

following equation can be obtained:

2
h =% (7.3)
AR,
n o
where
Q = water discharge
A = cross section area of flow
n = Manning’s coefficient
Ry = hydraulic radius
S = slope of the bed
L = distance between two cross sections.

In the computer program, the average values of A and R, from the upstream and

downstream sections are used to calculate Equation 7.3.

Losses due to contractions or expansions can be calculated from the following equation:

a, V2 ay Vi

7.4

hce = CCG

where k.. is energy loss due to contractions and expansions and C. is loss coefficient for

contraction or expansion .

The computation begins by assuming an initial value of water surface elevation (usually
equal to the water surface elevation in previous section) and computes the water surface
by using Equation 7.1. The process will continue until the assumed and computed values
are within an allowable error (less than 0.000001xdepth of flow at the thalweg of
section). The critical depth will be calculated in each section based on the specific
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energy curve to make sure the flow is subcritical (flow depth in the section is greater
than critical depth). In the case where a supercritical condition is detected in a section
(flow depth in the section is less than critical depth), the appropriate hydraulic
parameters are determined based on the normal supercritical flow.

7.3 Plunge Point of Turbidity Current

Plunge point is a location in a reservoir or lake where the dense fluid goes under ambient
water. This point is very important to locate in order to determine where the turbidity
current will commence. The available equations to calculate this point are described in
section 3.6.1 of Chapter three. The equations of Akiyama and Stefan (1984) (Equations
3.27 and 3.28) are employed in the computer program.

7.4 Surface Level of Turbidity Current

The set of turbidity current equations (Equations 3.44 to 3.46 of Chapter three) should
be solved for subcritical conditions for the segment located between the plunge point and
the downstream section (close to the dam wall). These equations are a combination of
depth and sediment concentration parameters of the turbidity current. It means that the
depth of current is dependant on the sediment concentration of the current. In the case
of a supercritical condition, both turbidity current depth and sediment concentration are
solved from upstream. However, in the case of a subcritical condition, the depth of
current should be solved from downstream and sediment concentration should be solved
from upstream and this, therefore, makes it difficult to solve mathematically. To over
this problem, the elevation of the downstream boundary of the current (close to the dam
wall) should be determined (actual measurement or assume an elevation based on the
elevation of the outlet gates). For the sediment concentration of the downstream
boundary, the information of the upstream boundary can be applied. The strategy that
can be employed for this condition is a trial and error method. The numerical solution
starts with the assumption of a value for sediment concentration in the downstream
boundary condition. Then the value of the upstream boundary gained from the numerical
solution is compared with the value of the boundary that has already been determined (in
the plunge point calculation). If the difference between both values of the plunge point
sediment concentrations is within the acceptable range (less than one percent of the value
of sediment concentration at the plunge point calculation), then the depths of turbidity
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current estimated in cross sections will be used to calculate hydraulic parameters and
sediment processes. In the case when the difference is not acceptable, a new assumption
will be made for the concentration of the downstream boundary. This process will be
continued until an agreement is reached between the two calculated sediment
concentrations in the upstream boundary. The concept of equilibrium sediment
entrainment can be applied for the first assumption of sediment concentration of the
downstream boundary.

One of the major contribution of the present study is the development of a new solution
method for the sediment process in the reservoirs with consideration of the turbidity
currents. For solving the turbidity current equations, a numerical scheme is to be
employed. The Runge-Kutta method is employed for this purpose. The Runge-Kutta
numerical solution is a kind of a finite-difference scheme and it is the most popular
method for obtaining numerical solutions to differential equations. The method is very
easy to code and is very stable and accurate. It is also self-starting, and the step size can
easily be adjusted in the middle of calculation in order to accommodate a function which
is rapidly changing. The method is based on the basic Euler Method. The slope that is
used in the linear extrapolation is taken to be a weighted average of the slope at the left
end of the interval and some intermediate points. To solve a differential equation as
y’= f(x,y), (fis known function of x and y) the algorithm can be written as follows;

Yis1 =i +fave Ax (75)

where yi. is a hydraulic parameter at the next nodal point, y; is the same hydraulic
parameter at the previous nodal point which is known, Ax is distance interval, and fave is

determined by the following equation:

fave=afi+bfi’ (7.6)
where
ab = weighting factors
fi = the function evaluated at the point x;
fi = the function evaluated at some intermediate points defined as follows:
fo= i+, A% yi+ B £ &%) (7.)

parameters o, and B specify the position of the intermediate points.

Four unknown parameters o, B,  and b are written as two following forms:
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a=0 b=1 o, =p =1/2

and

a=b=1/2 o,=p=1

Both of the above parameters are known as second-order Runge-Kutta procedures,
meaning that the accumulated truncation error is proportional to (Ax) in either methods.

By including more sampling points in the interval, the basic Runge-Kutta Method
(Benjamin, 1992) can be improved to a procedure that has an accumulated truncation
error proportional to (Ax)* that is a fourth-order method. This algorithm and the
parameters are expressed as follows:

Yint =i +'6L[A)’o +2Ay, +24y, +A)’3] (7.8)

where:

Ays = f(xi. yi + Ayz JAx

The above algorithm is used to solve the system of partial differential equations for
turbidity currents (Equations 3.42 to 3.46) as:

Ax
hi+l =hi ——6_(h0+2hl +2h2 +h3)
Ax
Uiy =U; -?(U0+2U1 +2U, +U3)

Ax
Virl =V -?(\Vo +2y +2y, +V3)

g Rvy;
U}
. 0075
" (1430517 R¥%) A

R =

E
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7.5 Sediment Processes

Sediment processes are analysed based on the following procedure:

* calculate sediment transport capacity from one of the appropriate sediment transport
equations,
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e calculate actual sediment transport for every sediment size fraction based on size
distribution of bed materials, change in composition of bed materials during time step
and duration of flow passing the control volume. All of the concepts described in
Chapter three have been used.

e calculate the value of change in the bed level using mass-conservation equation, unit

weight of sediment deposition or scour, and choose an option for sediment
distribution in the sections.

The processes are calculated by following the above procedure over each time step and
the control volume is defined around a main computation section. There are seven
methods available to calculate the capacity transport of sand particles. The Exner
Equation (continuity equation of sediment material), which is expressed in a finite
difference algorithm, is used to calculate the bed level after each time step.

Quantification of cohesive sediment transport is required for the study of sediment
processes in the reservoir. Cohesive sediment particles, including clay and silt size
particles are analysed. The deposition rate is calculated by the Krone's Formulation
(1962), and the scour rate is calculated using Cormault Method (1971). These equations
are presented in Chapter three.

In DEPO, the volume of sediment deposition or scour in each section is estimated based
on the methods described in Chapter three (using the approach of HEC-6 for predicting
active-layer thickness and armouring, and the Miller equation for predicting unit weight
of sediment deposition). Meanwhile the form of bed change can be defined manually.
Two options are available in the program: flat distribution and ratio distribution. In flat
form, which is more likely in deep reservoirs, the bed change will occur from the bottom
of the cross section in an even manner across the section. It means that the deposition or
scour will fill or empty the section from the bottom depending on the volume of
deposition or scour in horizontal layers. It affects some parts of the bed between the
bottom of a given section and the water elevation. An example of this form of bed
change is shown in Figure 7.1. |
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Figure 7.1 Flat distribution of sediment deposition in the DEPO model.

In ratio distribution, the bed change will affect all the points in a given section. Scour
and fill is distributed proportionally relative to the conveyance in the cross section. The
value of change in each point is dependent on the following equation:

(1+p)
dh, = dhm[l‘-] (7.9)
Yow
where
dh, = the value of change in each coordinate point in a given cross section
dhw = the value of change in the thalweg of the cross section
Ya = the water depth above the coordinate point
Yow = the water depth above the thalweg of the cross section
D = a power based on the user’s choice.

The value of m will define the relationship between the two coordinate points (each
coordinate point and thalweg point) and its value is between 0 and 1. Two examples of
this form of bed change with different m values are shown in Figure 7.2.

The computation of sediment distribution in each section starts with assuming a value of
change for the thalweg point, and continues to calculate the bed change at other
coordinate points. The computed and estimated area of sediment in each cross section
are compared. The process is continued in an iterative manner until the difference
between the two values are within the allowable range (0.2 mz).
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7.6 Computational Processes

This section describes the computer process and functions of the various parts in the

program. The flow chart and the structure of the program are summarised in Figures 7.3
and 7.4.

Figure 7.2 Ratio distribution of sediment deposition in the DEPO model.
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BEGIN

Read input file

_Read the first series of
discharge (upstream),

water level (downstream)
and temperature

Read the next series of
discharge, water level and

temperature

Calculate: sediment load in the upstream
boundary (from rating curve), viscosity
of water and fall velocity of particles

Call each cross section from
downstream towards upstream

Calculate water elevation: Calculate hydraulic parameters:
using i{mnd&x;d Step effective depth and width,
eth

velocity etc.

No Check for the last

section reached

Call each section from upstream
towards downstream

— Meyer-Peter and Muller I
‘ —'| Baﬂold's |

Engelund and Hansen

Calculate potential _
sediment transport of Toffaleti's
sand particles

Ackers and White
—| Yang's I
@ Habibi and Sivakumar

Figure 7.3 Flow chart of the new computer program DEPO.
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Calculate: control volume, slope of
energy line, duration of flow,
thichness of the bed layers

Calculate clay and silt processes,

average change in bed elevation
due to deposition or scour, distribution
of particles in bed layers, and actual

sediment transport for each grain size

Calculate the total volume of

deEsiu'on or scour

Calculate the new elevation for all
coordinate points in the cross section
based on the option given in input file

and total volume of deposition or scour

Test for existence of the
Turbidity Current

Is it already
calculated?

Calculate the sediment outflow
from downstream section

Check for the last
series of data

Prepare the
output file

Figure 7.3 Flow chart of the new computer program DEPO (continued).
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Calculate depth of the
plunge point based on the
hydraulic parameters and
sediment concentration

Is depth of plunge
point less than
effective depth ?

@No

Estimate the first value for
concentration in the first section based
on equilibrium concentration

Caiculate depth of Turbidity Current in
the cross sections between plunge

point and dam wall using Runge-Kutta
numerical method and average section

Estimate a new
value for the
concentration

Check for accuracy of the
concentration of plunge
point (estimated from
sediment transport process
and numerical solution of
Turbidity Current)

No

Recalculate all hydraulic parameters

for sections between plunge point and
dam wall based on the Turbidity
Current elevation in each section

©

Figure 7.3 Flow chart of the new computer program DEPO ( continued).
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Figure 7.4 Major parts of the new program, DEPO.

The MAIN program manages the input data, output file, and controls all subroutines. In
addition, some of the processes including sediment discharge from the upstream
boundary, water elevation, depth of plunge point of the turbidity current, trap efficiency
and total volume of sediment deposition or scour are carried out in the MAIN. The
input data are tested for any possible errors which may occur in the sequential
arrangement of input data. There would be a message in the output file and on the
screen if there is any error in the input data. After checking the input data, a main loop
will start to run and the hydrological data will be considered group by group. The
sediment discharge entering into the segment for each grain size particles will be
calculated based on the flow discharge and “power interpolation” among input sediment-
flow discharge data. Subsequently, the fall velocity of each grain size will be calculated.
The water elevation in the downstream boundary, flow discharge and geometry of
sections are used to calculate water elevations and hydraulic parameters in all the
sections employing the APR subroutine. SEDMETHOD and GEO subroutines calculate
the capacity of sediment transport, the volume of deposition or scour and the
composition of bed material in each section. The change in the geometry of sections are
calculated in the BED subroutine. The establishment of the turbidity current is checked
and if turbidity currents occur the TC subroutine and its components (APT, F, G, and E)
are called to handle the new situation. The iteration is continued for other hydrological
data and finally the output file is prepared by the MAIN. The source code of the
computer program is presented in Appendix D.

The program consists of five subroutines. Each subroutine is designed to calculate a part
of the computational process as described in the following sections.

7.6.1 APR Subroutine

The APR subroutine is designed to calculate the hydraulic parameters. Based on the
water level and section geometry sent to the subroutine, the hydraulic parameters
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consisting of area, wetted perimeter, effective depth, effective width, water surface width
and thalweg elevation are calculated and returned to MAIN. Calculations are based on
the geometrical solution of some subsections defined between elevation of water and two
consecutive coordinate points of the cross section. For the first and last subsections, the
location of the intersection between the water surface and bed is calculated and it is
considered as a temporary point. The subsections and the coordinate points are shown in
Figure 7.5 schematically.

El. (m) Temporary point Subsections

Distance from origin (m)

Figure 7.5 Schematic of subsections, coordinate points and temporary points.

7.6.2 SEDMETHOD Subroutine

The SEDMETHOD subroutine serves to estimate the sediment transport capacity.
Based on the hydraulic parameters of each cross section, characteristics of sediment
particles and the sediment transport method (that the user has specified in the input file),
the sediment transport is calculated. Although some of the methods available in the
subroutine estimate the bed load and suspended load separately, only total load is
returned to the MAIN. The methods available for estimating sediment transport are as
follows:

1. Meyer-Peter and Miiller (1948) for bed load (suitable for the streams in which
suspended load is not significant)

2. Bagnold (1966) for bed load and suspended load
3. Engelund and Hansen (1967) for total load
4. Toffaleti (1969) for bed load and suspended load

5. Ackers and White (1973) for total load
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6. Yang (1973) for total load

7. Habibi and Sivakumar, 1993 for suspended load and 1994, for bed load

7.6.3 GEO Subroutine

The GEO subroutine is programmed to estimate the actual sediment transport. The
capacity of sediment transport, bed material composition, depth of bed layers, and other
control volume characteristics is analysed to estimate the actual sediment transport.
Transport of cohesive sediments is estimated in this subroutine. Finally, the average
change in the bed layer and bed composition is estimated and sent to the MAIN program.

7.6.4 BED Subroutine

The BED subroutine is considered for distributing the volume of sediment deposition or
scour in the bed and estimating the new shape of the cross section. The data including
the water level, average change of the bed, geometry of the section and the option
chosen for distribution form come from the MAIN (based on the user choice), and the
new elevation of the coordinate point is sent back to the MAIN.

7.6.5 TC Subroutine

The TC subroutine estimates the turbidity current characteristics detected in the MAIN.
It uses APT subroutine and three functions named F, G and E for this propose. The
hydraulic parameters, geometry of cross sections, sediment characteristic and boundary
conditions are taken from the subroutine and the new hydraulic parameters are sent to
the MAIN. The F, G and E functions are parts of the Runge-Kutta numerical solution,
and the APT subroutine calculates the hydraulic parameters of sections based on the
effective depth of turbidity currents.

7.7 Numerical Solution

The water surface elevation, sediment transport, bed level, bed material, and turbidity
current establishment and transportation are always elements of a complex system
resulting in a complicated process. A small change in one of the elements, such as bed
elevation, will affect all or some of the other elements directly. However, in the
numerical solution for prediction of long term reservoir sedimentation, it is quite
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acceptable to solve equations independently in relatively small time steps. Turbidity
current depth is directly related to the flow and suspended sediment concentration, and
separation between flow and sediment concentration is considered impossible. In
supercritical conditions of turbidity current, the solution technique is not very difficult
because the upstream is used as the control section for both the flow and sediment. But
for subcritical turbidity current conditions, a particular numerical technique is required
because, while the flow is controlled from downstream, the sediment concentration is
controlled from upstream.

The solution technique for sedimentation processes in a reservoir needs to solve all of the
equations (flow, sediment, and turbidity current equations) in an iterative manner for
several time steps. At each time step, the flow and sediment are routed in two phases.
First, the flow equations are solved to determine water elevation and hydraulic
parameters in each section - based on the bed surface elevation from the previous time
step. It is routed from downstream to upstream. The sediment is then routed from
upstream to downstream. Meanwhile, for each section, a control volume is defined and
then input and output volume of sediment are compared to calculate the volume of
deposition or scour. The new bed elevation and bed material composition are obtained
from sediment analysis within the control volume.

Based on the calculated hydraulic parameters, each section is tested to see whether the
plunge point of the turbidity current has occurred. If the turbidity current has not
occurred, then the process is repeated for the next section. In the case where the
turbidity current plunge point occurs in a section, the analysis of sediment processes is
changed to a new mode. The turbidity current equations will be solved for all of the
sections between the plunge point and the downstream section to estimate the elevation
of the turbidity current surface. Then a set of new hydraulic parameters is defined for
these sections. Based on the new hydraulic parameters, the sediment processes will be
analysed from the plunge point towards the downstream section.

The geometry of sections and the composition of bed material obtained at the end of
each time steps are basic parameters for running the next time step. It is assumed that
changes in the bed level and bed composition are reasonably small during each time step,
although the changes may be significant over several time steps.
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7.8 Input Data Requirements

An input data file is required in order to apply this model to a specific reservoir or river.
The input data includes geometrical, sediment discharge and characteristics, bed material
characteristics and hydrological data. The input file is written in free format and in the
order which is shown in Appendix E.

The geometry of sections and the other dependent parameters should be written from the
downstream boundary towards the upstream boundary, respectively. The sections will
be defined by coordinate points and they will be written from the left hand side towards
the right hand side of the channel respectively.

The sediment characteristics consisting of specific gravity and initial unit weight are
defined for clay, silt and sand fractions. The sediment compaction coefficient and the
critical bed shear stress for cohesive sediment deposition are defined for clay and silt
fractions. The grain shape factor and sediment transport method are defined for the sand
fraction. The upstream boundary element for sediment discharge should be defined for
the program. At least two points of the flow-sediment correlation curve are needed in
the input data. A flow-sediment correlation curve can be calculated from an analysis of
historical flow and sediment discharge data or estimated using the sediment transport
method. However, some points (up to 10) of the flow-sediment discharge curve should
be defined in the input data.

The bed characteristics are defined as a fraction of every grain size in each section. The
bed material characteristics can be defined from one to several cross sections. If it is
defined in one or some cross sections, the program will calculate the bed gradation in the
other cross sections based on the existing data of the nearest upstream and downstream
cross sections and by using linear interpolation.

The user indicates his or her desire to consider the turbidity current in the sediment
processes, or not, by writing “Y” or “N”. Also, the distribution form of sediment
deposition or scour in the cross sections must be given in the input data. Following the
above, the hydrological data including water discharge, water surface elevation, flow
duration, water temperature and turbidity current elevation are defined. These data can
be repeated as many times as the user chooses. The number of hydrological data will
determine the running time of the program and, therefore, it co-determines the running
time for each set of data. In Figure 7.6 a shortened example of the input file with
description is presented, however a complete file is presented in Appendix F.
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%fo 21 1 3 Manning's n value, contraction coefficient,
cs mad expmum coefficient, respectively.
1 15 0.0 0 Cross section identification number, number
GE of coordinate point, reach length, and depth
o 350 of bed material (0 is default value cqual to Sm).
5 330
30 310 Geametry of first cross section.
45 282 The values of first column are distances
55 240 and the value of second column are
elevations (m).
" Geometric parameters
0.021 .1 .3
cs
7 11 290.0 O
GE Following the first crass section
:S ; zg same parameters for the next cross sections
67 240 arc given.
110 200
: Character to show cnd of geometric input.
EC
SPROPER .
o o0 Sediment particles
CLAY 0 0 0 0 9.17 0.4 charactristics and
e o, rating curve of
WDSLOAD 2 sediment inflow from
44. 220.188 0.514 0.118 0.129 0.109 0.09 0.04 000000000 upstream boundary
2511. 2219593. 0.514 0.118 0.129 0.109 0.09 0.04 0 000000 00 . L. )
BEDPART 1 50 Size distribution of
803 0 0 0 2 6 18 32 26 4 4 3 3 200 bed materials
™Y . g .
1 t option
R I Number of data (=run) and option for Turbidity current opti
OPERATION 396 1.5 distr lb“‘m of sediment dwlh“!vﬂld
44 290 18.27 28 2 scour in the cross sections, respectively.
79 312 36.5 18 3 Set of water discharge
100 320  36.5 38 3 |The values of first column are water discharges.
The second column are downstream water clevations. Hydrologic data
The third column are flow duration (days).
The fourth column are air temperatures
and the fifth column are downstream turbidity
current elevations.

Figure 7.6 An example of the input file of DEPO program.

7.9 Output File

The output file consists of the following information.

e A summary of the input data
o The new geometry of the all cross sections.

e The volume of the inflow sediment and outflow.

169



Chapter 7: Development of a New Reservoir Sedimentation Model “DEPO”

* The trap efficiency of the reservoir for the sand, silt, and clay particles
¢ The initial and new elevation of the bed in the thalweg of the reservoir
¢ The new bed composition at all of the cross sections.

In Figure 7.7, a shortened example of the output file with description is presented and a
complete file is presented in Appendix F.

7.10 Summary

A new model for predicting reservoir sedimentation taking into account the effects of
turbidity currents has been developed. The computation processes and numerical
solutions employed for modeling have been determined. A feature of the model
computation has been shown in a flowchart. All parts of the computer program and their
functions have been given briefly. The data will be given to the program via an input file.
The input data required for running the computer program and the format have been
given. All the results from the computations will be written in an output file. The
information from an output file, with an example, are presented. In general, it can be
said that the major difference between the proposed computer code and the other
available models is in the employment of turbidity current concepts as a function that
effects long term sedimentation processes in reservoirs. Seven optional methods are
available in the model for predicting the capacity of sediment transport in rivers and
reservoirs. Based on the calculated capacity of sediment transport, size distribution of
bed materials, active layer thickness, and the possibility of the establishment of an armour
layer, the actual sediment transport will be calculated by the program. Transport of
cohesive particles are also considered in the prediction of sediment processes. The
amount of the sediment deposition or scour in each control volume will be calculated
based on the amount of sediment inflow to the control volume and outflow from the

control volume.
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F]

Cross section number= 1.00000
Number of coordinate points= 15
Manning,s n= 0.210000E-01Contraction coefficient= 0.100000
Expansion coefficient=  0.300000 Reach length=  0.000000
points DISTANCE & ELEVATION respectively
0.000 350.000
5.000 330.000
30.000 310.000
45.000 282.000
Geometric data
according to
Cross section number= 7.00000 lnput file
Number of coordinate points= 11
Manning,s n= 0.210000E-01Contraction coefficient= 0.100000
Expansion coefflcient= 0.300000 Reach length= 290.000
points DISTANCE & ELEVATION respectively
0.000 350.000
45.000 250.000
67.000 240.000
Specific gravity of water= 1.00000
Acceleration due to gravity= 9.81000
properties of CLAY particles
specific gravity= 2.65000 Shear threshold= 0.100000
Initial unit weight= 481.000
Compaction coefficient= 256.000
Properties of SILT particles Sediment characteristic
Specific gravity= 2.65000
Initial unit weight= 1041.00 awording to input file
Compaction coefficient= 91.3000
Properties of SAND particles
Specific gravity= 2.65000 Initial unit weight= 1490.00
Grain shape factor= 0.667000
parameter for calculating equilibrium bed= 30.0000
YANG Transport capacity method
li"""t'tittt'itt'tt""i'lii'tltitt't"itlttt"tt"tltttttlttttt
* Final Results of Sedimentation Modelling ’
""'i"i'i'i'tti't'i'tiiiiii"tilli't'il'itti"ittti"ti'ilt'ttiit
Cross section number 1.00000
points DISTANCE, INITIAL ELEVATION AND FINAL ELEVATION
0.00 350.00 350.00
45.00 250.00 250.00
67.00 240.00 240.00
110.00 200.00 200.00 ..
130.00 190.00 193.85 Inlt]al and ﬁnal
140.00 180.00 193.85 coordinate points
155.00 180.00 193.85 .
175.00 250.00 250.00 Of the Cross Sectlons
210.00 250.00 250.00
230.00 300.00 300.00
242.00 350.00 350.00
Cross section number 3.00000
points DISTANCE,INITIAL ELEVATION AND FINAL ELEVATION
0.00 350.00 350.00

Figure 7.7 An example of the output file of DEPO program.
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Y22 e R R R R R R e R R e e e R e A R R R R AR 22 2 AR

*  Total Days . Total Sediment Inflow *
. * SAND & GRAVEL SILT CLAY .
* . (in m3) (in m3) (in m3) *
+  7299.96 *  0.53E+07 0.79E+08 0.15E+09 . § Amount of sediment

Pt 222222222 X AR R R R R R R A R R R R X A A R R A AR R R R AR R AR R AR R D)

inflow to the reservoir

* Total Sediment Outflow »
. SAND & GRAVEL SILT CLAY . Yyand outflow from the
. {in m3) (in m3) in m3) . :
¢ reservoir and trap
b 0.14E-05 0.39E+08 0.86E+08 .
"'I"'""""'""""""""'""""""""I""""""""' efﬁciency Of lhe reservoir
* Trap Efficiency of Reservoir v ’
hd SAND & GRAVEL SILT CLAY TOTAL hd
hd 1.0000 0.5101 0.4110 0.4588 .

P 22 222222 2R R R SRS RS RS RS R AR A AR AL ARALAAL LA E AL LA A

SECTION DISCHARGE WS ELE DISTANCE INITIAL TALWAGE FINAL TALWAGE

NO. (m3/s) (m)  FROM DAM{m) ELE.(m) ELE. (m)

803.00 52.00 336.07  60303.90 309.00 334.63

793.00 52.00 335.95  59903.90 309.00 335.61 Elevation of water
780.00 52.00 335.61  59313.90 308.00 335.36

770.00 52.00 335.11  58593.90 308.00 334.89 after last run, initial
755.00 52.00 333.26  57633.90 305.00 333.08

and final elevation of
cross sections talwage

PERCENTAGE OF EACH PARTICLE SIZE IN COVER LAYER

CROSS SECTION RLENTO CLAY (%) SILT(%) SAND (%)
1.00000 0.000000 89.0480 10.9513 0.000000
7.00000 290,000 87.8824 12.1174 0.000000
3.00000 1170.00 85.7781 14.2220 0.000000 Final Size dlstl‘lbutlon
18.0000 1490.00 79.3638 20.6362 0.000000
124.000 3140.00 59.3534 40.6466 0.000000 in cover layer of the

bed in all cross sections

Figure 7.7 An example of the output file of DEPO program (continued).

An optional parameter is available in the program for the user to control the distribution
of the sediment deposition or scour in the cross sections. Consideration of the effects of
turbidity currents on sediment processes is an option in the DEPO model. Therefore, the

model is applicable to rivers in addition to reservoirs.
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Chapter Eight

APPLICATION OF THE MODEL TO
LABORATORY AND FIELD DATA

8.1 Introduction

In order to validate all the procedures and to demonstrate the capabilities of the new
model, the model is evaluated with the following two tests:

1. laboratory experiment
2. actual reservoir

A laboratory experiment is a suitable method to find the accuracy of the procedures of
the model or to compare the results of two or more solutions. Availability of the
complete details of experiments and the possibility to create and control different
conditions are the principal advantages of laboratory experiments. Also, the capabilities

of a model on a smaller scale can be tested.

Eventually each computer model should be used in an actual watercourse, and so, testing
the model in an actual reservoir and comparing the output results with the measured data
is very important. On the other hand, actual channels are characterised by irregularity in
all aspects. Irregular inlet and outlet discharge of the flow, irregular shape and
composition of the bed, irregular bed slope etc., make the prototype case very
complicated to model accurately. In this chapter the new model, DEPO, is verified using
data from four laboratory experiments and Dez Reservoir. Dez Reservoir is the largest

reservoir in the south-west of Iran.
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82 Exj:eriments on Depositional Turbidity Current

Four turbidity current experiments were conducted in this part of the study (experiments
1,2, 4, and 6). The turbidity currents were established by mixing the sediment particles
in water. The inlet current thickness was set at 40 mm with the help of a sluice gate.
The duration’s of the experiments were adjusted with the volume of the dense fluid in the
mixing tank. The initial parameters in the experiments are presented in Table 8.1. In this

table ¢ is the duration of the experiment.

Table 8.1 The initial parameters of the depositional turbidity experiments.

Exp. No. ho T 9o Ao t R.o
(mm) (°C) (mms) )

1 40 20.0 3.256E-4  0.00243 4080 326

2 40 19.5 1.86E-4 0.0034 5520 186

4 40 19.0 4,07E-4 0.0047 2220 407

6 40 19.2 4.419E-4 0.00538 2460 442

The mean geometric sizes (D;) of the deposited particles were calculated from the
distribution curve of the grains for each of the measurement stations. In Figure 8.1, the
mean geometric sizes of the deposited particles are plotted against distance from the inlet
gate. In this figure, as expected a progressive shift towards the finer grain size can be

distinguished as the distance increases from inlet gate.

8.2.1 Verification of the Model with the Laboratory Experiments

To verify the model with laboratory experiments, some parts of the program including
the acceptable errors were changed to adjust them for the smaller scale of the laboratory
flume and for the experimental conditions (For example: calculating sediment inflow
from rating curve was changed to merely accepting a value from the input file;

calculation of the depth of the plunge point was changed to reflect the existing depth of
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50 \—Q—Exp. no. 1 J
E 40
< 130 .

n \ 'N—.—’
20

X

0.5 1 1.5 2 2.5 3 35

Distance from the inlet gate

Figure 8.1 Variation in the mean size of the deposited particles with distance from the
gate.

the turbidity current at the entrance gate which was 40 mm; the minimum acceptance
height of deposited material in each run was changed from 1%10° m to 1x10™° m; to find
the correct value of the new bed elevation, minimum change of computing elevation of

the cross sections was changed from 0.005 m to 0.0001 m).

The geometry of the flume at all measurement stations and the slope of the flume were
arranged in the input file as the geometric data. Manning’s Roughness Coefficient was
chosen to be 0.01 according to the material of the bed and the sides of the flume. The
percentage of each grain size was calculated from the sediment distribution curve of the

inflow particles. Yang’s Stream Power equation was chosen for calculating the transport
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of particles larger than 62 um. The inflow discharge, the duration, the elevation of water
at the downstream section, the elevation of the turbidity current at the downstream
section, and the temperature of the flow were used in the input file based on the
measured values. The flat distribution (Figure 7.1) was chosen for distributing sediment
deposition on the bed. The model was run for each data set of the experiments. The
output results of the model are compared with the measured ones in the following

sections.

8.2.1.1 Water Elevation and Turbidity Current Height

The results of the water elevation and the turbidity current height computations
performed by the model showed excellent agreement with the measured values. In
Figure 8.2, the measured and the estimated water elevation and turbidity current height
are plotted against distance for experiment 1, 2, 4 and 6. These results confirm the

validation of the numerical solution of the hight of turbidity current.

8.2.1.2 Amount of Sediment Deposition

In Figure 8.3, the measured and estimated amount of sediment deposited in the bed of
the flume are presented for all experiments. The amounts of deposited material are
presented in kg/m’ to show both the values in a bigger scale. In this figure, the unbroken
lines show the measured value and the broken lines show the estimated value.
Comparison of the results show very good agreement between the computed and
measured deposited material. The observational error between the two values is very
low and can be ignored. This part of the results confirm that the DEPO model can be

used for the computation of sediment process in an actual reservoir.

8.2.1.3 Size Gradation of Deposited Sediment

In the output of the model, composition of the bed in the cover layer will be divided into
three classes: particles larger than 62 um; particles between 4 and 62 um; and particles
less than 4 pm. Therefore, the bed material distribution curve at each of the
measurement locations were divided in these three classes and are plotted in column

format in Figure 8.4. In this figure, the results predicted by the model are also shown.
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Figure 8.2 Measured and estimated water elevation and height of turbidity current.
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Figure 8.3 Measured and estimated amount of sediment deposited in the bed of the
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Compan'soﬁ of both the measured and the estimated values shows a disagreement
between the predicted and the measured values of size particles larger than 62 um. The
measured composition of the deposited particles shows that significant amounts of
particles larger than 62 pum are deposited in the first measurement location and it
gradually reduces in the other locations. In some of the experiments, the particles larger
than 62 pm can be found even 3 metres away from the inlet gate. But the output of the
model does not show any of this size particles in the above mentioned locations and
based on these results, the particles larger than 62 um should be deposited before the
first measurement location. For sizes less than 4 pum the predicted and measured values
show relatively good agreement in all experiments. Further consideration of the results
obtained from the experiments of the head of the turbidity current shows that this
disagreement is related to the effects of the head. In Figure 8.5 and Figure 8.6, the result
from two sets of experiments of the head that have initial parameters similar to
experiments 1 and 2 are shown. The largest grain size available in the head and body of
the two turbidity currents can be seen in these figures. The broken line shows the particle
size equal to 62 um. As can be seen in both of the figures, that particles larger than 62
um have not been found in the body of the currents after the inlet gate. On the other
hand, in both experiments, the sand size particles have been found in the head of the
current some distance after the inlet gate. In Figure 8.5, the particles larger than 62 pm
have been found up to 3 metres away from inlet gate and, consequently, this size of
particles was slowly lost as these particles settled down. This finding is in complete
agreement with the results of deposited materials shown in the Figure 8.5 (Exp. no. 1).

In Figure 8.6, the same finding can be found for experiment 2.

In summary, it is confirmed that the head of the turbidity current itself has different
effects on the sedimentation processes. These effects are more pronounced specially
when the duration of the current becomes small. Also, the disagreement observed in the
grain sizes of the deposited material is related to the effect of the head of current that

could not be considered in the model.
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Figure 8.4 Measured and estimated material composition in the bed of flume.
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Figure 8.5 The largest grain size available in the head and the body of the turbidity
current. Data are from experiment 9. Ay = 0.00282, qo = 3.49E-4 m ?/s, hoy=40 mm,
T=21°C.
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Figure 8.6 The largest grain size available in the head and the body of the turbidity
current. Data are from experiment 23. Ay = 0.0031, qo = 2.32E-4 m*/s, ho=40 mm,
T=22°C.

8.3 Dez Reservoir Sedimentation Model

In a semi-arid country like Iran, with a long dry period in the summer and high
probability of flood in winter and spring, the role and performance of reservoirs are
crucial. The supply of sufficient water for urban, industrial and agricultural activities,

flood control and supply of electricity requires large reservoirs to store fresh water
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during flood seasons. While collecting and capturing water during floods, a large
volume of sediment is transported into and deposited in reservoirs affecting the life-time
of the reservoirs. Thus, a precise evaluation of sediment distribution and a reliable
prediction of future sedimentation in a reservoir is very important, and must be estimated

before the construction of the dam and also during the reservoir operation.

8.3.1 General Description of the Reservoir

Dez Dam is the highest dam in Iran. It is located in the south west of Iran. This double
curvature arched dam is 203 meters high and is constructed on the Dez River. Its
average annual discharge is 229 cubic meters per second. The location of the reservoir
in relation to its catchment is shown in Figure 8.7. The reservoir came into operation in
1962.

The length of the reservoir is 60 km and the surface area is about 63 km’. Figure 8.8
shows the plan view of the reservoir (the cross sections used for computation are also
shown in this figure). Its capacity in full supply is 3330 million cubic meters and it
provides flood protection, hydro-electric power and water storage for irrigation of
125,000 ha of agricultural lands in dry season as reported by K.W.P.A. (1971a). Two
monitoring stations named Tale-Zang and Dast-Mashon are located upstream of the

reservoir entrance and downstream of the dam, respectively.
Outflow from the reservoir takes place from three different levels:
o Three irrigation gates are located at an elevation of 222.7m of dam wall and

the maximum discharge through each gate is 60 cubic meters per second.

e Two turbine tunnels each 10 m in diameter, are located at an elevation of 275m
near dam wall and the maximum discharge through each tunnel is 240 cubic

meters per second.

e Two tunnels are located at an elevation of 335m for bypassing flood and the

maximum discharge through each one is 3000 cubic meters per second.

The section of the dam wall showing the important elevation are shown in Figures 8.9

and 8.10.
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The reservoir watershed has an area of 17365 km’ and has an average slope of 12.1%.
The catchment is located between 48° 10” and 50° 21” E longitude and between 31° 34°
and 34° 7° N latitude. It is a young catchment from the geological point of view.
Therefore, many parts of the catchment have very high slopes. High slopes and other
human activities in the catchment are reasons for high erosion in the basin. The river and
branches are also geologically new and have strongly eroded beds. The bed slope and

elevation of the river, and its branches with downstream distances, are shown in Figure
8.11.

Bandar Abas  Zahedan

Figure 8.7 Dez Reservoir and its catchment.
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Figure 8.8 Plan view of Dez Reservoir.

184



Chapter 8: Application of the Model to Laboratory and Field Data

m
Maximum water surface EL 350 m e
Flood bypass tunnels E1. 335 m _;tr
v

Minimum water surface F1. 290 m

Turbine gates EL 275 m

G

Imrigation gates EL 222.7 m

Foundation EL 151 m

Figure 8.9 Dez Dam cross-section and important elevations (Khozestan Water and
Power Authority, 1983).
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Figure 8.10 View of Dez Dam from downstream.
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Figure 8.11 Slope and the elevation of the Dez River branches.

The climate in the catchment varies from location to location. The rainfall rate increases
with the catchment elevation. Figure 8.12 shows the contours of equal precipitation
depth in the catchment. The temperature and rainfall in two parts of the catchment are
shown in Figure 8.13. Most of the rainfall occurs between November and May and
about seventy percent of the runoff flows during these months. Monthly average river

inflow in the Tale-Zang station is shown in Figure 8.14.

Figure 8.12 Isohyets map of annual precipitation in Dez Catchment.
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Figure 8.13 Temperature and rainfall in two parts of the Dez catchment.
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Figure 8.14 Twenty years average monthly discharge of Dez Reservoir (1957 to 1977).

8.3.2 Initial Data For Computation

The hydraulical and hydrological data for the Dez Reservoir were collected mainly from
Tale-Zang and Dast-Mashon stations. The Dez reservoir resurveyed in 1981 and the

results are available. The following data have been compiled for the Dez Reservoir.

1. Average daily river discharge from the Tale-Zang station based on thirty years
(1955 - 1985) measured data (Figure 8.15, Ghomeshi, 1988)
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10.

Eighteen years (1969 - 1986) average sediment concentration data from the
Tale-Zang monitoring station (Ghomeshi, 1988)

Average gradation curve of sediment inflow from Tale-Zang monitoring

station (T.M.A.B., 1986)

Ten years (1977 - 1987) stream bed grain size from river in the Tale-Zang
monitoring station (Ghomeshi, 1988)

Average daily discharge from the Dast-Mashon station based on ten years
(1975 - 1985) river data (Ghomeshi, 1988)

Fourteen years (1974 - 1987) sediment concentration data from the Dast-
Mashon station (Ghomeshi, 1988)

The results of reservoir resurvey in 1981 (T.M.A.B., 1986)
Monthly temperature at the reservoir (T.M.A.B., 1986)
Average Manning's n value from the Tale-Zang monitoring station

Monthly average water elevation near dam wall (1989 to 1992) as shown in
Figure 8.16 (Khozestan Water and Power Authority, 1992)
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Figure 8.15 Flow duration curve of Dez River at Tale-Zang station.
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Figure 8.16 Monthly average water elevation near dam wall in Dez Reservoir. (show
period 89-92)

8.3.3 Sediment

The suspended sediment rating curve for the inflow sediment is drawn by using 237
sediment concentration samples over seventeen years (1970 to 1987) with the help of the
statistical package “SAS”. The measured data are presented in Appendix G. The result
of the statistical analysis is given by the following equation.

0, =0.0329(Q)**™ (8.1)
where

Qs = suspended sediment discharge in tonnes per day.
Q = flow discharge in cubic meters per second.

The suspended sediment rating curve and Equation 8.1 are shown in Figure 8.17. The
average materials gradation curve of sediment inflow is shown in Figure 8.18. The bed
materials gradation curve has been determined from analyses of ten years data of the bed
particle size distribution at the Tale-Zang station and is shown in Figure 8.19. This
information is used as initial bed characteristics of the other cross sections in the
reservoir. As can be seen, the gradation curve of bed materials is very different from the

gradation curve of sediment materials transported by the flow. This significant difference
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is perhaps due to the dominance of the wash load in the suspended load of the stream. It
should be noted that in Dez River the suspended load is almost 90% of the total load
(Ghomeshi, 1988)
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Figure 8.17 Suspended sediment rating curve of the Tale-Zang monitoring station.
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Figure 8.18 Gradation curve of sediment inflow to Dez Reservoir.
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Figure 8.19 Gradation curve of Dez River bed-material at the Tale-Zang station.

8.3.4 Water Flow and Turbidity Current Computations

The computer model “DEPO” was run using 57 reservoir cross sections. The location of
the cross sections are shown in Figure 8.8 and the node points can be found in the first
part of Appendix F. All the data needed for this purpose, including node points of cross
sections and sediment and hydrologic data, were collected and arranged in an input data
file. Sediment particles were divided into six classes including clay, very fine silt, fine
silt, medium silt, coarse silt and sand particles (Table 8.2). Yang’s stream power
equation was chosen as a sediment transport formula because it is reliable to use for

natural stream (Habibi and Sivakumar, 1993).

Table 8.2 Classification of sediment and percent of each class in sediment inflow

Classification  Grain size Percent of each class
(mm) presented in sediment inflow

at Tale-Zang Station

Clay Less than 0.004 52.5

Very finesilt  0.004-0.008 19.5

Fine silt 0.008-0.016 12

Medium silt 0.016-0.031 5.35

Coarse silt 0.031-0.0625 7.65

Sand 0.0625-2.0 3
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The downstream elevation of turbidity currents are assumed to be equal to 300 m (the
elevation between two main outlet; turbine tunnels and overflow tunnels). It seems this

elevation is a good assumption for upper elevation of turbidity current in the absence of

any measured data is in the cause when no.

In reservoirs usually the water elevation near the dam wall is measured. In Dez
Reservoir, except for the data on the boundary condition required for running the model,
the other flow data inside the boundary were not available to compare the computed and
measured values. The computed elevation and velocity are ideal to test the numerical

procedures of the water and turbidity current computations.

The annual water inflow to the reservoir was divided into eighteen categories between
2510 m’/s (with a duration of 3.6 hours in a year), and 44 m¥/s (with a duration of 18.27
days in a year). These categories and their corresponding downstream water elevations

and air temperatures are shown in Table 8.3.

Table 8.3 The classified water inflow to Dez Reservoir for running the “DEPO” model
with corresponding downstream elevations, durations and air temperatures.

Water inflow Downstream water Duration Temperature
(m’/s) elevation (m) (Days) (°C)
4 290 18.27 28
79 312 36.5 18
100 320 36.5 38
170 289 36.5 10
295 329 36.5 18
405 350 36.5 30
770 343.2 10.95 25
1100 335 3.65 25
2300 335 0.18 25
2510 335 0.15 25
2000 335 04 25
1700 335 1.1 25
1310 335 1.8 25
570 343.2 18.25 25
220 320 36.5 38
128 321 36.5 10

62 299 36.5 32
52 290 18.25 28
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In Figure 8.20, the predicted elevation of clear water and wrbidity current depth along
the reservoir resulting from three different initial conditions are shown. In this figure it
can be seen that in the high flow the estimated depth for turbidity current is very close to
the water elevation and affects the whole reservoir. In low flow the depth of turbidity

current i1s low and follow near the bed of the reservoir.

8.3.5 Bed Level Computation and Comparison with Measured Data

The “DEPO’ model was run in order to predict bed elevation after 20 years of operation.
The average annual inflow was divided into eighteen categories for each year (Table 8.3)
and was continued for 20 years . The initial bed gradation of all the cross sections was
considered as the same as the bed gradation in the Tale-Zang Station. The flat
distribution option (as shown in Figure 7.1) was chosen for calculating the distribution of
the sediment deposition in each section. This was because the reservoir is a deep
reservoir and also the results of resurvey have shown this kind of sediment distribution

on the reservoir bed.

The program was run, without using the turbidity current effects, and different sediment
transport equations were used. The results of using the available sediment transport
equations are shown in Figure 8.21. These figures can be used for comparing the

applicability of different sediment transport equations to Dez Reservoir.

The sudden reduction in prediction of the bed close to the dam wall, which appears in all
cases (Figure 8.21), is related to the reservoir cross sections at that location which are
very narrow and, therefore, the prediction coincides with the hydraulic condition at those
cross sections. Measurement of some sediment deposition in that part of the reservoir
may be related to the effects of the dam wall. The mean of the discrepancy ratio, M., and
the mean absolute deviation of the discrepancy ratio, A4, are used to show the
performance of each equation. These estimators are introduced in Chapter 6. These
estimators were calculated for the above-mentioned methods and are presented in Table

84.
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Figure 8.20 The estimated water level and turbidity current depth along the Dez

Reservoir using the “DEPO” model.
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Figure 8.21 Measured and estimated bed level of Dez Reservoir after 20 years

operation. Effects of turbidity currents were not considered.
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Figure 8.21 (continued) Measured and estimated bed level of Dez Reservoir after 20
years operation. Effects of turbidity currents were not considered.
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Table 8.4 The values of M. and A4 obtained using different equations to evaluate bed
level in Dez Reservoir with the measured data.

Sediment transport M. A4
equation
Meyer-Peter and Miiller 1.011561 1.035843
Bagnold 1.012344 1.03868
Engelund and Hansen 1.014976 1.03868
Toffaleti 1.01174 1.032517
Ackers and White 1.020384 1.032756
Yang 1.019371 1.035305
Habibi and Sivakumar 1.012382 1.033723

From comparing the result of using different sediment transport equation in Figure 8.21
and Table 8.4, it can be seen that generally using different sediment transport equations
does not show significant differences in prediction of sedimentation in the reservoir. This
may be due to the fact that only 3% of the sediment load can be predicted using the
sediment transport equations shown in Table 8.2. However, in Dez Reservoir the
methods of Toffaleti, Meyer-Peter and Miiller, and Habibi and Sivakumar have shown

better results.

The option of existence of turbidity currents was run with the aid of initial data and by
considering the elevation of 300 m (elevation between two main outlets; the turbine
tunnels and flood bypass tunnels) as the elevation of the upper layer of the turbidity
current. The results of running DEPO model are presented in Table 8.5 and Figure 8.22.
In Table 8.5, the estimated volume of sediment deposited in the reservoir, and also the
trap efficiency calculated by the model and two empirical methods are compared with
measured value. As can be seen, the results obtained from the model using turbidity
current effects match the measured values showing the importance of including this
effect in large reservoirs.. In this table, the estimated volume and trap efficiency by
DEPO model can be compared with the estimated value obtained from the methods of
Churchill (1948) and Brune (1953). As can be seen, the trap efficiency estimated by the
DEPO model is very close to the measured one, while the Churchill and Brune methods

have shown a value larger than the measured.
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Table 8.5 Sediment volume and trap efficiency measured and estimated with different

methods after 20 years.
Method Sediment volume Trap
accumulation efficiency
(m*)
Measured (1981) 200000000 0.85
DEPO model estimate, 202900000 0.86
considering turbidity current
effects
DEPO model estimate, without 217336680 0.93
considering turbidity currents
effects
Brune Method 217899000 0.93
Churchill Method 234300000 1.0

In Figure 8.22, the measured and estimated sediment deposition profile after 20 years
and the initial bed of the reservoir are shown together. This figure can be compared with
the case of not considering turbidity current effects presented in Figure 8.21. The mean
of the discrepancy ratio, M., and the mean absolute deviation of the discrepancy ratio,

Aq, are also calculated to evaluate the prediction method as:
M. =1.001714
Aqs=1.026489

By comparing both these values and the parameters in Figure 8.22 with the cases not
considering turbidity currents, it can be seen that the estimated profile is significantly
improved by incorporating the effect of turbidity current. In Figure 8.23, the measured
and estimated sediment deposition are shown in selected cross sections of the reservoir.
The location of these cross sections can be found Figure 8.8.. As can be seen from these
four cross sections, except cross section number 1 (see page 194 for the explanation of
the problems in predicting in this cross-section) the predicted bed level are very close to

the measured bed.
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Figure 8.23 Sediment deposition measured and estimated by DEPQ in five cross

sections of Dez Reservoir.
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8.3.6 Computed and Measured Bed Material Composition

In reservoirs, the composition of material in the surface layer of the bed will be changed
significantly due to the deposition processes. The average bed material will
progressively change to finer material during the operation period. In the input data, the
average bed material composition at Tale-Zang Station (near the entrance of the
reservoir) was assumed to be the initial bed composition for all cross sections of the
reservoir (Figure 8.24). In Dez Reservoir, data on the measured bed material
composition in the surface layer after 20 years of operation was available and they are
shown in Figure 8.25. The bed material composition in the active layer of the bed after
20 years of operation was calculated by the DEPO model and it is shown in Figure 8.26.
From the comparison of the measured and predicted bed material compositions, it can
found that in the segment between the dam wall (distance = 0) and the cross seétion
number 420 (distance = 45572 m), the model did not predict any sand particles in the
active layer and is in agreement with the measured data. The differences between silt and
clay fractions in all cross sections are less than 10%. The model predicted sand particles
in the active layer in the cross sections between cross section number 420 (distance =
45572 m) and cross section 803 (distance = 60304 m). However, the measurement only
showed the sand particles between cross sections number 755 (distance = 57634 m) and
cross section 803 (distance = 60304 m). Generally, these errors are acceptable in such

complicated processes.

Distribution of size particles in cover layer of bed of Dez Reserwir before

operation
100%
o 80%
5’ 60% @ Sand particles
E 40% @ Silt particles
& 209

0% o P A DY) PO o PP o el e o el ol el e el Pkl el g ol P Bovk Foerd Bl oo
g
&
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22243
27513
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Figure 8.24 Bed material composition in cover layer of bed of Dez Reservoir before
commissioning (it assumed same as bed material at Tale-Zang Station).
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Measured distribution of size particles in cover layer of Dez Reservoir
after 20 years
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Figure 8.25 Measured bed material composition in the surface layer of Dez Reservoir
after 20 years of operation
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Figure 8.26 Estimated bed material composition in the surface layer of Dez Reservoir
after 20 years of operation by the DEPO model.

8.3.7 Considering Alternative Bottom Gates in the Reservoir

One of the advantages of the DEPO model is its ability to model the turbidity current
under different conditions and to predict the sedimentation processes related to each
turbidity current condition. The downstream boundary condition of a turbidity current is
highly related to outlet gates, particularly the gates used for bypassing floods. In Dez
Reservoir, two tunnels are located at an elevation of 335m for releasing floods. The
program was run for a case if such gates are installed at the bottom (EL 195 m), near the

bed of the reservoir. This will enable the excess water to be bypassed during floods from
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bottom layers of water instead of from the existing condition where excess water is
bypassed from the elevation of 335m and above. It was assumed that all floods with
discharge of more than 570 m*/sec are subject to release from the reservoir (these occur
approximately on 36 days during the average annual floods) and the other discharges can
be kept in the reservoir. The results of running the model with these assumptions are

presented in Table 8.6 and Figure 8.27.

Table 8.6 Summary of the model results in the case of alternative bottom gate.

Total sediment Total sediment Total sediment Trap
inflow (m®) outflow (m°®) accumulated (m®) efficiency
234300000 125000000 109300000 0.46

It can be seen from Figure 8.27 that, by using the alternative of bottom gates, the amount
and the pattern of sediment deposited in the reservoir has been significantly affected, and
the estimated volume of sediment deposition is reduced by about 55 percent. This
comparison supports the installation of bottom gates in such reservoirs and is highly
recommended for the future operation of the reservoir. Such methods are common to
large reservoir in China. For example, in the Three Gorges Dam Project under
construction, it is proposed to drain turbid water so that even after 100 years of

operation, the reduction in volume of reservoir is 10-15%.

8.3.8 Using DEPO Model for Predicting the Future of Dez Reservoir

The DEPO model was utilised to predict the future volume and bed elevation of Dez
Reservoir. All input data were the same as outlined in Section 8.3.5. The effects of
turbidity currents were considered in the prediction. The program was run to predict the
reservoir bed level and volume of sediment deposition after 60 years of operation
assuming that the existing operational practice and with alternative bottom gate. The
results are presented in Table 8.7 and Figures 8.28 and 8.29. In Figures 8.30 and 8.31
three dimensional view of Dez Reservoir depths before operation and predicted depths

by DEPO model after 60 years operation are shown.
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Table 8.7 Volume of sediment deposition and volume of Dez Reservoir after 60 years
operation estimated by DEPO model.

Parameters Estimated after 60 Estimated after 60
years according to  years with alternative
existing condition bottom gate

Sediment volume accumulation (m®) 569000000 321986000

Volume of reservoir (m®) 2761000000 3008014000

Trap efficiency 0.92 _ 0.52
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Figure 8.28 Estimated bed level in Dez Reservoir after 60 years operation (existing
condition).

—a— Estimated bed after 60 years with considering
alternative bottom gate (by DEPO model)
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Figure 8.29 Estimated bed level in Dez Reservoir after 60 years operation (with
alternative bottom gate).
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Elevation

Figure 8.30 Three dimensional view of initial depths of Dez Reservoir.
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Elevation

Location of Dez Dam

Figure 8.31 Three dimensional view of Dez Reservoir depths after 60 years operation predicted by DEPO model.
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From comparison of the results with the initial value and the measured value after 20
years operation, it can be seen that most of the deposited sediment after 1981 will mainly
fill the part of the reservoir located between the first upstream cross section and the cross
section located at 30 km inside the reservoir. In the other part of the reservoir (first 30
km from the dam wall), no significant deposition will occur. Comparison of the reservoir
volume after 60 years with the original volume shows a 17% reduction in the volume of
the reservoir. It means that the estimated average annual reduction of Dez Reservoir is
0.28%. The output results from running the model for the case of alternative bottom
gate and 60 years of operation show a significant reduction in sediment deposition. In
the case of alternative bottom gate, the reduction in the volume of the reservoir will be

9.7%.

8.3.9 Comparison of the Results with the Results of HEC-6 (Ver. 4.1)

HEC-6 is a one-dimensional computer code entitled “Scour and Deposition in Rivers and
Reservoirs”. It is a simulation program designed to analyse scour and deposition by
modeling the interaction between the water-sediment mixture, sediment material forming
the stream's boundary and the hydraulics of flow. This program simulates the ability of
the stream to transport sediment, and considers the function relating to sand, silt and clay
transport and deposition. HEC-6 cannot simulate turbidity currents. It has been used
successfully for the simulation of natural river beds and small reservoirs (Stoker and
Williams, 1991, Amar, 1986) and it is used by the US water agencies. In this section, the
application of HEC-6 to the Dez Reservoir is discussed and the results obtained are
compared with the results of the DEPO model. All the data needed for this purpose,
including geometric, sediment and hydrologic data, were collected and arranged in a
certain format. Sediment particles were divided into six classes including clay, very fine
silt, fine silt, medium silt, coarse silt and sand particles. Yang's stream power equation
was chosen as a sediment transport formula and the model is run for 20 years after
operation. The results from the model were calibrated by comparing these with the 1981
resurvey results. Calibration was carried out several times. All the input and output

details were considered to find the optimum results in calibration. The results are
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summarised in Table 8.8, Figures 8.32 and 8.33, and can be compared with the results
obtained from DEPO model. The predicted volume of sediment deposited in the
reservoir and trap efficiency calculated by HEC-6 are very close to the results obtained
from the proposed model, without considering the effects of turbidity currents and with
small differences with the measured values. However, the results obtained from the
DEPO model with the effects of turbidity currents are very close to the measured values.
From comparison, the estimated of bed elevation (Figure 8.32) and the distribution
pattern of deposited sediment in cross sections (Figure 8.33) with the measured data, it
can be seen that using HEC-6 for Dez Reservoir (or in general for large reservoirs) does
not give reliable results. In prediction of sediment processes by the HEC-6, the user
should specify a part of each cross section as the movable part of the cross section and
sediment deposition and scour will occur in this part. Determining this part in
watercourses is very difficult or may be impossible. This point is one of the deficiencies
of using HEC-6, especially in reservoirs. The prediction of the distribution of sediment
deposition and scour in cross sections using HEC-6 also do not coincide with actual

measurements.

Table 8.8 Sediment deposition volume and trap efficiency measured and estimated by
HEC-6 and DEPO after 20 years operation of the reservoir.

Parameters Estimated Measured

DEPO HEC-6 (1981)

Sediment volume accumulation (m®) | 202900000 | 217950720 | 200000000

Trap efficiency 0.86 0.93 0.85
350
300
E
£ 250
E = [nitial bed level
2 Measured bed level
“ 200
—@— Estimated bed level (HEC-6)
—3— Estimated bed level (DEPO)
150

5 15 25 35 45 55

Distance from the dam wall (km)

Figure 8.32 Profile of sediment deposition measured and estimated by HEC-6 in Dez
Reservoir
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Figure 8.33 Sediment deposition measured and estimated by HEC-6 at five cross
sections of Dez Reservoir.
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8.4 Summary

In this chapter, the proposed “DEPO” model has been verified by testing with the
laboratory experiments and data obtained from Dez Reservoir. The data of four different
turbidity current experiments were considered. Based on the boundary conditions of
each of the experiments, the model was run and the output results were compared with

the measured data. The results are summarised as follows:

o The computations of the water elevation and the height of the turbidity current

predicted by the model showed excellent agreement with the measured values.

* Comparison of the results show very good agreement between the computed and
measured amount of deposited material. The observational error between the two
values was very low and can be ignored. The accuracy of the equipment and

measurement parameters is presented in Appendix H.

e Comparison of both the measured and the estimated bed composition values shows a
disagreecment between the predicted and the measured values of particles size larger
than 62 pm. Further consideration of the results obtained from the experiments of
the head of the turbidity current shows that this disagreement is related to the effects
of the head that could not be considered in the model. These effects are more

pronounced especially when the duration of the current becomes small.

The DEPO model was run for Dez Reservoir and comparing these results with the
measured data shows the validity of the model to predict the sediment processes in very
large reservoirs. The results of running the DEPO model to Dez Reservoir can be

summarised as follows:

e Running the model without using the turbidity current effects and with different
sediment transport equations showed no significant differences between the available

sediment transport equations.

e Comparison of the estimated sediment accumulation in the reservoir and the trap
efficiency with the measured values showed exact agreement. The estimated trap

efficiency also was compared with the results obtained from two well known
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empirical methods of Churchill (1948) and Brune (1953). The estimated trap
efficiency obtained from the model was in excellent agreement with measured value

in comparison with the other two empirical methods.

e The bed profile of the reservoir was predicted by the model (including the effects of
turbidity currents) and compared with the measured value. The estimated profile had
relatively good agreement with the measured profile. Comparison between the
estimated sediment deposition profile and the case without considering turbidity
current and HEC-6 were presented. The comparison showed that the estimated
profile is significantly improved by using the DEPO model which incorporates
turbidity current effects.

e The bed material composition in the active layer of the bed after 20 years of
operation was calculated by the program and it was compared with the measured
value. The result confirmed the reliability of the model in the prediction of bed

material composition.

e The downstream boundary condition of a wrbidity current is highly related to outlet
gates, particularly the gates used for bypassing floods. The model was run in the
reservoir with the assumption that there is an alternative bottom gate for bypassing
the high flood. It is shown that using the alternative of bottom gates, the amount and
the pattern of sediment deposited in the reservoir can be changed significantly. The
estimated volume of sediment deposition is reduced by about 55 percent. It appears
that the DEPO model can be successfully used for prediction of reservoir
sedimentation and can be used as a tool in the design of large reservoirs to predict

reservoir sediment deposition and associated problems.
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Chapter Nine

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER RESEARCH

9.1 Conclusions

The major conclusions of this study can be divided into two parts. Firstly, the
experiments and the analysis of the experiments on gravity currents in laboratory and
field, and secondly, the development of the computer model DEPO for reservoir

sedimentation modelling and its application to Dez Reservoir.

At first, literature is reviewed to find the available river and reservoir sedimentation
methods as it is required for all research study. Different valuable models are available
for predicting bed elevation and sediment processes in rivers and reservoirs. The existing
models have not considered the turbidity currents as a parameter that affect long term
reservoir sedimentation. In the second part of this study the literature is reviewed to find
the theoretical aspects of the computation of sediment processes in streams. The

available equations in this regards are presented in Chapter 3.

9.1.1 Experimental Results

The laboratory experiments were conducted on a flume 4 m in length, 43 cm in width
and 50 cm in height. The slope of the bed of the flume was constant and equal to
0.00635 (0.36 degrees). In order to measure the velocity and sediment parameters
accurately, Laser Doppler Velocimetry and Laser Particles Size equipment were used

respectively. Experiments on two types of gravity currents, 1) saline density current and
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2) turbidity current with solid materials, were conducted. In all of the experiments the
following three conditions were evaluated:

1. Progress of the head of turbidity current and saline density current

2. The progress of subcritical conservative density current and turbidity current
3. Sediment deposition resulting from turbidity current.

The analysis of the measured parameters are presented in chapters 5, 6 and 8.

Thirty five sets of experiments were conducted to study the head of gravity currents.
Seventeen of them were of non conservative turbidity currents that were established by
mixing the sediment particles in water. Eighteen of the experiments were conservative
saline density currents that were established by mixing table salt in water. From the
analysis of the experiments of this study and the available laboratory data on the head of

gravity current an equation is proposed for the head of gravity current as:

U, =072[¢'H,

Analysis of the slopes of the data on head of gravity currents showed a relationship
between the densimetric Froude number (constant value in the above mentioned

equation) and the slope as:

C. =1x 0.8

With this relationship the equation of velocity of the head is presented as:
U, =5%% J¢'H, for 0<S<0.04

The height of the head of gravity currents are analysed based on the available data. The
result showed a relationship between the height of gravity currents and the initial

parameters of the flow as:

A

H, =22 (q3/pg)
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Comparison of the geometric mean size of the sediment in the head along the flume has
shown that the head of the turbidity current may have some deposition on the bed. It has
been shown that the sediment transport capacity by the head is much higher than what
can be transported by the body of the current. Hence the sediment transport equations

of open channels cannot be applied to predict sediment transport of the head of gravity

currents.

Nineteen experiments were conducted to study the subcritical gravity currents (the
body), nine of which were conservative saline density current experiments, and ten of
which were concerned with non-conservative turbidity currents. The data obtained from
these experiments are presented in Chapter Six. The profiles of the velocity are
measured with a fibre optic Laser Doppler Velocimeter system. The measured velocity
profiles from the steady state saline density currents (body of the current) showed good
similarity of profiles between different subcritical currents. The water entrainment
coefficient was calculated by analysing the velocity profiles at two sequence
measurement points. Based on the calculated water entrainment, and using the other
available water entrainment data, an equation for the water entrainment coefficient was

proposed as a function of Richardson number (R;) as:

0075

E. =

w

(1+30517 R,-3'18)}/3

Sediment entrainment by turbidity currents has not been measured in this study. The
available sediment entrainment in laboratory open channels and field are employed to
analyse and to test the accuracy of the existing equations. Based on laboratory data

(uniform particles), a new equation for sediment entrainment over an erodible bed was

proposed as:

Ux
— 0.65
Z=— Rp

Vs

_ 33x1077Z*
ST 1+11x107%Z*

For non-uniform sediment data, Equation 6.42 can be used when Z is changed to Z, as:
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9.1.2 Computer Model Results

A new computer program, DEPO, for the prediction of sediment processes in reservoirs
was developed by incorporating the effects of turbidity currents on long term
sedimentation. Although the model is theoretically one dimensional, some options exist
for the distribution of sediment deposited and scoured on cross sections. A user can
choose a distribution form of deposition and scour in the cross sections from flat layer to
proportional water depths in a variety of options. This makes the model a pseudo two

dimensional model. The major assumptions introduced in the development of DEPO are:

* The flow is assumed to be in steady at each computation time step. This means an

unsteady hydrograph of the flow should be divided in to some steady parts.

e Changes in bed elevation and composition of the material on the bed during one
computational time step are assumed to be not significantly influence the flow

elevation and velocity.
e The effects of the turbidity current head in sedimentation are not considered.

e To find the turbidity current height in different sections of the reservoir the average

hydraulics parameters of the sections were used.
¢ The height of the downstream boundary of the turbidity current is available.

To verify and to test the proposed model, both laboratory experiments and an actual
reservoir were considered. Four different turbidity currents were run in the laboratory
flume and the required hydraulic and sediment data was collected. Based on the
boundary conditions of the experiments the DEPO model was run and the output results
were compared with the measured data. The computations performed by DEPO for the
water elevation, the height of the turbidity current and the amount of the deposited
material on the bed, showed excellent agreement with the measured values. Comparison

between the measured and the estimated bed composition values shows a disagreement

216



Chapter 9: Conclusions and Suggestion for Further Research

between the predicted and the measured values of particles size greater than 62 pum.
Further consideration of the results obtained from the experiments of the head of the
turbidity current showed that this disagreement is related to the effects of the head that is
not considered in the model. This is due to the lack of information about sediment

transport by the head of turbidity currents.

The DEPO model was also successfully run for Dez Reservoir, a large reservoir in the
south-west of Iran. All raw measured data of the Dez River over a 30 year period was
collected and summarised to prepare the input data required for running the model. The
major conclusion from running the DEPO model for Dez Reservoir is summarised as

follows:

* Running the model without the effect of turbidity current but using different sediment
transport equations showed no significant differences between the available sediment
transport equations in Dez Reservoir and in term of sediment deposition predictions.
However the methods of Toffaleti Meyer-Peter and Miiller, and Habibi and
Sivakumar have shown better results.

¢ Comparison of the estimated sediment accumulation in the reservoir and the trap
efficiency with the measured values showed excellent agreement. The estimated trap
efficiency also was compared with the results obtained from two well known
empirical methods of Churchill (1948) and Brune (1953), and also with HEC-6. The
estimated trap efficiency obtained from the model showed excellent prediction
compared to the well known empirical methods and the well known computer model
“HEC-6”. This was primarily due to consideration of the effects of turbidity currents
in the DEPO model.

* The bed profile of the reservoir was predicted by the DEPO model with turbidity
current effects and it was compared with the measured value. The estimated profile
showed good agreement with the measured profile. The same data is used to
evaluate the bed elevation by the HEC-6 computer program. Comparisons between
the estimated sediment deposition profile with and without the effect of turbidity

current using DEPO and HEC-6 were presented. The comparisons showed that the
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estimated profiles are significantly improved by using the DEPO model with turbidity

current effects.

e The bed material composition in the active layer of the bed after 20 years of
operation was calculated by the program and it was compared with the measured
value. The result confirmed the reliability of the model in the prediction of bed

material composition.

e The DEPO model is used to predict the future bed elevation of Dez Reservoir after
60 years operation (year 2022). A summary of the output file is shown in Table 8.7,
Figure 8.28 and Appendix I. The results showed that most of the deposition of
sediment after year of 1981 will mainly fill the part of the reservoir located between
first upstream cross section and the cross section located at 30 km inside the
reservoir. In the other part of the reservoir (first 30 km from the dam wall) no
significant deposition will occur. Comparison of the reservoir volume after 60 years
with the original volume shows a 17% reduction in the volume of the reservoir. This
means the annual average reduction of Dez Reservoir volume is about 0.28%. Also,
the model is run to predict the effects of the alternative bottom gate after 60 years
operation. The results are presented in Table 8.7 and Figure 8.29 and it showed

significant reduction in sediment deposition in Dez Reservoir.

One of the capabilities of the model is to handle different conditions of sub-critical
turbidity currents. This ability can be used to examine different modes of operation of
reservoirs and to examine the effect of alternative locations of outlet gates on long-term
reservoir sedimentation. This model was tested in the Dez Reservoir to consider the
effects of alternative bottom gate on deposited sediment when floods with more than 570
m’/sec (on average, these occur approximately on 36 days during the annual floods)
released from the reservoir. It was found that by using the alternative of bottom gates
the amount and the pattern of sediment deposited in the reservoir have been affected
significantly. The height of the sediment deposited in the reservoir was reduced
significantly, particularly in the region from the dam wall and up to 20 km upstream the
dam in the reservoir. The estimated volume of sediment deposition was reduced by

about 55 percent and the trap efficiency was reduced to 0.46.
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It is envisaged that the proposed model could be used for-

Prediction of river sediment processes and bed evaluation.

Prediction of the loss of storage capacity and of the pattern of deposited sediment in

reservoirs.

Prediction of the effects of location and operation of the opening gates may conserve

a part of the storage capacity normally destroyed by deposition.
Prediction and management of the reservoir’s water quality (that is, turbidity).
Prediction of the development of gravity currents in natural watercourses.

Controlling the height of mud water in reservoirs to avoid wear on hydraulic

machinery by sediment.

9.2 Recommendations for Further Research

The results of the experiments of this study on the head of turbidity current have
shown that the sediment transport in the head of current is higher than the body.
Therefore, the sediment transport equations for open channels cannot be used for
estimating the capacity of sediment transport by the head of gravity currents. No
study on this topic is found in literature. Therefore, some more experimental and
theoretical studies are needed to find an equation for this purpose. It is
recommended that further experiments should be conducted with different size of

particles and with different slopes.

For analysing sediment sizes in the body and the head, it is reccommended to get the

samples from different vertical locations rather than at one point.

Measuring the turbulence level in the body and the head of turbidity current will help

to recognise the sediment transport by the head and the body of the turbidity current.

In this study, the velocity and sediment concentration have been measured using

Eulerian concept. However new equipment are coming in the market (such as
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Particle Image Velocimeter etc.) which uses the Lagrangian concept of fluid flow.

These techniques can be employed to improve the accuracy of measurement.

e Development of the new model “DEPQ” is based on several assumptions, presented
in this chapter. Any attempt to reduce the assumptions would increase the accuracy
of the model. Particularly, solution of unsteady water and turbidity current, rather
than the steady state assumed in this model, is recommended. It should be noted that

the theoretical solution of unsteady turbidity current is still not available.

e The proposed model was used on Dez Reservoir by assuming that the turbidity
current height near the dam wall is known. Although the applied assumptions were
chosen on the basis of existing outlet gates, using this model in a reservoir with some
real measured data on the existing turbidity current would be preferable when

comparing the model prediction results with the measured ones.
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Appendix A Data Relating to Gravity Currents Head

H; Ur g H; Ur g
(mm) (mm/s) (mm/s?) (mm) (mm/s) (mm/s’)
187 49 48 123 79 48
184 75 84 144 82 48
94 48 72 99 53 120
127 54 .74 Wright 93 61 120
44 43 72 (1976, 93 74 120
72 43 67 cited in 119 68 120
108 44 39 Biihler et 109 62 120
71 46 42 al. 1990) 126 o4 121
109 46 50 99 57 120
120 49 50 98 63 119
Wright 137 74 50 69 76 121
(1976, 91 66 S0 87 72 120
cited in 148 83 50 63 56 195.219
Biihler et 172 66 49 61 o4 208.953
al. 1990) 177 64 53 58 65 206.991
177 44 51 73 80 197.181
113 58 49 72 86 206.01
110 60 57 72 85 206.01
117 60 50 79 85 193.257
104 60 52 82 98 206.01
141 56 52 Denton 77 92 206.01
77 51 51 (1981) 89 100 212.877
107 75 48 82 97 204.048
90 65 50 - 120 206.991
135 65 53 - 110 205.029
73 71 51 72 71 201.105
69 59 52 68 70 202.086
57 50 52 87 86 -
133 50 53 95 86 214.839
139 51 50 78 85 -




Appendix A Data Relating to Gravity Currents Head

H, Ut g H: Ur g
(mm) (mm/s) (mm/s®) (mm) (mm/s) (mm/s®)
187 49 48 123 79 48
184 75 84 144 82 48
94 48 72 99 53 120
127 54 .74 Wright 93 61 120
44 43 72 (1976, 93 74 120
72 43 67 cited in 119 68 120
108 44 39 Biihler et 109 62 120
71 46 42 al. 1990) 126 64 121
109 46 50 99 57 120
120 49 50 98 63 119
Wright 137 74 50 69 76 121
(1976, 91 66 50 87 72 120
cited in 148 83 50 63 56 195.219
Biihler et 172 66 49 61 64 208.953
al. 1990) 177 64 53 58 65 206.991
177 4 51 73 80 197.181
113 58 49 72 86 206.01
110 60 57 72 85 206.01
117 60 50 79 85 193.257
104 60 52 82 98 206.01
141 56 52 Denton 77 92 206.01
77 51 51 (1981) 89 100 212.877
107 75 48 82 97 204.048
90 65 50 - 120 206.991
135 65 53 - 110 205.029
73 n 51 72 71 201.105
69 59 52 68 70 202.086
57 50 52 87 86 -
133 50 53 95 86 214.839
139 51 50 78 85 -
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Appendix A Data Relating to Gravity Currents Head

H; Ur g H; Ut g
(mm) (mm/s) (mm/s?) (mm) (mm/s) (mm/s’)
82 85 214.839 92 94 185.409
92 85 186.39 - 94 186.39
88 82 186.39 102 - 192.276
97 102 209.934 106 103 190.314
96 102 201.105 107 119 206.01
102 106 201.105 113 120 198.162
110 115 210.915 89 86 202.086
110 121 209.934 - 92 189.333
66 56 197.181 - 89 187.371
70 60 187.371 - 84 183.447
80 68 201.105 82 93 202.086
Denton 75 68 202.086 Denton - 95 202.086
(1981) 86 81 204.048 (1981) 99 112 198.162
89 - 179.523 107 119 202.086
108 97 206.01 109 53 55.917
109 96 206.01 - 56 60.822
107 104 208.953 - 59 55.917
122 108 202.086 82 52 55.917
122 - 212.877 - 60 60.822
131 115 212.877 105 59 56.898
- 68 167.751 121 59 62.784
89 69 150.093 - 70 58.86
76 87 164.808 113 1 57.879
79 79 199,143 119 70 58.86
97 75 175.599
92 95 177.561
97 94 193.257
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APPENDIX B

WATER ENTRAINMENT OF GRAVITY

CURRENTS
Ry E. Slope Ry "Ey Slope
) ()

0.8983 0.00161 5 0.2012 0.0188 23

14269 0.00156 5 0.1326 0.0414 335

1.5229 0.00126 5 01111 0.0397 33.5

Alavian 0.6733 0.00177 10 0.1367 0.0391 335
(1986) 1.0331  0.00246 10 0.1632 0.0423 335
1226 0.00197 10 0.1594 0.0374 33.5

0.3574 0.00241 15 0.1454 0.0346 33.5

0.5461 0.00231 15 0.1232 0.0347 335

0.2461 0.0174 12 0.1258 0.0321 335

0.2524 0.0199 12 Ellison and 0.1112 0.0307 33.5

0.3229 0.0178 12 Turner 0.1011  0.0455 42

0.3594 0.0158 12 (1959) 0.0848 0.0398 42

0.1464 0.0288 23 0.1058 0.0432 42

Ellison and 0.1744 0.0335 23 0.112 0.0434 42
Turner 0.1453 0.0227 23 0.121  0.0432 42
(1959) 0.1482 0.0234 23 ‘0.132  0.0428 42
0.1593 0.0239 23 0.144 0.0459 42

0.1712 0.0265 23 0.1076  0.0399 42

0.1817 0.028 23 0.1082 0.0378 42

0.1906 0.028 23 0.0874 0.06 54

0.1884 0.0257 23 0.0706 0.0569 54

0.2096 0.0323 23 0.0699 0.056 54

0.1684 0.0158 23 0.0726  0.0558 54
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Appendix B

Water Entrainment of Gravity Currents

R; E., Slope Ry E. Slope
(°) )
0.0688 0.05 54 10.11973 1.39E-04 0
0.0986 0.051 54 10.83545 1.26E-04 0
0.0315  0.0839 74 1223529 1.37E-04 0
Ellison and 0.0295 0.075 74 11.97707 1.28E-04 0
Turner 0.0257  0.0686 74 13.56364 1.13E-04 0
(1959) 0.0282  0.0651 74 13.00345 9.60E-05 0
0 0.0904 90 14.66213 1.15E-04 0
0 0.0888 90 15.67135 1.18E-04 0
0 0.0874 90 16.4441 9.20E-05 0
0 0.0842 90 18.18835 8.90E-05 0
1.4448 0.00049 0 18.40706 8.50E-05 0
1.3708 0.00181 0 19.72477 7.20E-05 0
1.3695 0.00194 0 26.01843 8.20E-05 0
Fukuoka 1.0181 0.00291 0 Lofquist 2113002 6.30E-05 0
and 1.3600 0.00312 0 (1960) 21.18109 5.40E-05 0
Fukushima 0.8162 0.00527 0 27.04222 5.80E-05 0
(1980) 0.3830 0.00896 0 28.9781 4.90E-05 0
0.3495 0.01033 0 31.65065 5.30E-05 0
0.2210 0.01014 0 32.76924 4.80E-05 0
104252 0.01462 0 40.01237 5.20E-05 0
0.2035 0.00643 46 4432071 4.60E-05 0
Garcia 0.2356 0.00583 4.6 54.02138 5.50E-05 0
(1990) 0.2347 0.00769 46 | 2476172 2.50E-05 0
0.2263 0.00928 4.6 51.68812 2.50E-05 0
7.0871 2.88E-04 0 73.64291 3.00E-05 0
7.63366 1.73E-04 0 92.82916 3.60E-05 0
Lofquist 8.21912 1.84E-04 0| Chikita 0.0517 0.000976 14
(1960) 11.1302 1.99E-04 0| and 0.1276 0.00742 14
10.6826 1.56E-04 0 Okumur 0.277 0.00251 14
a
| 10.3395 1.47E-04 0 (1990) 0.1736 0.0102 1.4
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Appendix B Water Entrainment of Gravity Currents
R, E. Slope R E, Slope
(°) (°)
0.1479  0.00297 1.4 0.12 0.023 20
Chikita 0.4444 0.0145 14 Stacey 0.12 0.021 20
and 0.346 0.00498 14 and 0.098 0.024 20
Okumura 0.189  0.00274 1.4 Bowen 0.41 0.057 60
(1990) 0.0918 0.00314 14 (1988) 0.038 0.043 60
0.16  0.00376 14 0.043 0.048 60
0.46 0.0011 0.29 1.14 0.0011 0.6
0.36 0.001 0.29 2.57 0.000958 0.6
0.72 0.0012 0.29 3.03 0.000651 0.6
0.56 0.0023 0.57 3.58 0.000534 0.6
0.51 0.0022 0.57 3.91 0.000458 0.6
0.53 0.0022 0.57 427 0.000365 0.6
0.47 0.0025 0.57 Ashida 12 0.00182 06
Stacey and 0.52 0.0022 0.57 and 329 0.00114 0.6
Bowen 0.51 0.0023 0.57 Egashira 3.96 0.00093 0.6
(1988) 0.72 0.0023 0.57 (1975) 529 0.000608 06
0.19 0.005 2.29 0.75 0.00249 0.6
0.24 0.009 4 1.76  0.00161 0.6
0.26 0.009 4 3.35 0.000707 0.6
0.21 0.0084 4 4.34 0.000449 0.6
0.23 0.009 4 445 0.000223 0.6
0.25 0.0086 4 4.55 0.000132 0.6
03 0.0086 4 0.26 0.00698 0.6
0.14 0.019 9.87 1.82 0.00134 0.6
0.16 0.019 9.87 3.07 0.00123 0.6
0.11 0.027 20 416 0.00109 0.6
0.094 0.022 20 5.13 0.000995 0.6

237




Appendix B Water Entrainment of Gravity Currents

R; E. Slope R; E. Slope
) (*)
6.17  0.000808 0.6 043  0.005 46
6.97 0.000676 0.6 0.51 0.02 4.6
051  0.00136 0.6 0.45 0.0027 46
Ashida 1.16  0.000679 0.6 | parker et al. 0.48 0.0058 46
and 1.7 0.00112 06 | (1987) 0.71 0.01 46
Egashira 216  0.000609 0.6 038  0.013 46
(1975) 2.38  0.000561 0.6 0.44  0.009 46
2.76  0.000491 0.6 0.26  0.016 46
3.15 0.000387 0.6
329 0.000165 0.6
058  0.005 2.86
04 0.003 2.86
0.21 0.007 2.86
0.75 0.0075 2.86
0.25 0.009 2.86
0.64 0.006 2.86
0.67 0.015 2.86
Parker et al. 0.78 0.003 2.86
(1987) 0.72 0.0064 2.86
0.44 0.0044 2.86
0.38 0.0013 2.86
0.39 0.008 2.86
0.16 0.008 2.86
0.55 0.019 2.86
0.94 0.014 2.86
0.61 0.023 4.6
0.55 0.0025 46
0.61 0.022 46
0.38 0.0031 4.6
0.47 0.012 46
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Appendix C. Sediment Entrainment Function

2) Field Data
EJP Rp Dg Vs llt/Vs Di/DSO
(mm) (mmJs)

Middle 0.00959 34 0.09 6.5 12.246 0.276
Rio Grande 0.00666 3.0 0.09 6.5 12.046 0.276
Data: 0.00574 32 0.09 6.5 9.938 0.294
near 0.01090 34 0.09 6.5 11.723 0.210
Bernalillo, 0.00354 34 0.09 6.5 12.000 0.340
0.00320 3.0 0.09 6.5 9.338 0.340

Nordin and 0.00377 3.1 0.09 6.5 9477 0.240
Dempster 0.00437 3.1 0.09 6.5 9.662 0.304
(1963) 0.00484 30 0.09 6.5 10.969 0.285
0.00513 33 0.09 6.5 9.000 0.285

0.00786 39 0.09 6.5 10.923 0.327

0.00561 39 0.09 6.5 9.569 0.285

0.00643 34 0.09 6.5 10.923 0.294

0.00138 9.7 0.18 20.3 3921 0.553

0.00067 8.6 0.18 20.3 3.857 0.536

0.00147 9.1 0.18 20.3 3.182 0.590

0.00128 9.7 0.18 20.3 3.754 0.421

0.00067 9.6 0.18 20.3 3.842 0.681

0.00161 8.6 0.18 20.3 2.990 0.681

0.00081 8.7 0.18 20.3 3.034 0473

0.00117 8.7 0.18 20.3 3.004 0.610

0.00129 8.6 0.18 20.3 3.512 0.571

0.00116 9.3 0.18 20.3 2.882 0.571

0.00130 11.1 0.18 20.3 3.498 0.656

0.00046 11.1 0.18 20.3 3.064 0.571

0.00120 9.6 0.18 20.3 3.498 © 0.590

0.00018 27.5 0.35 52.0 1.528 1.110

6.10E-05 24.3 0.35 52.0 1.503 1.070

0.00010 25.7 0.35 52.0 1.240 1.180

0.00016 27.5 0.35 52.0 1.463 0.843

4 .40E-05 27.1 0.35 52.0 1.497 1.360

0.00016 24.3 0.35 52.0 1.165 0.843

4.20E-05 24.6 0.35 52.0 1.182 0.956

0.00029 24.6 0.35 52.0 1.205 1.220

0.00041 243 0.35 52.0 1.369 1.140

0.00026 26.4 0.35 520 1.123 1.140

0.00026 31.5 0.35 52.0 1.363 1.310

4 40E-05 31.5 0.35 52.0 1.194 1.140

0.00023 27.1 0.35 52.0 1.363 1.180
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Appendix C. Sediment Entrainment Function

EJp R, D, Vs u+/v, Dy/Ds,
(mm) _(mmJs)

Middle 0.00466 2.7 0.09 6.5 8.354 0.519
Rio Grande 0.00447 2.9 0.09 6.5 7.323 0.519
Data: 0.00312 33 0.09 6.5 6.738 0.551
near Socorro, 0.00692 35 0.09 6.5 9.985 0.420
0.00873 33 0.09 6.5 8.292 0.465

Nordin and 0.01170 3.2 0.09 6.5 8.492 0.552
Dempster 0.00251 35 0.09 6.5 8.723 0.589
(1963) 0.01110 3.6 0.09 6.5 8.015 0.465
0.06930 3.5 0.09 6.5 11.816 0.367

0.16500 36 0.09 6.5 12.0