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EXPERIMENTAL STUDY OF SEDIMENT TRANSPORT AND
NUMERICAL SOLUTION WITH FINITE VOLUME METHOD

ABSTRACT

Because of simplicity and reasonable results that can be obtained by one
dimensional solution, the use of these predictions are increasing. In this thesis, one
dimensional solution for sediment transport equations by finite volume method is
proposed. Depending to the sensitive of the solution, sediment transport equations
solved by implicit and explicit schemes. In this research, both kinematic wave and
the dynamic wave models are investigated. Moreover both the equilibrium and non-
equilibrium form of solutions are investigated. Finally the model is verified by the

laboratory research. The results are generally simulated well.

Keywords : Sediment transport, 1-D model, Finite volume method, Kinematic wave

model, Dynamic wave model, Equilibrium, Non-equilibrium.
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KATI MADDE TASNIMININ DENEYSEL ARASTIRILMASI VE SONLU
HACIMLER YONTEMIYLE COZUMU

0z

Bir boyutlu yontemler basitlik ve yeterli derecede dogru sonuglar elde
edebilmelerinden dolay1 ¢ok sayida arastirmaci tarafindan kullanilmaktadirlar. Bu tez
kapsaminda kat1 madde taginimimni sonlu hacimler yontemiyle bir boyutlu olarak
¢Oziimii yapilmistir. Coziimiin hassasiyetine bagli olarak kati madde tasimniminin
denklemleri explicit ve implicit yaklasimlarla incelenmistir. Bu arastirma, kinematik
ve dinamik dalga yontemler: lizerinde yapilmistir. Art1 olarak ¢oziimler dengede ve
dengede olmayan durumlar i¢in de incelenmistir. Son olarak iiretilmis modeler
labraturda yapilan deneysel calismalarin sonuglar ile karsilastirilmistir. Modellerin

sonugu ile laburatuar sonuglar1 genelde biiyiik derecede uyum saglamistur.

Anahtar sézciikler :Kati madde tasinimi, Bir boyutlu, Sonlu hacimler yontemi,

Kinematik dalga yontemi, Dinamik dalga yontemi, Dengede, Dengesiz.
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CHAPTER ONE
INTRODUCTION

Human beings are trying to understand and control the rules of rivers, back to
ancient time. According to historical research, approximately six thousand years ago,
Chinese constructed dams along the Yellow River. Nearly at the same time the
structure of flood control and irrigation systems were began in Mesopotamia.
Approximately ten centuries later Egyptians started to make same buildings on Nile

River.

A sediment particle is a material that formed by physical and chemical influence
of nature phenomena like sun, water and etc. The size and shape of these particles are
various. From large boulders to colloidal in size and from rounded to angular in
shape. They also vary in specific gravity and mineral composition. These particles
can be transported by difference ways like wind and water. When transport done by

water, it is called fluvial or marine sediment transport.

Motion of particles can be shown in three models. 1. Rolling and/or sliding
2.Saltating or hopping 3.Suspended particle motions. All of them depend to the

strength of flow.
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Figure 1.1. Different modes of sediment transport. (Singh,2005)



To achieve the most efficiency in reservoir design, it is very important to predict
the sediment deposition, and to adjust the storage level and reservoir operation in

accordance with the results of prediction.

Because the influence of acceleration in longitude direction is stronger than
latitude and depth of flow directions, for simplification, channel or river in one

dimension can be assumed.

Because of some special features of one dimensional numerical methods like
efficiency and simplicity, these models have been widely used in design and

calculation works.

The aim of this thesis is develop one dimensional numerical method for both of
equilibrium and non equilibrium situation by finite volume method in order to

predict the sediment transport in channels and rivers.



CHAPTER TWO
LITERATURE REVIEW

One of the hardest and complicated phenomena in the nature is to understand of
river flow and motion of sediment particles. In order to overcome this problem, many
of scientists investigate it in rivers or laboratory conditions. These are really helpful
to understand the concept of subject and useful to present the experimental relations,
but need to spend a lot of time and money and use advanced of equipments. Because
of these reasons and for finding more suitable predictions, the mathematical methods
have been developed. Depending to the conditions; one, two or three dimensional

methods can be used.

One-dimensional (1-D) models can be used in short- and long-term simulations of
flow and sediment transport processes in rivers, reservoirs, and estuaries. Two-
dimensional (2-D) and three-dimensional (3-D) models can be used to predict more
complex morphodynamic processes that need more details like complex flow
conditions in curved and braided channels and around river training works, piers of
bridges, spur-dikes, and water intake structures. Scientists try to develop different
kind of numerical methods that can solve the continuity and momentum equations of
mass together. These equations are usually solved in three ways: 1. Kinematic wave
model 2.Diffusion wave model and 3.Dynamic wave model. Most of researchers
tried to solve the governing relations in equilibrium conditions. Moreover most of
them apply the finite difference method in order to predict flow conditions and

sediment transport phenomenon.

Fuladipanah et al. (2010) developed a new one dimensional fully coupled
numerical model for calculating flow and suspended load. Their models are
appropriate for sandy rivers in unsteady flow conditions. For discretization of
equations the implicit finite difference method is used and the Reynolds Transport
Theory is used to convert system analysis to control volume analysis. For calibration
and validation of the model, they used measured flow and suspended load data from

a reach between Ahwaz and Mollasani stations, Karoon River, Iran.



Fang et al. (2008) used the Preissmann implicit four-point finite difference
method for the discretization of the Saint-Venant equations and the discretized
equations, solved with using the pentadiagonal matrix algorithm. For the calibration
of the model, they used the data that measured from the Yantan Reservoir on the
Hongshui River and the Sanmenxia Reservoir on the Yellow River. According to the
report, comparison of the calculated water level and river bed deformation with field
measurements showed predictions of flow, sediment transport, bed changes, and bed-

material sorting in various situations, with reasonable accuracy and reliability.

Bombar (2006) under her PhD thesis studied the experimental and theoretical
sediment transport process. She analyzed the inception motion and the bed load
transport rate under unsteady flow conditions. Bor (2008) in her Msc. thesis
investigated the numerical modeling of unsteady and non-equilibrium sediment

transport in rivers.

Tayfur and Singh (2006) developed a mathematical model, based on the
kinematic wave theory that predict the evolution and movement of bed profiles in
alluvial channels under the equilibrium conditions. In order to discretization the
equations, the explicit finite difference method was used. To test the model, flume
and field data was used. One year later, they improved the model, for non-

equilibrium conditions.

Paquier (1998) solved the Saint Venant equations by the finite difference method.

They used the second-order Godunov-type explicit scheme.

de Vries (1965) used the explicit finite difference scheme to simulation water and

bed level changes in one dimensional.

Many of investigators tried to simulate the flow and sediment movement with

other numerical methods. Some of these researches are given below.

Rahuel et al. (1989), Cui et al. (1996), Kassem and Chaudhry (1998), Cao and



Egiashira (1999), Capart (2000), Cao et al. (2001), Capart and Young (2002), Di
Cristo et al. (2002) and Kebapcioglu (2009) are the researchers that studied the
unsteady flow models in recent years with numerical methods. Most of these
researchers used the finite difference method for their simulations. Cunge et al. (1980)
introduced the unsteady model equations derived from the Saint-Venant hypotheses

to simulate river flood wave propagation.

Recently, the new numerical methods like the Transfer Matrix and Differential
Quadrature Methods are applied in solution of St. Venant equations. Daneshfaraz
and Kaya (2008) used the Transfer Matrix Method in solution of wave propagation in
open channels. Kaya and Arisoy (2010) examined the long wave propagation in open
channel flow by using DQM. In other research, in the continue of these studies Kaya

et al. (2010) and Kaya et al. (2011) are investigated the flood propagation in rivers.

Seo et al. (2009) studied the one dimensional advection and diffusion equations
to analyze the suspended sediment transport and finite element method employed as

a solving technique .They applied the Galerkin Method.

Wu and Wang (2008) solved the one-dimensional explicit finite-volume model

for sediment transport with transient flows over movable beds.

Van Niekerk et al. (1992), developed a model to simulate erosion and deposition
in a relatively straight, non-bifurcating alluvial channel. In this model, the individual

size-density fractions of bed material were considered.

Cunge et al. (1980) developed one dimensional model, for prediction of alluvial
hydraulics. Chang (1982) presented a model for erodible channels.

Han (1980) provided a method for non-equilibrium transport of non-uniform
suspended load. Wang et al. (2008), developed method for the one dimensional non-

equilibrium sediment transport equations



Many unsteady models have also been developed and applied for estuaries and
other geographical features.

Armanini and di Silvio (1988), and Bell and Sutherland (1983), provided
unsteady models for movable bed channels.

Rahuel et al. (1989) developed and tested a new computational methodology for
the fully coupled simulation of unsteady water and sediment movement in alluvial
rivers. In their methodology, the non-uniform bed load transport was studied, and
sorting and armoring effects were considered. In another research, Kaya and Gokmen
(2011) examined the bed load transport equations by using Differential Quadrature
Method.

Wu et al. (2004) and Wu (2004) used Rahuel’s model in order to calculate the
non-equilibrium transport of non-uniform total load under unsteady flow conditions

in channels with hydraulic structures.

Aydoner (2010) investigated the bed forms during the sediment transport process
under M.Sc.Thesis. Bombar et al. (2010) investigated the bed load transport

experimentally and numerically.

Many of researchers like Lu (2001) and Leupi and Altinakar (2005) tried to
simulate flow and sediment movement in two or three dimensions. Many of them
developed software to predict flow and sediment transports under different situations.
One dimensional models were generally designed for non-cohesive sediment
transport with the capacities to simulate simple processes of cohesive sediment
transport. These models include HEC-6 (U.S. Army Corps of Engineers, 1993),
GSTARS2.1, and GSTARSS3 (Yang and Simoes, 2002) and GSTAR-1D (Yang et al.,
2005). EFDC1D (Hamrick 2001) is a 1D sediment transport model that includes

settling, deposition and resuspension of multiple size classes of sediments.



CHAPTER THREE

SEDIMENT PARTICLES IN FLOW

3.1 Properties of Water and Sediment Particles

3.1.1 Water Density

Density of water p, can be defined as the ratio of mass of water per unit volume.

In the international unit (SI) system it is 1,000 kg.m™ at4°C.

pf:V

where, m is mass (M) and V is volume (L*)

Various relationships between water density and temperature could be found in

Table 3.1.

Table 3.1Relation between density and viscosity of water and temperature (\Wu,2007)

Temperature Density ( kg.m‘3) Dynamic viscosity Kinematic viscosity
© (N.s.m?) (m?s™)
0 1000 179x107° 179x10°
5 1000 151x107° 151%10°
10 1000 131x107° 131x10°
15 999 114x107° 114x10°
20 998 100%107° 1.00%10°
25 997 g.91x10™* g.94x107
30 996 779x107* 8.00x107
35 994 790%x107™ 7 25x107
40 992 653107 658107




3.1.2 Specific Weight of Water

The specific weight of water y, defined as the ratio of weight of water per unit

volume, often in N.m™.

The relationship between specific weight and water density is

Vi =P:-9 (3.2)

where, g is the gravitational acceleration (L.T?) and equals about 9.81 m- s, y, is

specific weight of water (M.L>T ), p, is density of water (M.L™)

3.1.3 Water Viscosity

The dynamic viscosity of water, x is defined as the constant of ratio of the shear

stress, T, to the deformation, du/dy , as follows:

du
r-ug (3.3)

where, 1, is the dynamic viscosity (M.L‘l.T‘l),g—uis the gradient of velocity (T ™),
y

and t is the shear stress (M.L™*T7?)

The kinematical viscosity (L*T™) v, is the ratio of the dynamic viscosity to the

density:

y=H (3.4)
P

In common temperatures water viscosity depends on molecular interactions. By
increasing temperatures, cohesion decreases and on water viscosity decreases (Table

3.1). Also the kinematical viscosity can be calculated by (Wu, 2007)
v = (1.785—-0.0584T +0.00116T * —0.0000102T *)x10°°(m*s™) : (3.5)



where T is the temperature in degrees of Celsius.

For a fluid-sediment mixture the kinematical viscosity coefficient can be

expressed as

Vy = (36)
Pm

where 7, is the dynamic viscosity coefficient in fluid-sediment mixture(M.L™*T7),

p, is the density of fluid-sediment mixture (p, 1-C)+,,.C ) (M.L?), C is the

concentration of sediment (V, /(V, +V,)), and V, and V, are the volume of sediment and

water.

3.1.4 Sediment Density

Sediment density p, is defined as proportion of the mass of sediment per unit

volume. (M.L®). The density of a mixture of sediment is near to that of quartz. The
density of quartz particles is about 2,650 kg.m™ so it can be assumed this value as a

sediment density for natural rivers. Density of sediment depends on the material of

sediment but it is not influenced by change of temperature.
3.1.5 Sediment Specific Weight

The specific weight of sedimenty, is defined by the weight of sediment per unit

volume, (N.m™). It is related to the sediment density by:

Ve = P59 (3.7)

where, 7, is specific weight of sediment particles (M.L>T7), p, is density of

sediment particles (M.L?)

The specific weight of submerged sediment particle can be defined by
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Archimedes principle. According to this rule, the specific weight of submerged

sediment is equal to difference of the specific weights of sediment and water y, —y, .

3.1.6 Specific Gravity of Sediment Particles

The proportion of specific weight of sediment to specific weight of water at a

standard reference temperature that is generally equal to 4°C is called specific

gravity of sediment. The specific gravity of quartz particles is:
G=ls-Fs _265 (3.8)
Vi o Ps
3.1.7 Size of Sediment Particles
Generally the word of sediment is used for Gravel, Sand, Silt or Clay. Different
ways are available to measure the size of sediment particles. Measurements with

rulers, optical methods, photographic methods or sieving are some of them.

Sediment particle size may be represented by nominal diameter, sieve diameter,
and fall diameter. The nominal diameter, d, is given by:

J_ i/6T (3.9)
T

where, d is the nominal diameter (mm), V. is the volume of the sediment particle.

The sieve diameter defined as the length of opening parts of sieve which just
particles with smaller length can pass. For naturally sediment particles that in the
range between 0.2 to 20 mm, the sieve diameter can be consider as 0.9 times of the

nominal diameter on the average.

The standard fall diameter is the diameter of a sphere that has a specific gravity of

2.65 and has the same terminal settling velocity as the given particle in quiescent,

distilled water at a temperature of 24°C (Wu, 2007).
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The classification of sediment particles that generally used in river engineering is

given in Table 3.2,

Table3.2 Sediment grad scale (Wu,2007)

Class Size range(mm) Class Size range(mm)
Very Large boulders | 4.000-2.000 Coarse sand 1-05

Large boulders 2.000-1.000 Medium sand 0.5-0.25
Medium boulders 1.000-5.00 Fine sand 0.25-0.125
Small boulders 500-250 Very fine sand 0.125-0.062
Large cobbles 250-130 Coarse sit 0.062-0.031
Small cobbles 130-64 Medium sit 0.031-0.016
Very coarse gravel 64-32 Fine sit 0.016-0.008
Coarse gravel 32-16 Very fine sit 0.008-0.004
Medium gravel 16-8 Coarse clay 0.004-0.002
Fine gravel 8-4 Medium clay 0.002-0.001
Very fine gravel 4-2 Fine clay 0.001-0.0005
Very coarse sand 2-1 Very fine clay 0.0005-0.00024

3.1.8 Shape

Generally Corey shape factor is used for comparing

sediment particles. This factor can be expressed as:

SF=2
ab

between the shape of

(3.10)

where, a is the length along longest axis perpendicular to other two axes, b is the
length along intermediate axis perpendicular to other two axes, c is the length along

short axis perpendicular to other two axes.

This equation can not take into account the distribution of the surface area and the
volume of the particle. For example, the shape factor of a sphere that has a same
length for diameter with cube length, is equal ( SF =1). To overcome this

shortcoming another shape factor given as:
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SF. =SF—= (3.11)

where SF, is the shape factor, d, is the diameter of a shape having the same surface
area as that of the particle, d is the diameter of a shape having the same volume as

that of the particle.
3.2 Settling of Sediment Particles
3.2.1 General Considerations

Settling or fall velocity is a mean velocity on that refers to fall down velocity of
sediment particles in motionless water. It is depends to density, shape and volume of
the particle and the viscosity and density of the fluid. A sediment particle can be
affected by gravity, buoyant force and drag force throughout settling process. Its
submerged weight that could be defined as difference between the gravity and

buoyant forces, is expressed as:

W, =(p, - p).g.8.d° (3.12)

where d is the size of sediment particle, a,d® is equal to the volume of the sediment
particle, a, is the value of z/6 for a spherical particle. Because of considering low

concentration (a single particle) it must be attention that p is actually given as the

pure water density p, .

The drag force is the result of the tangential shear stress exerted by the fluid (skin
drag) and the pressure difference (form drag) on the particle, (Wu, 2007).

It can be given in the general form as:

2

F, =C, .p.az.dz.w—zs (3.13)

where, C, is the Drag coefficient, w, is the settling velocity, a,d* is the projected
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area of the particle on the plane normal to the direction of settling, a, is the value of

% for a spherical particle.

In the terminal level of settling drag force should be equal to the submerged

weight. So,
1
ws=(i£—ps 2 gd)2 (3.14)
a‘2 Cd

3.2.2 Settling Velocity of Sediment Particles

Settling velocity for sediment particles with irregular shapes and rough surfaces
are different in comparison with spherical particles. Many of researchers studied in

this field and tried to developed experimental formula whose some are summarized.

3.2.2.1 Rouse Approch (1938)

Reynolds number really influences in drage coefficent of a sphere particles. For
particles with Reynolds number greater then 2, the particle fall velocity is determined
experimentally. Rouse (1938) suggested that for most natural sands, that shape factor
is 0.7 and for ds=0.2mm, the value of 0.024 m/s can be used.

3.2.2.2 Rubey (1933)

Rubey (1933), suggested the following relation for the settling velocity of natural

sediment particles:
_ ’ Ps
o,=F [(—-1).9d (3.15)
o)

where F = 0.79 for particles larger than 1 mm settling in water with temperatures

between 10 and 25°C . For smaller grain sizes, F is determined by:
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2 1 2 1
Pl — Y g (316)

3 gd*(Z-1  gdi(P-1)
p p

3.2.2.3 Zhang (1961)

Zhang (1961), considered sediment particles drag force in the transition region

between laminar and turbulent as:
F, =C,.pvd.a, +C,.pd’a’ (3.17)

where C, and C, are coefficients.

By using many laboratory data, Zhang suggested relations for the settling velocity

of naturally worn sediment particles:

o, = \/(13.95%)2 +1.09(%= ~1).gd —13.95% (3.18)
yo)

The Zhang formula can be used in a wide range of sediment sizes from laminar to

turbulent settling regions.
3.2.2.4 Van Rijn (1984b)

Van Rijn (1984b) suggested the following set of equations for settling velocity by
using Stokes law equation. For sediment particles smaller than 0.1 mm
_ 2
o -LPP g0 (3.19)
18 p v

Using the Zanke (1977) formula for particles from 0.1 to 1 mm:

3 1/2
o, _101{“ 0.01(2 —1) %} —1} (3.20)
d o, Vv



15

and for particles larger that 1 mm:

o, =1.1{(&—1)gd} (3.21)
o,

The general form of these equations can be expressed as:

C, = {(%)i 4 Nﬂ (3.22)

e

In Table 3.3 the list of values that are given by different investigators for these

coefficients for naturally worn sediment particles, could be found.

Table3.3 Values of M, N and n (Wu, 2007)

Author M N N
Rubey(1933) 24 2.1 1
Zhang(1961) 34 1.2 1
Zanke(1977) 24 1.1 1
Raudkivi(1990) 32 1.2 1
Julien(1995) 24 1.5 1
Cheng(1997) 32 1 1.5

In order to determine the settling velocity of naturally worn sediment particles

Cheng (1997) suggested the following relation:

o, =%(4/25+1.2Df _5)s (3.23)

where D, can be calculated as

D. =d[(p,/ p~Dg /] (3.24)

In above equations that are used for determining settling velocity of sediment
particles, the Corey shape factor is usually about 0.7. Many of researchers like
Krumbein (1942), Corey (1949), had experimentally studied the influence of shape

of particles on the settling velocity. According to these studies, the Subcommittee on
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Sedimentation of the U.S. Interagency Committee on Water Resources (1957)
proposed a series of curves. By this curves, with paying attention to particle size,
Corey shape factor, and water temperature, presented the settling velocity of

sediment particles can be determined (Figure 3.1).

10 I
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Fall velocity (cm -s7')

Figure 3.1 Relation of fall velocity with particle size, shape factor, and temperature (U.S.
Interagency Committee, 1957).

Because of interpolations that must be used in order to found the solution, this
graphical relation is not practical. With considering the influence of size, density,
shape factor, and roundness factor of sediment particles, Dietrich (1982) suggested
an empirical formula that can determine the settling velocity of sediment from
laminar to turbulent settling regions. Because of a need to use the roundness factor

that is rarely measured these relations are inconvenient.

Jimenez and Madsen (2003) tried to simplify the use of this relation, but it is still
hard to use it. Wu and Wang (2006), with drived field data that measured by
Krumbein (1942), Corey (1949), Wilde (1952), Schulz et al. (1954), and
Romanovskii (1972), calibrated the coefficients ‘M’, ‘N, and ‘nin Equation (3.22) as:

M =53.5e %% N =5.65¢>°% n=0.7+0.9S, (3.25)



where SP is the Corey shape factor that can be defined by S, =

The comparison between measured drag coefficients and those calculated using
equation (3.22) with coefficients determined by Equation (3.25) can be found in
Figure 3.2. Because in Figure 3.2, the data is in reach of Re > 3, for range of Re < 3
they used the data sets of Zegzhda, Arkhangel’skii, and Sarkisyan compiled by
Cheng (1997). In three sets of study naturally worn sediment particles were used so

their Corey shape factors can be assumed as 0.7. The relationship between C, and

c

=

‘R, can be seen in Figure 3.3.

C!
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Figure 3.2 Drag coefficient as function of Reynolds number and particle shape
(Wu and Wang.2006).
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Figure 3.3 Drag coefficient as function of Reynolds number for naturally worn sediment

particles (S, =0.7 ) (Wu and Wang, 2006).

Substituting Equation (3.22) into Equation (3.14), the general equation for settling
velocity can be expressed as: (Wu and Wang, 2006)

M 1 4N 1
=— V[ |=+ D3 — =7 3.26
o, Md[\/4 (3|v|2 ) 2] (3.26)

The size of sediment (d) in Equation (3.26) should be the nominal diameter (m),

and value of drag coefficient C, can be found in Figure 3.2
3.3 Inception Movement
3.3.1 Incipient Motion of Sediment Particles

The effecting forces on the non-cohesive sediment particles are drag forces (F;),

lift forces ( F,_ ) and the submerged weight W, (Figure 3.4).
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Point of pivot

Figure 3.4 Forces on a sediment particle on bed.(Wu, 2007).

With increasing the strength of water, sediment particles on the bed load begin to
move. This phenomenon is called as incipient motion. The inception of sediment
particles can be classified into three parts: rolling, sliding, and saltating.

The balance of force for a sediment particle in rolling case at incipient motion can
be expressed as:
-ky dWs + ko dFp + ksdF =0 (3.27)

wherek,d, k,d , and k,d are the distances from the lines of action of forces W, F_,

and F, to the point of pivot.

and the influence of drag and lift forces on the sediment particles can be

determined by

2

F = cDadep“?b (3.28)
u2

F = CLasdzp?b (3.29)

where u, is the effect of velocity of bottom on the sediment particles. a,d® and a,d?
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are the projected areas of the particle on the planes normal to the flow direction and

the vertical direction, respectively and C, and C, are the drag and lift coefficients,

related to particle shape, position on the bed.

Substitute the Equations (3.12), (3.28), and (3.29), into Equation (3.27), critical

bottom velocity for sediment incipient motion can be written as:

U, = ( 2kla'1 _ Ps— P gd)l/Z (330)
k,a,Cp, +k;a,C, P

3.3.2 Incipient Motion of a Group of Sediment Particles

There are two approaches in order to estimate the incipient motion of group of
sediment particles: stochastic and deterministic approaches.

The stochastic approach considers the sediment incipient motion as a random
phenomenon due to the stochastic properties of turbulent flow and sediment transport.
This approach usually does not adopt a threshold value of sediment transport rate as
the criterion at which the sediment particles start moving. The pioneer using the
stochastic approach for sediment transport is Einstein (1942, 1950), (Wu, 2007).

The deterministic approach can introduce a certain value for inception motion of
sediment particles. In this approach, the assumption that the value of bed-load
transport rate is zero, is meaningless. With various studies, investigators found that
even when the power of flow is much weaker than the critical condition that
proposed by Shields (1936), there are still some moving on sediment particles.
Kramer (1935) defined three types for movement of bed load material: 1.weak
movement that only a few part of fine materials can move on the bottom. 2. Medium
movement that particles with mean diameter start the motion and 3. General
movement that all the mixture is in movement. By the way, this classification is only
qualitative and difficult to use. For this reason, in order to determine the incipient
motion of sediment particles, several low levels of bed load transport rate were

defined. For example Waterways Experiment Station, U.S. Army Corps of Engineers,
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_ I R | _
suggested G+ =14cm'm = min , and % /(p,aw,) =0.000317 by Han and He (1984).

Yalin (1972), also suggested a quantitative criterion related to the number of particles

moving on the bed.

Because of interactions among different size of classes in a mixture of non-
uniform sediment particles the threshold criterion for incipient motion is more

complex.

Parker et al. (1982), proposed the following relations in order to determine the

incipient motion of non-uniform sediment particles on gravel beds:

) Ok (pp_s 1)

W =
‘ P (9hS, )0'5 hS,

=0.002 (3.31)

where W, is a dimensionless bed-load transport rate, .., is the volumetric transport
rate per unit width for the k ™ size class of bed load, Py IS the fraction by weight of

the k th size class in bed material, h is the flow depth, and S, is the energy slope.

3.3.3 Incipient Movement for Uniform Sediment Particles

Power-law distribution of velocity is

u="+L Zyimg (3.32)
m h

Using Equation (3.32) and Equation (3.30), the critical average velocity for

sediment motion can be written as:

U, k(2L gayr2(Ryem (3.33)
P d

where U, is the averaged of critical velocity over the cross-section (m.s™), and K is

the experimental coefficient . For example, Shamov (1959), used m =6 and K = 1.14,
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while Zhang (1961), used m = 7 and K = 1.34. Paying attention to similarity of
Equations (3.14), and (3.33) the following formula for the critical mean velocity can
be obtained.

U, [0.66+2.5/[logU.d/v)~0.06] 12<U.d/v<70
2.05 U.d/v>70

(3.34)
),

S

where U, is the bed shear velocity.

In order to write critical shear stress, logarithmic distribution of velocity can be
used

U =5.75U. log(30.2 kas

) (3.35)

S

The critical shear stress is

T, 2k,a, 1
(r.-»)d  k,aC,+kaC, [5.75109(30.2z,x, /k ]’

(3.36)

where 7, is the critical shear stress for incipient movement of sediment particles, z,
is the height at which the bottom velocity acts on the particle, k; is the height of bed
roughness, and x, is a correction factor that depends to the Reynolds number

roughness k.U../v in general situations and a value of 1 can be used.

Parameters of C,,, C,, and x, in Equation (3.36), are functions of flow conditions.

So Equation (3.36) can be rewritten as
T

This equation is suggested by Shields (1936). (T—C)d is a dimensionless
VsV

parameter that is called as the critical Shields number and the symbol of this

parameter is ®_,. Many of investigators tried to modify Shields curve using wide



range of data.

23

One of these modifications done by Chien and Wan, can be found in

Figure 3.5.
|
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Figure 3.5 Shields curve modified by Chien and Wan (1983). (Wu, 2009).

Note that in Figure 3.5, the relation between ®, and R.. is not explicit, therefore

in order to obtain the critical shear stress for a given sediment size, iteration must be

done. Instead of Figure 3.5 in order to obtain relation between ®, and the non-

dimensional particle size D*:d[(pslp—l)g/vzjm, Equation

suggested by (Wu and Wang, 1999) can be used.

(r,-7)d

0.126D,%*
0.131D;%%
0.685D.°%
0.0173D2%
0.0115D2%
0.052

D. <15
1.5<D. <10
10<D. <20
20< D, <40
40<D. <150
D. >150

where 7z, and d are in N.m™ and m, respectively.

(3.38), that

(3.38)

3.3.4 Incipient Movement for Non- uniform Sediment Particles

Various size of non-uniform sediment particles in the bed load influence each

other continuously. Generally coarse particles are more effected with water flow
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instead of fine particles. Fine particles mostly hide between coarse ones. For this
reason, considering the influence of these phenomena on non-uniform sediment
transport is really important. Most of the researchers tried to suggest the correction
factors for existing formulas in uniform sediment incipient motion and sediment

transports.

3.3.4.1 Qin Equation (1980)

In order to determine the incipient motion of non-uniform sediment particles, Qin

(1980) introduced the following equation.

U, = o.786(d1)“6 \/% gd, (L+ 2.5m3—m) (3.39)

90 k

where U, is the critical average velocity for the incipient movement of the size of
sediment particles in class k (m.s™), d, is the diameter for the sediment particles in

size class k(m), d is the arithmetic mean diameter of bed material (m), and m refers

to the compactness for the bed material in non-uniform condition:

0.6 1y <2
. (3.40)
0.76059 —0.68014/(5,+2.2353) 1, >2

d
where 77, = =%
10

In order to determine the incipient motion of non-uniform sediment particles,
many researchers like Egiazaroff (1965), Ashida and Michiue (1971), Hayashi et al.

(1980), and Parker et al.(1982) proposed correction factors as functions of the non-

) ) . . d d
dimensional sediment size —% or —

m 50
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3.3.4.2 Methods of Egiazaroff (1965)

The Egiazaroff formula can be written as

2

I _ log19 (3.41)
O | ogrr9 %)
d,
where =T with 7, refers to the critical shear stress for the incipient

(-]

movement of sediment particle d, in bed material; and ®,is the critical Shields

number that corresponding to dm. Egiazaroff suggested 0.06for the value of ®, , but

Misri et al. (1984) modified this value and suggested it in the range of 0.023-0.0303
(Wu, 2007).

3.3.4.3 Ashida and Michiue (1971)

Ashida and Michiue (1971) suggested the modified form of Egiazaroff formula

as:
Oy _ [hog19/log(19d, /d )T d /d >04 (3.42)
0 d,/d, d /d, <04
3.3.4.4 Hayashi et al. (1980)
Hayashi et al. (1980) suggested a similar relation as:
Oy _ [hog8/log(8d, /d )T’ d/d,>1 (3.43)
0 d, /d, d /d <1
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3.3.4.5 Parker et al. (1982)

Parker et al. (1982) suggested the following:

dy \m
®ck = ®050 (d_k) (3.44)
50

where @, is the critical Shields number by consider the medium size of sediment

particles d,, and m is an empirical coefficient in the range of 0.5-1.0.

3.3.4.6 Method of Wu et al (2000b)

The influence of drag and lift forces on sediment particles depends on three
situations on the bed. Its position can be defined by apparent height which is defined
between difference of top level of this sediment particle and upstream ones. This

difference can be shown with A, . If A, is positive it means that particle is in
exposed state. If it was negative it means that particle is in hidden station. In nature,
distribution of sediment particles on bed is random. So A, is a random
variable .With assumption that A, has a uniform probability distribution function can

be written as:

1
f=1d, +d,
0 otherwise

—d, <A, <d,
(3.45)

where d; is the diameter of the particle in upstream hand and d, is the diameter of

sediment particle. Illustration of mixture of sediment particles on the bed can be
found in Figure (3.6).
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Figure 3.6 View of distribution of sediment particles. (Wu, 2007).

The probabilities of particles d, that are hidden with upstream particles d; is

d

P —— 3.46
bj dk+dj ( )

Phk,j =

The probabilities of particles d, that are exposed with upstream particle d; is

d
Sy
k i

(3.47)

where B; is the probability of sediment particles d; staying in front of particlesd, .

In order to find total hidden and exposed probabilities, P, and P, , of particles

d, ,above equations over all size of classes must be accumulated.

N d.
P.=>PR —1— 3.48
hk JZ_]; bj dk+dJ ( )
P —ip O (3.49)
ek = bj dk+dj .

where N is the total number of particle size classes in the non-uniform sediment

mixture.
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According to probability rules the sum of B, and P, must be equal to one. Whit

uniform distribution of sediment particles, the hidden and exposed probabilities are

equal, so B, =P, =0.5. But in a non-uniform sediment mixture the governing

station for coarse particles is B, <P, and for fine particles is B, > P, .

By using the hidden and exposed probabilities, Wu et al. (2000) introduced hiding

and exposure correction factor as:
Pac y-m
m=(Z%) (3.50)
I:)hk
where m is an empirical parameter.
The criterion for sediment incipient motion proposed by Shields (1936) is then

modified as:

o _ @ (fayn (3.51)

(7, —7)dy Py
where ®_, =0.03 and m=0.6, which are found by laboratory and field measurements.

3.3.5 Incipient Motion of Sediment Particles on Slopes

On a sloped bed or bank the incipient motion of a sediment particle is influenced
by the component of gravity along the slope.

Brooks (1963) suggested a method to determinez,,:

r ; ; P2 2
Top __SIN@SING, +\/COSZ¢_sm @Cos” 6, (3.52)

. tang, tan? ¢,

c

where ¢ is the angel of slope with positive values for down slope beds, &, is the

angle between the flow direction and the horizontal line, and ¢, is the repose angle.
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In order to determine the critical shear stress z,, for the incipient motion of

sediment on a sloped bed, Van Rijn (1989) also proposed this equation:
7., = kkK,7, (3.53)

where k, is the correction factor for the streamwise-sloped bed (in the flow
direction), determined byk, =sin(¢, —¢_)/sing,; and k, is the correction factor for

the sideward-sloped bed (normal to the flow direction), determined

byk, =c05(pr\f1—tan2(pr /tan® ¢, . Here, @, and ¢, are the slope angles in the flow

and sideward directions, respectively.
3.4 Roughness of Movable Bed
3.4.1 Bed forms
Bed forms in alluvial rivers are closely related to flow conditions. As the flow
strength increases, a stationary flat bed may evolve to sand ripples, sand dunes,

moving plane bed, anti-dunes, and chutes/pools (Richardson and Simons, 1967;

Zhang et al., 1989). Various form of bed changes can be found in figure 3.7

. —
(a) Stationary flat bed (d) Moving plane bed
— /' =
(b) Ripples (e) Anti-dunes
N NG - .
- = - Pool Ch N
e R '_\/——ut\
(c) Dunes (f) Chutes and pools

Figure 3.7 Bed forms in alluvial rivers (Zhang et al., 1989).
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The stationary flat bed, ripples, and dunes are mostly seen in lower flow, but

moving plane bed, anti-dunes, and chutes/pools are usually happened in upper flow.

Generally Anti-dunes and chutes/pools can happen in laboratory flumes but it is hard

to face with it in nature.

3.4.2 Division of Grain and Form Resistances

The shear stress can be divided into two parts: 1 the grain (skin or frictional) shear

stress 7, ,2. the bed forms (such as sand ripples and dunes) shear stressz,

T, =Ty +7T,

The bed shear stress is generally determined by

7, =7RS;
where R, is the hydraulic radius of the channel bed.

Einstein (1942) proposed to divide shear stresses into two parts: grain

and form roughness, depending on hydraulic radius

TtI):leIJSf T;:}/Rl;Sf

Considering Manning equations and in a equal velocity

21 1 2
R3S2 R3S? U - R3S

n n n

S w|N.
N

this relation between n, n" and n" can be found.

| N3 " N2
Rb = Rb (_)2 and Rb = Rb(_)2
n n

(3.54)

(3.55)

roughness

(3.56)

(3.57)

(3.58)

where U is the average flow velocity, n is the Manning roughness coefficient of

channel bed flow velocity, n is the Manning roughness coefficient of channel bed,
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and n and n" are the Manning coefficients of grain and form roughness.

Accordingly, the following relations for the grain and shear stresses can be
written.

=" 5= (359)

The grain roughness coefficient can be determined by different methods. Some of
these relations are:

1
6
n = d (Strickler, 1923) (3.60)
215
1
6
n = dzgfé (Meyer-Peter and Mueller, 1948) (3.61)
1
6
n = dzﬁz 20 (Li and Liu, 1963; Wu and Wang, 1999) (3.62)
where the unit of sediment size is m and unit of n is —.
m°
Substituting Equation (3.59) into Equation (3.50):
3 3 3
n2=(n)2+(n")2 (3.63)

In another approach, Engelund (1966) proposed that bed shear stress according to
the energy slope can be divided and calculate the grain and form shear stresses can
be calculated as:

7, =yR,S; 7, =yR;S; (3.64)

where S, is the part of the energy slope for the grain roughness and S, is the part
of the energy slope for the form roughness.
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According to Manning’s equation:

R2/381/2 R2/35(1/2)' R2/38(1/2)”
U=—""" y=2°-"1 y=2-"1_ (3.65)
n n n
Finally, the relation betweenS.,S’; and S can be written as:
. n : n
Sy =3y (F)Z , S¢ =35 (F)z (3.66)

Substitute Equation (3.66) into Equation (3.64) and with many manipulation and

using Equations (3.55) and (3.54) the following equation can be obtained as:

n>=(n)*+(n")? (3.67)

With paying attention can be found that Einstein’s and Engelund’s methods given
the same relation for the Chezy coefficient:
1 1 1

G ey @y o

where C, is the total Chezy coefficient; and C, and Cr; are the fractional Chezy

coefficients for the grain and form roughness.
3.4.3 Relations of Movable Bed Roughness

In order to determine roughness coefficient of a movable bed level many of
scientist suggested relations to determine the grain and form resistances separately,
and some of them computed total roughness coefficient in a movable bed directly.
Van Rijn (1984c) and Karim (1995) suggested empirical equation to predict the

height of bed forms and then the roughness coefficient on a movable bed.
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3.4.3.1 Van Rijn Relation (1984)

Van Rijn (1984), suggested the following relations for the sand-dune height:

%: 0.11(d—r5]°)°'3(1—e°'5T)(25—T) (3.69)

where T is the non-dimensional excess bed shear stress or the transport stage number,

defined as
T= (i)2 -1 (3.70)

*cr

U. is the effective bed shear velocity related to grain roughness, determined by

U0.5
Uz=_-9_ (3.71)
Ch
where
C, :18Iog(4—h) (3.72)
d90
U., is the critical bed shear velocity for incipient movement of sediment

particles, can be found in Shields diagram; and d,, and d,, are the characteristic

diameters of sediment particles in bed level.

The relation above is expressed in curves of Figure (3.8) too.
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Figure 3.8 Relation of sand-dune height (van Rijn, 1984c).

In van Rijn’s method, in order to calculate the length of sand dunes 4, =7.3h can be

use, and the grain roughness can be found by 3d,, ,moreover the form roughness can

be found by 1.1A(1—e‘25“ & ) . So the effective bed roughness can be determined by

725%
k, =3dg, +1.1AL—e /™) (3.73)

Therefore, the Chezy coefficient can be calculated by

c, =18|og(%) (3.74)

where R, can be computed using Vanoni and Brooks(1957) method.

3.4.3.2 Karim Equation (1995)

In order to compute the Manning roughness coefficient on a movable bed Karim
(1995) suggested following relations

n=0.037d%%° (1.2+8.92%)°'465 (3.75)
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where dimension of Manning coefficient is % and unit of d, is meter. In this
me

relation h is the hydraulic depth that can be calculated by dividing the flow area to

water surface width.

*

For the value of

in the range of (0.15-3.64), amount of A can be computed by
,

S
following relations

% —-0.04+0.294(22)+0.00316(22)? —0.0319(22)° +0.00272(22)* (3.76)
), . .

S S S S

U.
o,

where o, is the settling velocity of sediment particles with size d,. The graphic

relation between % and gcan be found in Figure (3.9).

a)S
1 | | | 1 1 |
0.60}—— | Fort Collins (.19 mm) S Fort Collins (.93 mm)—-
2 Fort Collins (27 mm) 6 Missouri River
3 Fort Collins (28 mm) 7 Fort Collins (.33 mm)
4 Fort Collins (.32 mm)
0.48 t | !
2 | 6
3 § 2 6
o ~
< S % P N 6§4 k
= 5 ¥ |
ﬂds 6\
0.24 3 33 s—-ﬁ-(
34 3
5% 4|42 4 |
7 \
3/ 4 3 \
0.12 +
/ 77 P \
N )
/ $ \
o L& i \
0 056 112 168 224 280 336 392 448

Uy

Figure 3.9 Relative roughness height as function of U%) (Karim, 1995).
S
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3.4.3.3 Wu-Wang Equation (1999)

Generally, for a movable bed, the Manning roughness coefficient can be related
to the bed sediment size d by
1/6
n= a’ (3.77)
A,

where A is a roughness parameter that depends to particle shape, flow conditions,

bed forms, etc.

In a movable bed with sand waves, the influence of bed forms on A, must be

considerd .Li and Liu (1963), suggested the following relations for rivers.

;3
20(3) 2 1< Y <213
UC UC
A= U 2 0 (3.78)
3.9(—)? —>213
UC UC

Wu and Wang (1999), proposed the relation between A /(g°°Fr®*) and , /7,

in Figure (3.10) in order to improve equation (3.78).

+ Gilbert (1914) © Samaga et al. (1986) Black, Susitna Rivers
e Meyer-Peteretal (1948) a Liu (1986) X Mississippi River
v Pakistan (1967) s Kuhnle (1993) o Yellow River
Taylor (1971) o Wilcock et al. (1993)
— Movin
Stationary 3
™ ' | 1 Du bed
&= flat bed Ripples and wMerllc:nu an
e dunes form »
<10
5
10 o 10 10°

Ty Teso

Figure 3.10 Relation between A /(g*°Fr®®) and 7, /7., (Wuand Wang. 1999).
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The values of A, /(g°°Fr®%) decreases, and then, increases as z, /7, increases.

Physically, this trend represents the fact that sand ripples and dunes are formed first,
and then, washed away gradually. (Wu,2007)

In the range of (1-55) for value of 7, /7, this curve can be formulated as:

8[1+0.0235(- 2 )1%]
— : Teso (379)

o.sFro.ss - (i)o.ss

g

Tes0
where Fr is the Froude number.

In order to calculate the critical shear stress the Shields curve modified by Chien

and Wan (1983) can be used, n" can be determined by n =d°/20 and for value of

r,and 7, (3.55) and (3.59) relations can be used.

The bed hydraulic radius can be calculated by following relation:

h
S —
1+0.055

B?

(3.80)

That is suggested by Williams (1970), where B is the channel width.

3.5 Bed-load Transport

Many of investigators, considering the field data and laboratory studies tried to
develop various experimental formulas to determine bed-load transport in nature.
Therefore, they used different approaches. Many of them divided sediment transport
in two parts: Bed load sediment transport and suspended sediment transport. But

another group tried to predict total of sediment transport together.
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3.5.1 Computation of Total Sediment Transport in River

Many of researchers like Duboys (1879), Schoklitsch (1930), Meyer-Peter and
Mueller (1948), Bagnold (1966, 1973), Dou (1964), Graf (1971), Yalin (1972),
Engelund and Fredsee (1976), and van Rijn (1984a) tried to proposed equations to
predict total sediment transport .

3.5.1.1 Relation of Meyer, Peter, and Mueller (1948)

Meyer, Peter and Mueller (1948), suggested the following relation in order to

express the bed-load transport rate

qb* :8'7/3 \/Agdgo (T* ™ Toer )3/2 (381)

where q,. is the bed-load transport rate that defined by weight per unit time and width
(N/m.s), y, is the specific weight of sediment particles , d;, is the bed material size where
50% of the material is finer in mm, A is the relative specific gravity and, z. and

7., are the dimensionless shear stress and dimensionless critical bed shear stresses.

A can be calculated as:

v

where y, and y are the specific weights of sediment and water. It must be noted that

A is a dimensionless parameter.

Bed shear stress can be obtain from

u?

- g.Ads

(3.83)

*

where ds is the diameter of sediment particle that can be use d, of mixture of
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sediment particles and u. is critical shear wvelocity that is defined as

U, :\/T—Ez ,fg.R.Sf

where 7, is the shear stress, o is the density of water, g is the gravity acceleration,
R is the hydraulic radius and S is the friction slope. They suggested value of critical

dimensionless bed shear stress as 7., =0.047 .
Many of researchers tried to improve this relation.
Note that in relations below, values of 7. calculated by equation (3.83).

3.5.1.2 Relation of Ashida and Michue (1972)

Ashida and Michue (1972), give the following equation:

U =177 [AG.E, (7~ 7 )T — o) (3.84)

They suggested the value of 7., as 0.05.

3.5.1.3 Relation of Fernandez Luque and van Beek (1976)

Fernandez Luque and van Beek (1976), suggested:
0,-=5.7. yS«/A.g.dgo (t. — 7., )*? (3.85)

They proposed a value between ranges of 7., =0.037—0.0445
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3.5.1.4 Relation of Engelund and Fredsae (1976)

0, =18.74.7,[AQ.8, (. — 7. ) ({7 —0.7 7 (3.86)

They proposed the value of critical shear stress as 7., =0.05.

3.5.1.5 Relation of Parker (1979)

. —T. 45
0p-=11.2.7,\/AQ.d3, % (3.87)

*

where 7., =0.03.

3.5.1.6 Relation of Wong (2003)

Wong (2003), suggested this formula
qb*:4'93'7/s \}Agdgo (T* - z-*cr )1.6 (388)

He proposed ., =0.047 for equation above.

3.5.1.7 Relation of Wong and Parker(2006)
0,-=3.97.7, 1 fA.g.dgo (T =Ty )" (3.89)

where 7., =0.0495.

3.5.1.8 Relation of Tayfur and Singh(2006)

Tayfur and Singh (2006), proposed the following relations to predict sediment

transports in alluvial channels.

qb* :}/S-pVSZ|:1_Zi:| (390)

max
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where P is the porosity of sediment layer, Vs is the velocity of sediment particles as

concentration approaches zero(L/s), Z refers to thickness of bed layer and Zmax js the

maximum thickness of bed layer.

In order to determine the value of velocity of sediment particles, researchers
suggested different relations. For example, Kalinske (1947) suggested the fallowing
relations.

v, =bu-u,) (3.91)

where b is a constant coefficient that is near to unit, u, is the critical fall velocity at

incipient motion, v, is the sudden velocity of sediment particles andu is the sudden

velocity of fluid .

As an another approach, the value of velocity of sediment particles Vs as

0.01Im/s can be selected.
3.5.1.8 Bagnold Relation(1966, 1973)

Bagnold (1966, 1973), suggested bed-load transport formula as below
0.37h

5.75U. lo +
p U U.-U 9( )+ o,

n
= e (1— d 3.92
P i TR T ) (392)

where q,, is the bed-load transport rate that defined by weight per unit time and

width (N /m.s), tan « is the friction coefficient of about 0.63, d is the sediment size
(m), n, is the average height of acting force during a saltation and z, is the bed

shear stress (Wu, 2007).

The value of n can be computed by
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n =1.4[ u. J | (3.93)

Equation (3.93) makes a relation between sediment transport and steam power.
3.5.1.9 Dou Relation(1964)
Dou (1964), proposed the following equation

L U
Gy =Ko 2 7,(U-U;)— (3.94)
p.—p go,

where unit of .. in this relation is mass per unit time per width (kg/m.s),U_is the
critical average velocity for sediment particles to cease motion, and k, is an empirical

coefficient . amount of k, =0.01 for sand can be used.

3.5.1.10 Yalin Relation(1972)

Yalin (1972), by paying attention to bed-load velocity and weight suggested the

following relation:

i:0.635s{1—iln(1+ as)} (3.95)
y.dU, as

where q,. is the bed-load transport rate that defined by weight per unit time and

width (N.m™.s™).

The value of s can be calculated by

0-0,
S =
0

(3.96)

c

The value of a can be determined by
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a=245]0, (L) (3.97)
2

where @ is the Shields number.
3.5.2 Fractional Transport Rate of Bed Load

Many of investigators like Einstein (1950), Ashida and Michiue (1972), Parker et
al.(1982), Misri et al. (1984), Samaga et al. (1986a), etc. studied about fractional
transport rate of non-uniform sediments and suggested several methods and formulas

about it. Some of these methods and relations are introduced below.
3.5.2.1 Einstein Relation (1942, 1950)

Einstein (1942, 1950), considered the probability of sediment transport due to the
fluctuation of turbulent flow and established sediment transport functions based on
fluid mechanics and probability theory. (Wu, 2007) .Einstein bed-load function is

graphically given in Figure 3.11 and expressed as

1
- [ edt= 4350y (3.98)
ﬁ 7‘1’*[2 1+ 435®*k
where vales of @, , V., , ¥, g, B, A,, X and & can be determined by
D, = i (3.99)
{Pbk}/s j/sgdk3:|
y—1
ﬂZ
Y., =&Y (F)‘P (3.100)
¥ = (e =n)dye (3.101)

7R'Sf
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B =10910.6 (3.102)
b= log(lo'GX) (3.103)
AS
A =X (3.104)
Zs
0.77A, A 18
X = A5 (3.105)
X =1.395 T <18
5
5116 (3.106)
u.

where q,., is the bed-load transport rate of size class k by weight per unit time and
width(N/m.s), Y and &, are the pressure and hiding correction factors for non-

uniform sediment, R’ is the hydraulic radius due to grain roughness, that can be
calculated by using Einstein’s movable bed roughness method. In order to determine

the value of apparent roughness of bed surface (A,), the amount of k; is d., and
vale of . can be computed by Equation (3.36), where ¢ is the laminar sub-layer

thickness.
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Figure 3.11 Einstein’s (1950) bed-load function compared with uniform sediment data. (Wu,
2007).

3.5.2.2Parker et al. Relation (1982)

Parker et al. (1982), developed a gravel transport equation that can be found in

Figure 3.12. The basic concept of this relation is equal mobility of sediment particles.
The dimensionless bed load transport rate that proposed by Parker W, is defined in
Equation (3.31) and the dimensionless shear stress 6, is
o - pth
>

_ (3.107)
(p

where

7 = 0.0875% (3.108)

k
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Figure 3.12 Gravel transport function of Parker et al. (1982).(Wu, 2007)

By considering equal mobility for all grain size, only value of d., is used to

characterize the bed-load transport rate as

0.0025exp[14.2(6;, —1) —9.28(6,, —1)* 0.95<6,, <1.65
W, = 3.109
“ 11.2(1-%)4-5 6,, >1.65 (3.109)

50

where &, is the dimensionless shear stress with paying attention to sub-pavement

size dy,.

3.5.2.3 Hsu and Holly’s Relation (1992)

Hsu and Holly (1992), in order to calculate whole of sediment transport rate,
initially compute the size of transported sediment distribution. The amount of each

size of carried sediment depends to two things. Firstly the govern hydraulic condition,
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and secondly, the availability of that size of sediment particles on bed surface. With
assumption that the Gaussian probability distribution is the govern probability

distribution, the mobility of size of class k can be determined by

P

(3.110)

1

where U is the mean velocity of flow; o is the standard deviation of the normalized
fluctuating velocity that can be calculated by U /U ,but usually can use a value of
0.2 for it. U, is the incipient velocity of size class k that can be computed by Qin

relation (3.39) that modified by recalibrating the coefficient 0.786 as 1.5.

The proportion of size of class k in the transported material can be written by

P.oxP,
—___ Mok bk (3.111)

k d max

Z mok

d min

where P, is the ratio of size class k on the bed surface.

Finally, in order to calculate the total bed-load transport rate can be used the

modified form of Shamov equation

Oy =12.5,Jd . (U —U 0 )( U (mt)““ (3.112)

ct

where d, is the mean size, U, is the mean incipient velocity, q,. is defined by total

transport rate of bed load per width o unit channel( kg.m™.s™*) and U is the

cmin

incipient velocity of the smallest size class (m.s™).
3.5.2.4 Ranga Raju et.al Relation (1996)

In order to calculate the fractional transport rate of non-uniform bed load Ranga
Raju and his co-workers (Misri et al., 1984; Samaga et al., 1986a; Patel and Ranga
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Raju, 1996) reformed the uniform bed-load equation that suggested by Paintal (1971).
Patel and Ranga Raju revised hiding-exposure correction factor that proposed by
Misri et al. (1984).

@, = O (3.113)
Py (ﬁ_l)gdlf
V'
Tt =&, (3.114)

where @, is the dimensionless bed-load transport rate, r, is the effective shear

stress and &, is the hiding-exposure correction factor &, .

The values of 7, ,R, andn’ are

1
. . .oun'l . dé
Z’b:]/Rbe ,RbZ(@)2 ,nZZ—GZ (3.115)
f

&, for the effective shear stress determined by

C,.& =0.0713(C.z, ) "™ (3.116)
T’;k = ﬁ (3117)
s k

c

. B VA . 3
logC, = —0.1957—0.9571Iogﬁ—0.1949{log ﬁ} +0.0644{Iog 5} (3.118)
T T T

c c

B {1 M >0.38

(3.119)
0.7092log M +1.293 0.05<M <0.38

where 7, is the critical shear stress for the arithmetic mean size d_, and M is the

Kramer uniformity coefficient.
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Figure 3.13 Fractional bed-load function (Patel and Ranga Raju, 1996).

3.5.2.5 Wu et al. Relation (2000)

In order to calculate the fractional transport rate of non-uniform bed load Wu et al.

(2000), suggested the following relation and graphically curve in Figure 3.14

. § 2.2
@, = 0.0053{(”—)2 i—l} (3.120)
n

2-ck

where @, =qb*k/[l3bk,/(y5/y—l)gdf] Oy~ IS by volume per unit time and width

m?s™ ,n =dg°/20, and n is the Manning roughness coefficient of channel bed.
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Figure 3.14 Relation of fractional bed-load transport rate (Wu et al., 2000b).

3.6 Suspended-load Transport
3.6.1 Concentration of Suspended Load on Near Bed

Many of investigators like Einstein, van Rijn, and Zyserman-Fredsee etc.
suggested formulas for predict concentration of single or multi size of suspended
load in near bed level.

3.6.1.1 Einstein Relation (1950)

Einstein (1950), set the reference level of suspended-load concentration at two
grain diameters above the channel bed and related the near-bed concentration of
suspended load to the bed-load transport rate g,., as follows(Wu, 2007)

— 1 qb*k

Cwy, = e 3.121
"k 11.6 SU.L ( )



o1

where c,., is the concentration at the reference level J for the k th size of sediment

particles (by weight per unit volume), and U, is the friction velocity on skin level.

3.6.1.2 Van Rijn Relation

Van Rijn (1984), suggested the following relation.

d Tl.5
c,. =0.015 55;’303 (3.122)
where & is the reference level at the equivalent roughness height k;, c,. is the

volumetric concentration of suspended load at the reference level, values of T can be

calculated by Van Rijn relations(3.69) and D, can be determined by

Q- =0.053((p, — p)g/ p)** (2T >/ DY)

3.6.1.3 Zyserman-Fredsoe Relation (1994)

Zyserman and Fredsee (1994), set the reference level at two grain diameters
above the bed and determined the near-bed volumetric concentration of suspended
load as: (Wu, 2007)

_ 0.331(@ —0.045)™

.= . 3.123
" 140.72(© —0.045)"" (3.123)
where
S
- Y (3.124)

Ps
Cei
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3.6.2 Suspended-load Transport Rate
3.6.2.1 Einstein Relation (1950)

In order to compute the suspended-load transport rate Einstein (1950), suggested a

method that use integration of product of local sediment concentration ¢, and flow

velocity u over the suspended-load zone from ¢ (=2d)toh:

h
Qo = j cudz (3.125)
5

where q.., is the transport rate of suspended load in the k th size class.

With considering the govern of Rouse distribution to the concentration of

sediment (o, =1) and the logarithmic distribution of flow velocity in Equation (3.35)

(substitute U. byU ) yields

h
h ——1 Og . 7
Qo = | G (£—)" *5.750. 10g(30.2--)dz
5 —-1 s
z (3.126)
=11.6U,ch*k5{2.303Iog(3(22h)* Ly +
n—1 1 1_5
I, =0.216 b , ( )rkdf (3.127)
" (1_§b) ‘ é[ f
-1 1 1_§
l, =0.216—=2 [ (~—=)% In&dé (3.128)
“ (l_é:b)k .»}[ é:
z S o,
y = =2 3.129
g h d h R ( )

With substitute Equation (3.115) into Equation (3.120) can be found that
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Uoe = e {2.303Iog(3(12h)* Ly + 1y (3.130)
Consequently .., is
O = Ook + O (3.131)

3.6.2.2 Bagnold Relation (1966)

Bagnold (1966), relation is

q. =001 P @Y
’ ps_p a)s

(3.132)

where .. is the suspended-load transport rate (N.m*.s™)

3.6.2.3 Zhang Relation (1961)

Zhang (1961), with considering the concept of the energy balance of sediment-

laden flow, suggested the following relation as:

3 3
C* :i( U )1.5 1+(i U )1.15 (3.133)
20 “gRa, 45 gRw,

Also can be found the graphic model of this relation in Figure (3.15) which show

the relation between suspended-load transport capacity C. and parameterU*®/ gRaw, .
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3.6. 2.4 Wu et al. Relation (2000)

With considering concept of stream power that suggested by Bagnold’s (1966) and
by using laboratory data that measured by Samaga et al. (1986) and two sets of field
data that evaluate in Yampa and Yellow Rivers Wu (2000b) suggested the following

relation
U 1.74
@, =0.0000262 {(l ~1) —} (3.134)
Tek Wy
D, = O (3.135)

B Vs 3
[Pbkﬂf(y_l)gdk}

where q.., is the suspended-load transport rate (m®.s™).

In addition can be used the curve of Figure (3.16).instead of relation above.
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Figure 3.16 Relation of fractional suspended-load transport rate (Wu et al., 2000b).

3.7 Bed and Suspended Load Transport

3.7.1 Total Transported Material

3.7.1.1 Laursen Relation (1958)

In order to predict the total average concentration of material that transported by
flow, with considering the size of sediment particles Laursen (1958) suggested the

following relation.

U.

N 7
C.=0.01>"R, (O'?k)6 (Lo 1) f (=) (3.136)
k=1 Tk

sk

where C..is the concentration of sediment by weight per unit volume; P, is ratio of

sediment size k between sediment particles in bed surface level; N is the all kind of
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sediment classes size; z,, is the critical shear stress for the incipient motion of size

classes d,, that can be determined by the Shields diagram; and 7, can be computed

by
lez d50 1/3
=—(> 3.137
Ty 58 ( h ( )
The function f (U./®,) can find in curves of Figure (3.17)
10° 3
10 £ 10
z Total load 3 :
= - .
- =M1 Y/
10 i~ lo*
; Bed load 7
7t
7
3 o
107 10 10° 10’ 10 IOl

Udoy

Figure 3.17 Function f (U*/a)s) in the Laursen (1958) relation. (Wu, 2007)

3.7.1.2 Engelund-Hansen Relation (1967)

Engelund and Hansen (1967), suggested the following relation to calculate
sediment transport.

f'®, =0.10°? (3.138)
. 20RS
where f = ?sz and @, = O

Y 3
5 _qd
[75 7/_19 }
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3.7.1.3 Yang Relation (1973, 1984)

Yang (1973, 1984), calculated the suspended and bed load transport for the unit

stream power as follows

us, U.S, j (3.139)

IogCt*:MJrNIog[ ~ .

where M and N are coefficients and calculated by

For sand d <2mm

M =5.435—0.2861 og %3 — 0.4571 0y -
\' ,
: (3.140)
w.d U.
N =1.799—0.4091 og &= —0.3141 og
v o,

For gravel 2mm<d <10mm

M = 6.681-0.6331 og 2 — 4.8161 0g 2

\"

. S) (3.141)
N =2.784-0.305 og 25~ —0.282 og—

v o,

where C.. is the concentration of sediment in parts per million (ppm) by weight.

3.7.1.4 Ackers-White Relation (1973)

The transport of coarse sediments, which are mainly in bed load, is attributed to
the Stream power corresponding to the grain shear stress, 7,U , while the transport of

fine Sediments, which are mainly in suspended load, is related to the turbulence

intensity and in turn the total stream power, 7,U .(Wu, 2007)

With considering the concept that explained above Ackers and White (1973)

proposed a mobility factor of sediment transport:
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u.! U
Fgf - 1/2 10h (3142)
{75 gd} J32l0g(~")
d
y—1
n F m
G, = Ceh (U*j =A| L1 (3.143)
q7s\U A
v

where C. is the concentration of sediment particles by weight, A and m are
empirical coefficients, n is the transition exponent, and A may be interpreted as the
critical value of F for sediment incipient motion. CoefficientsA, A, m, and n
were proportional with the dimensionless grain diameter

D.=d[(p,/p-1)g /v2]1/3, as listed in Table (3.4)

Table 3.4 Coefficients of the Ackers-White equation

D. >60 1<D, <60
n 0.0 1.00—0.56log D.
0.17 0.23D;Y%+0.14
m 1.50 9.66D;" +1.34
A 0.025 log A =-3.53+2.86log D. —(log D. )’

3.7.2 Fractional Transport Rate of Suspended and Bed Load

3.7.2.1 Modified Ackers-White Relation

Day (1980) and Proffitt and Sutherland (1983), modified the Ackers-White (1973)

relations to determine the fractional suspended and bed load transport rate:

F r.k "
Gy =A %—1 (3.144)
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U U
Foru =1 172 Ton (3.145)
ol [
- k
G, , = —Cud (LLJJ) (3.146)

s
Pudi =
4

With C,., refers to concentration of sediment by weight of size class k, and 7,

the hiding and exposure correction factor. Day’s correction factor is

1

= y 5 (3.147)
0.4(0 +0.6
dy
where d, is the reference diameter and calculated by
d d -0.28
A :1_6[ﬂJ (3.148)
d50 d16
and Proffitt and Sutherland suggested the following correction factor
0.40 g <0.075
du
d, d,
n, =40.53log i +1.0 0.075< 3 <37 (3.149)
1.30 de >3.7
du

where d, is the reference diameter used by Proffitt and Sutherland (1983).
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3.7.2.2 SEDTRA Module (Garbrecht et al., 1995)

Garbrecht et al.(1995), proposed the SEDTRA module. This module use three
equations to compute the fractional sediment transport rates: the Laursen (1958)
relation for classes of size from 0.01 to 0.25 mm, the Yang (1973) relation for classes
of size from 0.25 to 2.0 mm, and the Meyer-Peter-Mueller (1948) relation for classes

of size from 2.0 to 50.0 mm. The total sediment concentration can be determined by

Ce =Y RCu (3.150)
k

where P, is the fraction of the k th, the size of class of sediment in bed load surface,

usually set as the suspended and bed load gradation.

The hiding and exposure effect in non-uniform bed load can be computed by

d

m

dy = dy (ij (3.151)

where x is an empirical parameter that can be calculated byx=1.7/B,,, d, is the

mean diameter of bed load; and B, can be calculated by

1/2
B, = [j—j > P, (3.152)
f

where d, and d; refers to diameters of coarse and fine modes, and P,, is the ratio of

the sediment mixture contained in the two modes.

The mixture names for Wilcock and Southard’s (1988) data refer to the standard
deviation of bed material, and those for Kuhnle’s (1993) data refer to the percentage
of gravel in bed material, SG25 for the mixture with 25% gravel and 75% sand (Wu,
2007).

Note that this module may not be suitable in the case of low sediment transport,
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because the situation that they used in order to calculate incipient motion of sediment

particles are difference.

Table(3.5) lists the values of x that introduced by Kuhnle et al. (1996).

Mixture name | Reference d_(mm) | Mixture type B, X
SG10(lab.) Kulnle(1993) 0.616 Bimodal 249 (0.7
SG25(lab.) Kulnle(1993) 0.927 Bimodal 2.60 [0.7
SG45(lab.) Kulnle(1993) 1.454 Bimodal 2.73 | 0.6
1/2y (lab.) Wilcock & S.(1988) | 1.82 Unimodal 067 |1
v (lab.) Wilcock & S.(1988) | 1.85 Unimodal 037 |1
Goodwin Kulnle(1993) 1.189 Bimodal 3.10 |05
Creek

3.7.2.2 Karim Relation (1998)

Karim (1998), in order to predict the fractional transport rate of suspended and

bed load suggested the following relation

O _0.00139

/4 3
75d
y_lgk

where unit of

depends to the

Qo ISM*S7; P

U

7s
7/_

U 1.47
_*) p
a)sk

volumetric fraction of suspended and bed load, B, , by

and n, is the correction factor of hiding and exposure:

d
=C | =%«
R 1(dm

:

(3.153)

. IS the real fraction of suspended and bed load,

(3.154)

(3.155)
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where C, and C, are

C, :1.15% (3.156)

*

C, = 0.60 2= (3.157)

*

where ., is the settling velocity ford,,.



CHAPTER FOUR
GOVERNING EQUATIONS OF SEDIMENT TRANSPORT

4.1 The Saint Venant Equations (SVE):

4.1.1 Main Assumptions and Derivation

The Navier-Stocks Equations are basic relations which can be used in investigate
the treat of flow. Because in the most channels the length of horizontal scale is much
larger than vertical ones, so using the shallow water equations can be sufficient. The
main idea of this chapter is to present the one-dimensional continuity and momentum

equations that are usually referred to as the Saint VVenant equations.

4.1.2 Basic Hypothesis for the SVE

The main concepts and assumptions of unsteady flow, formalized in the Navier-

Stokes equations.

The governing equations of unsteady flow condition in open channel can be
described by de Saint Venant equations. In order to define the flow condition in
unsteady condition must be compute two flow variables, such as the flow depth and
velocity or the flow depth and the rate of flow. The Saint Venant defined cantinuity

and momentom equations with many assumptions.

ethe streamlines do not have sharp curves, so that the pressure distribution is

hydrostatic.
o As the channel bottom slope is small, the measured lateral and vertical velocity
are approximately same, so the lateral velocity and acceleration component can be

neglected.

eNo lateral, secondary circulation occurs. The flow velocity distribution is
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uniform over any channel cross section.

eThe channel is prismatic with the same cross section and slope thorough out the

distance.

eThe head losses in unsteady flow can be simulated by using the steady — state
resistance laws, so Chezy and Manning equations can be used also in unsteady flow
model. Water has uniform density and flow is generally sub-critical (Chaudhry,
1993).

4.1.3 The derivation of the Continuity Equation
The law of conservation of mass, states that in a closed system the mass of

substances will not exchange, without paying attention what kind of processes are

acting inside the system.

A
v

AX

Figure 4.1 View of continuity equations of mass

Whit refer to law of conservation of mass and with assuming that there is no

lateral inflow or outflow, then
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R

Q,-Q = a 4.2)

where, Q is the discharge at the section, x is the position of the section measured
from the upstream end.

The volume of mass of water in control volume with consider a time steps
between section 1 and 2 can be shown as

oh
b.— AX 4.2
o (4.2)

where b is the width of volume.

With substitute Equation (4-2) into Equation (4-1), can be rewritten as

A A0 M Ax =0 (4.3)
OX ot

Now with divided Equation (4-3) to width of channel can be rewritten as

@Ax+a—hAx:O (4.4
OX ot

Finally with some simplification can be write continuity equation as

BTN (4.5)
oX ox ot

where, h is the depth of flow at the section, u is the mean velocity at the section, t is
the time.

4.1.4 The Derivation of the Dynamic or Momentum Equation.
According to Newton’s second law the acceleration of an object is directly

proportional to the net force acting on it, and inversely proportional to its mass. By

applying this rule to control volume of channel in Figure 4.1 can be written as:
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Force= Mass. Acceleration

du
F = pAAX— 4.6
PAA (4.6)
ou ou
F = pAAX[U— + — 4.7
P [5 at] 4.7)

The external forces which cause this acceleration in the simplest case are three:

. . H . .
Change in static pressure that shown as % , Frictional resistance of channel walls
X

and bed that shown as F and Gravity force (the weight) that shown as pg.The sum

of these forces is

o A F.Ax + A A j

— . 4X.co5 00— AX LHCAVAX ST O

EP p-g (4.8)
where, a []is the [1 bed slope (measured positive as the bed rises from downstream

to up)

If the bed slope is smaller then 6 (& <6°) then cosa =0 and sina=a =S,

Whit some manipulation about static pressure changes and frictional resistance

can be written

2 pgal (4.9)
F =p.g.AS, (4.10)
where, S, is lose of energy per unit length of channel per unit weight of fluid.
With substitute (4-8), (4-9) and (4-10) equations in (4-7) can be shown that
p.AAx[u.%u+aat—u] = —,o.g.A%h.Ax—p.g.ASf AX+ p.9.AS,.AX (4.11)

Whit some rearranging, consequently can be write dynamic or momentum equation.
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(4.12)

The bed profile evolution and movement in alluvial channels can be represented,

as shown in Figure 4.2, as a system involving two layers: water flow layer and

movable bed layer. The water flow layer may contain suspended sediment. The

movable bed layer consists of water and sediment particles and therefore has porosity.

There may be an exchange of sediment between the two layers, depending upon the

flow transport capacity and sediment rate in suspension. (Tayfur and Singh, 2006).

e °
® Ez(entrainment) ° L4

Movable bed layer
. ®

eefee

® pc

'l.. .

". . ..o_._‘.

o0 "6 o6 o

Figure 4.2. Schematic representation of two layer

systems (Tayfur and Singh, 2007)
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With considering the concentration of suspended and bed load and flux of flow
into sediment porosity the equation of conservation of mass for water in a wide
rectangular channel with constant width can rearrange as(Tayfur and Singh, 2007):

oh(l—c) N ochu(l—c) +p oz

= -9, pZ g, (4.13)
aEhc+%=qISUS JF%[EZ -D,] (4.14.9)
0= PG+ =G+ [0, (4.14)
%4‘%4‘ 1- p)%+ ag;s =, (4.15)

where h is the flow height (L), u is the velocity of flow (L/T), c is the volumetric
concentration of sediment in suspension (L*/L*), p is the porosity of sediment in
bed level(L*/L*), z is the movable bed layer elevation (L), q,, is the lateral water
flux (L/T), q, is the sediment flux in the movable bed layer (L*/T), q, is the
lateral suspended sediment (L/T ), q,., IS the lateral bed load sediment (L/T ), p,
is the sediment mass density (M/L3), E, is the entrainment rate (M /L*/T ), and D,

is the deposition rate (M /L*/T).

Note that the equations that refer to conservation of mass write two form:
equilibrium (D, = E, ) (4.15) and non-equilibrium (D, # E,) (4.14.a and b) form. In
non-equilibrium case when (E, > D,) there is entrainment from the bed layer, that

cause to decrease bed load but increase the concentration of suspended load

sediments. In the opposite of this situation (E, < D,) can be seen the gathering in

bed load and reducing in suspended load of sediments.

In order to compute the values of E, and D, Yang (1996) proposed the following
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relations
E, =0T, =O'[<D(r—rcr)k} (4.16)
r=y,hS, (4.17)
7y =k (7. —7y)d, (4.18)

where o is the coefficient of transfer rate (1/L), T, is the flow transport capacity

(M/L/T), @ is the soil erodibility coefficient, r is the shear stress (M /L?),k an

exponent, x a constant , y,, and y, is the specific weight of water and sediment

(M /L®), d, isthe sediment particle diameter (L).

The value of deposition rate D, can be determined by

D, =op,0,, =0 p,huc] (4.19)

where g is the unit of suspended sediment discharge (M/L/T).

Easily can be seen that when E, = D_, with adding of Equations (4.14) and (4.15)

can be found equilibrium form of these equations.

In laboratory flume that used in study, there is no lateral of sediment or flow

influence, so q,, and q,, are equal to zero.

Note that there are five unknown in continuity equations of sediment and water (h,

u, ¢, z, andq,). Therefore we need three aide equations to solve set of equations

above.

Instead of third equation can be use Momentum equation. With considering the
flux of flow into sediment porosity can be rearrange Equation (4.12) as follow.
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ou ou oh oz
— +U—+0g—+09—=0g(So—Sf 4.20
ot OX J OX g OX 9 ) (4.20)

where g is the gravitational acceleration (L /T?),S,is the bed slope and S, is the

friction slope.

The forth equation obtains from suspended sediment concentration that

represented by Velikanov (1954)
c=ouh™ (4.21)

In equation above the value of 6 can be substitute form relations below
o=—o (4.22)
where v, is the average fall velocity of sediments (L/T) and x is the coefficient of

sediment transport capacity. (x = 0.756x10™*)

As a last one must be represent relations for g, . This symbol represents a

relation for the sediment flux in the movable bed layer. There are various empirical
equations that given by investigators .Some of them represent in here.

Note that in solution with Kinematic wave model instead of velocity u should be
used the following relations
u=ah’* (4.23)

a=C,5% (4.24)

where =15



CHAPTER FIVE
EXPERIMENTAL INSTRUMENTS

Experimental investigations carried out in a rectangular channel with 18.6 m
length and 80 cm width. The walls in the right and left hand of channel made from
Plexiglas with 75 cm high. The slope of channel could be changed in the ranges of
0.001 to 0.01 from horizontal. The water is circulated continuously. The volume of
the water supply reservoir (main tank) is 27 m*. The general view of experimental set

up is shown in Figure 5.1.a and Figure 5.1.b. (Bombar, 2009).

Figure 5.1(a and b) The general view of the experimental set-up. ( Bombar, 2009)

In this system used a kind of pump (figure 5.2 a) with maximum 100 lit/s capacity
,that connected with pump rotational speed control unit(figure 5.2 b). By using the
pump rotational speed control unit we can program the system for hydrograph

generation and control the flow rate.
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Figure 5.2 (a) Pump that used in this study, (b) pump rotational speed control unit
(Bombar, 2009).

In the end of the channel there is a tail gate(figure 5.3) that uses for control the
depth of water. For collecting the bed load that coming from channel there are set of

baskets that located at the downstream part of the flume.

Figure 5.3 tail gate. ( Bombar, 2009)

5.1 Instrument

5.1.1 Baskets

In the end of channel set up a movable part that can move by human force. In

order to measure the suspended and bed load sediments that come from the flume,
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get baskets on this movable part and change it in fixed time distance. View of
baskets and movable system can be found in Figure 5.4 (a and b) ( Bombar, 2009).

Shelves for
baskets

Sediment collection basket

Figure 5.4 (a). Place of baskets on platform, (b) basket on movable set. ( Bombar, 2009)

5.1.2 Ultrasonic Velocity Profiler (UVP)

The general view of UVP are given in figures 5.5(a) and 5.5(b).

Figure 5.5 (a and b) Ultrasonic Velocity Profiler (UVP) ( Bombar, 2009).

The velocities are measured by using UVP given in figure 5.6.a (manufactured by
Met-Flow SA). The velocity profile along the ultrasonic beam axis is measured by
detecting the doppler shift frequency. The measurement principle is as follows; the
UVP DUO transducer transmits a short emission of ultrasound, which travels along
the measurement axis, and then switches over to receiving. When the ultrasound
pulse hits a small particle in the liquid, part of the ultrasound energy scatters on the
particle and echoes back. The echo reaches the transducer after a time delay. If the



74

scattering particle is moving with a non-zero velocity component into the acoustic
axis of the transducer, doppler shift of echoed frequency takes place, and received
signal frequency becomes ‘doppler-shifted’. By using the time delay and doppler
shift frequency, it is then possible to calculate both position and velocity of a particle
on the measuring axis, i.e. velocity profile over the measuring axis, as depicted in
figure 5.6.b (Met-Flow, 2002).

VP transducer

particles moving in
measuring wolume
,

=

L
T
.
'
. Flerss directian
;
1
.
.
L]

Figure 5.6(a) Ultrasonic Velocity Profiler (UVP), (b) UVP working system. ( Bombar, 2009)

During the study for measurement of velocity used two UVP sensor in the begin
of the channel. These sensors established in the fix part of bed profiles in first 3

meters.

5.1.3 Level Meter

The IMP+ level monitoring system (Pulsar Process Measurement Limited) is a
highly developed ultrasonic level measurement system which provides noncontacting
level measurement for a wide variety of applications in both liquids and solids
(figure 5.7). It operates on the principle of timing the echo received from a measured
pulse of sound transmitted in air and utilizes echo extraction technology. IMP 3
madel has a range from 0.15m to 3.00m. The otput voltage 4-20mA is transmitted by
a RS232 connection to the data recorder. Whilst in the Run Mode, the 4 digit LCD

can display the current level reading in mm ( Bombar, 2009).
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Figure 5.7 Level meter. ( Bombar, 2009).
5.1.4 Flow Meter

The OPTIFLUX 1000 (manufactured by Krohne) is an electromagnetic flow
sensor which works according to the Faraday Law and is mounted on the pipe before
the entrance of the channel (figure 5.8). It can measure both the steady and unsteady
flow rates with a precision of 0.01 I/s. The measured data is sent to the data recorder,
with 6 channels ( Bombar, 2009).

Figure 5.8 Flow meter ( Bombar, 2009).

5.1.5 Data Recorder

The data from the flow-meter and level-meter is recorded and stored by the data
recorder as shown in figure 5.9. The data recorder has 6 channels which can acquire
the data with a frequency of 1s. The data is both displayed on the screen and stored

simultaneously and can be transferred to the computer by the help of the CF card
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after the experiments (Bombar, 2009).

Figure 5.9 Data recorder (Bombar, 2009).

5.1.6 Ultaralab ULS

Figure 5.10 Ultaralab ULS.

ULS (figure 5.10) is an instrument that use for measurement of distance in
laboratory. The benefit of using this instrument is obviously clear: particularly in
small-scale experimental set-ups, it is imperative to avoid any mechanical

intervention that may affect the experiment, but at the same time, parameters must be
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measured and evaluated.

General Acoustics ULS ultrasound sensors permit distance measurement from 30
mm to 3.4 m and, thanks to high-resolution propagation time measurement, measure

with sub-millimeters resolution.

The ULTRALAB® ULS sends out an acoustic pulse via the ultrasound sensor. The
ultrasound pulse emitted is reflected on the measurement object and is received back
as an echo. A key aspect when it comes to measuring distances is the time required
for the transmitted pulse to cover the distance to the respective measurement object
and back. This sound propagation time is measured by the ULTRALAB® ULS with

high resolution.

The measured propagation times are averaged. A tolerance band (expectation
range) is set around the average propagation time. Only measurement values that lie
within the expectation range are admitted for further calculation of the measurement

value. The average value is modified according to changes in distance.

The measured distance is converted to a voltage signal (0-10V) proportional to the
distance. The sound propagation time and the measured distance obtained from it
will depend to a certain extent on the following environmental conditions: air

temperature, humidity, air pressure, air currents.

5.1.7 Laser Meter

In studies, for measurement of sediment elevation codes Bosch DLE 70 laser
meter (figure 5.11.a) used. The measuring rang of this equipment is (0.05 — 70)
meters. This is the smallest laser-meter in the world and it can be measure with 1.5

mm accuracy in a compact unit.

Before begin to research, the level of sediment in bed made smooth and used laser

meter for measure this level. After finished the research for finding final deformation
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of bed profiles, again should be used this instrument to get the last form of level

codes. In order to use this equipment easily and rapidly set a moveable system that
could be found in Figure 5.11.b.

Figure 5.11 (a) General view of Laser meter, (b) moveable set of Laser meter.

5.1.8 The Property of Bed Load Sediments

In this study in order to simulate the nature condition as more as possible used a

composed of uniform graded material with d., =3.4 mm (Tablel). The average

grain size distribution is given in Figure 5.12. The sort of material is quarts.

Investigators in order to calculate the channel bottom roughness, generally use
two equations. These relations are given below.

Chezy Relations

Q
Cz= :
“TaJRs G

Manning relations

~ A\fﬁ.sm
Q

n (5.2)



Table 1.Analysis of sample of sediment

Size of sediment | Weight (gr) Percent in weight | Cumulative
particles (mm) percentage
6.5 0 0 100.00
6.3 50.21 2.87 97.13
4.75 360.83 20.61 76.52
3.35 498.50 28.48 48.04
2.36 98.93 5.65 42.39

1.7 18.14 1.04 41.35
1.18 2.69 0.15 41.20
0.85 4.72 0.27 40.93
0.6 200.60 11.46 29.47
0.425 458.75 26.21 3.26

0.3 54.33 3.10 0.15

0.25 2.71 0.15 0

90

-=— Bed sample

80

70

60

50

40

Percent Finer (%)

30

20

7
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/
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1
Grain size, D (mm)
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Figure 5.12 Distribution of bed material.
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where Q is flow rate (m®/s), A is area (m?), R is hydraulic radius that can be

found by proportional of area to wetted cross, S is energy slope, Cz is Chezy

coefficient and nis Manning coefficient.
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In this research applied Chezy coefficient. Note that this value is depend to flow
rate and depth of flow. So in unsteady flow it would be changed. In order to find the
correct value of Chezy coefficient, this value calculated for the minimum and
maximum points of all of hydrographs. The biggest difference found in third
hydrograph, so used these values in model to see the influence of Chezy coefficient
in models prediction. The percentage of difference graph is given in Figure below.

(zmax-zmin)/zmin*100

0.1 A

0 T =

-0.1 1

-0.2 4

-0.3 1

204 1

-05 -

Figure 5.13 Difference of bed load predication for the max. and min. Chezy coefficient in

percent for the third hydrograph .

It can be seen that, differences are not really important. Finally, the value of Chezy

coefficient selected as 27.3 that is the average value of all of hydrographs.

5.2 Experimental Procedure

First of all, the bed materials should be mixed to get homogeneous sediments and
after that with using a mobile system that shown if Figure 5.14 make a smooth

surface of sediments in vertical and stream-wise direction.

Before to start the experiments, with using the Laser-meter, should be measured
the elevation of initial bed profiles that help to compare changes of geometry

between before and after passing the flow.
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e

Figure 5.14 System to make a fix bed level. ( Bombar, 2009)

At the beginning of the study, flow rate increases slowly to the basic value which
is below the sediment inception threshold condition in order to not disturb the
sediments and instrument that placed in channel start to measurement. While demand
hydrograph begin to pass the channel length, the shape of bottom level begin to

change.

For collect the bed loads that carry out with flow rate, baskets that located at the

downstream part of the flume used.

Finally after past the hydrograph, with using the Laser-meter measure the final
bed profile code that is useful for compare between before and after bottom changes.



CHAPTER SIX
FINITE VOLUME METHOD

6.1. Introduction

The finite volume method is a method for representing and evaluating partial

differential equations in the form of algebraic equations (LeVeque, 2002; Toro,
1999).

Finite Volume method is one of the finite family methods used frequently in
recent years.

The most important advantage of Finite Volume Method is its ability to
conservative of quantities such as mass, momentum, energy, and species in solution.
The Finite volume approach guarantees local conservation of a fluid property for
each control volume (Versteeg & Malalasekera, 1995). So, FVM is the useful
method for computing flow problems.

6.2. Finite Volume Method for One Dimensional Equations

Consider of a property ¢ in a one-dimensional domain shown in Figure (6.1).

Control volume boundaries

—'—\.._‘_\_‘_._‘_._,_.-'—'_'_._._-_‘_"‘-h-.._\_\_||I
g 2 K 3
R et | I 1 7
%A ‘:_ | s .H_ i - i - B E
il
& &

T

Control voheme Modal points

Figure 6.1 View of 1D Control volume notation. (Versteeg & Malalasekera, 1995)

Solution with finite volume method consists of three stages.

82
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Step 1: Grid generation.

The first step of the solution with finite volume method consists of dividing the
domain into discrete control volumes. Number of nodal points are placed in space
between A and B. The boundaries of control volumes are placed between these nodal
points so each node is surrounded by a control volume. Generally, these control
volumes are set up near the edge of the domain in such away that the real physical

boundaries adapt to the control volume boundaries.

Consider the value of P as a nodal point that should be calculated. In a one-
dimensional geometry the neighborhood nodal points called as east and west nodal
points and for identify these points can be used E and W symbols. In order to show

distance between P and E nodal points, can be used ox,. and as a same way for
distance between P and W, can be use oX,, Symbols. The west side face of control

volume is refer to wand the east side control volumes face refer to e. Similarly the
distances between face wand point P and between P and face e are denoted by

OX,,and ox  respectively. The view of this system can be found in Figure (6.2).

5X\NP 5XPE

v

A
A 4
A

A
A 4
A
A 4

A 4

Figure 6.2 View of one Control volume. (Versteeg & Malalasekera, 1995)

Step 2. Discretisation.
The key step of the finite volume method is the integration of the governing

equation (or equations) over a control volume to yield a discretised equation as its
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nodal point P (Versteeg & Malalasekera, 1995). Maybe the most interesting property
of the finite volume method is that the discretised equation has an exactly physical

concept.

For constitute a suitable form of discretisation equation, the values of
diffusion coefficient I" and the gradient d¢/dx at east e and west w are required.
In order to calculate gradients at the control volume faces an approach of distribution
of properties between nodal points is used. Maybe in point of simplicity and
visibility way for calculating interface values and the gradients the linear
approximations are better then others .In this part introduce some of simple and

useful linear ways: 1.Central scheme. 2. Upwind scheme.

6.2.1. Central Scheme

In the central method a uniform grid linearly interpolated values for I', and I,

are given by
2
r,-letle (6.1.b)
2
and the diffusive flux terms are evaluated as:
dg P — 9,
rA=—=2) =T A (E—* 6.2
( dx)e A(5PE) (6.2)
d¢ ¢P_ﬂ/\/
rA—=5) =T RECRERALE 6.3
( dx)w wA( S ) (6.3)

where A, and A, are the face areas of the control volumes.



85

6.2.2. Upwind Scheme

One of the most important restrictions about central difference scheme is its
incapability to identify flow direction. In central method the values of property ¢ at
the west cell faces is always influenced by both neighbor nodal points (¢, and ¢, ) as

a same weights. In a case of flow diffusion from west to east, this assumption is
unsuitable because the influence of node W in the west cell face is much stronger

than node P.

The upwind differencing or donor cell differencing scheme can solve this problem
with paying attention to the effect of flow direction when determining to the value at

the cell face. The value of ¢ at a cell is taken to be equal to the value at the upstream

node. In Figure (6.3) can be found a view of upwind method.

ﬂ/\/ ¢W ¢E

OX.... OXon Sv Sv

& »d »d »d
<« L] L] L]

v

Figure 6.3 View of upwind scheme. (Versteeg & Malalasekera, 1995)

When the flow is in the positive direction (from west to east) with applying

upwind method for ¢ can be written as:

¢W = QN And ¢e = ¢P . (64)
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Step 3: Solution of equations.

In the end of all in order to solve a problem discretised form, must be applied for
each of the nodal points. In order to see the effect of boundary conditions, the general
discretised form for control volumes that are neighbor with domain boundaries must
be modified.

Consequently the collection of these linear algebraic equations should be solved

to obtain the distribution of the property ¢ at nodal points.

6.3 Solution of Sediment Transport Equations with Finite Volume Method

In order to shown better, use the following form for Equations (4.13), (4.15) and
(4.20).

W, =-F +S (6.5)
h(l-c)+ pz hu(l-c) 0
where W =| hc+(1—-p)z | F =| huc+q,, S=|0
. %u2+g(h+z) 9(S0—3f)

With integration of Equation (6.5) can be seen that

[ %dtdv——f j”& F stav + o sdtav (6.6)

If the values of P at Figure (6.2) at a node are assumed to govern over the whole

control volume, the left hand side of Equation (6.5) can be written as

j {Tt—dt}dv (W, ~W?)AV (6.7)

In equation above superscript O refers to value of unknown at time t, but values of
unknown at time - atare not superscripted. With insert relation (6.7) into Equation
(6.6) and with integration of F order to location ( x) can be rearrange Equation (6.6)

as follows
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W, -W)AV =—(A.F, —A,.F,)At+SALAV (6.8)

where A, and A, are the face areas of the control volumes, AV is the volume of

control volume which is written as A/ Ax and A, Ax where Ax called as the width of

the control volume.

In order to solve the right hand side of this equation, should be make an
assumption about the value of unknowns in point p with respect to time. Depending
on the way of solution can be select these values at time t or time t+At or
combination of these at time t and t+ At . The general form of unknowns with

respect to weighting parameter € can be written between 0 and 1

I, :Hj'm W,dt =[ oW, + (1- )W, |At (6.9)

t

Hence

Table 6.1 Value of @ in different schemes

6 0 1/2 1
I W, At 1 (W, +W0) At W, At
2 p p

With paying attention to Equation (6.9) can rearrange Equation (6.8) as follow

W, “W)AV = (1-0)[ ~( A’ F°, - A, F°, ) At |+ O[ (A F, - AF,)At]+S.atav  (6.10)

Note that by selecting & as zeros only use values of unknowns at old time level t;
this scheme called as explicit method. When @ selected in the range of zero and one
(0<@<1) the values of unknown at the new time level are used; the resulting
schemes are called implicit method. The extreme case of #=1 is termed fully
implicit method and the name of scheme that used #=1/2 is Crank-Nicolson

scheme.
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6.3.1 Explicit Scheme

Substituting the value of & as zero in Equation (6.10) is given the explicit

solution.

W, WAV =—(A°.F°, — A’ .F°, ) At+S ALAV (6.11)

Note that by select the value of & as zero, the value of unknowns at old time level

can be used.
6.3.2 Crank-Nicolson Scheme

Whit substitute the value of & as 1/2 in Equation (6.10) Crank-Nicolson scheme
would be found.

W, “W)AV = (1/2)[ -(A°F, - A°, F°, ) At |+ (6.12)
1/2)[-(AF,—A,F,)At]+S.AtAV

6.3.3 The Fully Implicit Scheme

With selecting the value of & as one, can be obtained the fully implicit scheme. In
this scheme the new time step (t+ At) value of unknowns should be used in both
side of equation. In order to obtain a solution with this scheme a system of algebraic
equations must be solved at each time level. The solution procedure begins with
using given initial field of unknowns with paying attention to selected time step At.
In the next level the new find value for F and W substitute in F°and W° and

procedure is repeated to progress the solution by a further time step.

Since the accuracy of the implicit scheme is only first order in time, small time
steps are needed to insure the accuracy of results. The implicit method is
recommended for general purpose transient calculations because of its robustness

and unconditional stability (Versteeg & Malalasekera, 1995).
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In this study in order to determine the values of F , applied upwind scheme. The

Figure of upwind scheme can be seen in Figure 6.3.

With applying upwind method in Equation (6.10) with considering fully implicit
method can be written

W, WAV =[—(A,.F, — A, Fy ) At [+ SALAV (6.13)

6.4 Equilibrium
6.4.1 Kinematic Wave Model
In the solution of one dimensional equations for equilibrium sediment transport

processes in unsteady flow conditions there are the six following unknowns:
h: depth of flow, u: velocity of water, z: sediment thickness , c: the volumetric

concentration of sediment in suspension, % flux of sediment particles and St

frictional slope.

In kinematic wave model the required six equations are:

e Continuity equations of water (Eq. 4.13) (to find h and z).

e Continuity equations of sediment (Eg. 4.15) (to find h and z).
o (4.23-4.24) relations (to find velocity of water).

eVelikanov equation (Eg. 4.21) (to find volumetric concentration of sediment in

suspension).

eEngelund and Fredsee relation (Eq. 3.86 divided by ysto find flux of sediment

particles).

e Momentum equation which is written as (S=So).
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6.4.1.1 Explicit Scheme

Continuity equation of water is
ah, -mah:®+Paz, +s1=0

0 0
. 22 +2
slz—hg.a+m.a.hgls - P.a.%jt (6.14)

hW hg+h°

(—— o * )25) (—— i )**)) = (n(——— i )) (n(—>——))

Continuity equation of sediment is

m.a.h;°+(1— p).a.z, +s2=0

0

s2=—mah?’ —(1— pa ety (et e +“E))(( Tutlleyy s

h°, +h° o h° +h°

+( E gbs®, %-qbsm)

where m=d.a°, n=6.a".

6.4.1.2 Fully Implicit Scheme

Continuity equation of water is

hp + hE )2.5)_((hP —;h\N )2.5) _

15
ah, —mah>+Paz, +((

(O ) - (0 hN)>)+s1 0 6.16)

0 0
sl=—h’.a+ma( he hN)“’ a et

Continuity equation of sediment is
man+(tp)az, +( (L) - (n(t oy o (ot (G0 00
2 2 2 2
(hN-ZI-hP).(quP;quW)-}-SZ:O (6.17)
E hN 15 ).alzg-l-z\gl
2

s2=-ma.(
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where m=d.a°, n=8.a".

6.4.2 Dynamic Wave Model

In dynamic wave model the first five equations are the same. Only the last

equation is substituted by the momentum equation in general form (4.20).

6.4.2.1 Explicit Scheme

The momentum equation is

kau,+s1=0
0 0 02 k 0 02 k
sl=9g.5f.AA-kau, +h"p.u P'(E)_h wu W.(E)-I- (6.18)
g.(h%2 =h% +h°,.z0 —h°, .z —S,.AA)
Continuity equation of water is
ah, —asu’ +paz,+s2=0
s2=-ah) +adu) —paz, +uy.h> — (6.19)

0 |40 |40 0% ,,0 0 |40 |20 o* 0 0* 0
Uy -hphy +hyug —uhphy +ug.6h) —uy, o.hy

Continuity equation of sediment is
3
sau; +az (1-p)+s3=0

o 0 0 4 0 4 0 (6.20)
s3=—c.au, +az,(p-1)+h"pug.(6)—h,u, .6+h";.qbs

where dA =h.Ax,a=dA/dt and k is a coefficient that depend to the solution. The value
of k in fully implicit scheme is equal to 1 and in crank-Nicolson scheme is equal to

1/2. In other equations the value of Kk is the same.
6.5 Non Equilibrium

In this case the continuity equation of sediment must be modified. Instead of (Eq.

4.15), two equations (Egs. 4.14.a and b) are used with two unknowns which are
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entrainment rate E, and deposition rate D, .

Gessler (1965) suggested a value of 0.047 for K for most flow conditions. The
value of transfer rate can be calculated in flumes by ¢ = 1/(7h), where h is flow depth,
parameter ® has a range of 0.0 — 1.0 and exponent k has a range of 1.0 — 2.5 in
literature (Foster 1982, Tayfur 2002, Yange 1996). This study applied value of k as 1
and value of @ as 0.001.

6.5.1 Kinematic Wave Model
6.5.1.1 Explicit Scheme

Continuity equation of water is
e +c sl
hp(1+ET“N)—2.cp.hp # P2, e g+ =0
Z0 + Zo 50 50
sl=-ah) - p.a.%wta(hjs ~h2*)- (6.21)

0, A0 0, 0
o lE ‘;Cw (h§.5° —h,%,’BO)—a.hpl'so(hop Ce ‘;Cw _h°,c,)

Conservation of mass for suspended sediment in the water flow layer:

0 0
0 Ce +Cy S2

0 0
s2=—L[E°, - D° JAA+ a(ni¥h?, 5 ;CW —hC, %)+ (6.22)

Ps

0, A0
a Ce +Gy (h2.5°P _ h2.5°W)

Conservation of mass for bed sediment in the movable bed layer:

1)z, + =0
a
6.23
_ Z?+1 + 2?.1 0 0 0 0 1.0 0 (6:23)
s3—-(1-p).a.T +(h™,.qbs”, —h", .qbs", ) ——[D", —E",]AA

S
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6.5.1.2 Fully Implicit Scheme

Continuity equation of water is

0 0
ah,—2ac,h +ac,h +ah c +paz,

+a(l-c,)(he® —hg*) —ah ) (hoc, —h, G, ) +51=0 (6.24)
0 0
sl=-ah; - p.a.%

Conservation of mass for suspended sediment in the water flow layer:

2c,.ah, —c ah) —h ac) +ah®(h,.c, —h, c,)+ac,(h*, —h*,)—nl=0

6.25
nlzi[EOZ —~D° JAA (629

S

Conservation of mass for bed sediment in the movable bed layer:
(1-p).a.z,+h,.gbs, —h, .qbs, +s3=0

0 L 0 (6.26)
s3=-(1-p).a. % +nl

6.5.2 Dynamic Wave Model
6.5.2.1 Explicit Scheme

Continuity equation of water is

h, —2c.h, +c.he +h.cd + p.z, +Sgl =0

_ _ah0 _ 224‘2\5\)/ 900y, 0 (W0 KO’
S1=-ah, paT+(1 2c)up(h” 5 —h™ ) (6.27)

+(@-2c2)he (hd.u’, —hyu®, ) —2ulhe (hd.c®, —hoc’,)

Conservation of mass for suspended sediment in the water flow layer:



94
2¢,.h, —c,.hd —h,.co +32 g
a
s2=2houl(h’.c’, —h°,c°, ) +2haca (h°.u’, —h%,u°,) (6.28)
200 (07, 7 ) ~—[E°, - D",]

S

Conservation of mass for bed sediment in the movable bed layer:

1)z, + =0
a

6.29
_ Z?+1 +Z?.1 0 0 0 0 - 0 (6:29)
s3—-(1-p).a.T +(h™,.qbs”, —h7, .qbs",, ) +—[E", - D" JAA
The momentum equation is
kau,+54=0
S4=gS fAA-kaul+ h°p.u°§.(g)—h°w u®. g) (6.30)

0 0
1g.(h% —h% +ho e ;ZW RO, .28 —S,.AA)

It must be noted that instead of value of bed profile z in time t in point P used

average of values of east E and west W point (LAX scheme).

The important mater is that must be attention in working with numerical solution
about stability conditions. In order to satisfy this condition Courant — Friedrichs —

Lewy (CFL) condition can be used.
(u + gh)At
C,=—Fx1 (6.31)
AX
where C, is Courant number, U is velocity of flow (m.s‘l), g is gravity acceleration (m.s‘z)

and h refers to depth of flow (m).



CHAPTER SEVEN
TEST OF MODELS

7.1. Introduction

This study is realized in the scope of the research project TUBITAK (109M637)
titled “Experimental and theoretical investigation of two dimensional sediment
transport resulting from flood wave propagation in open channels; determination of
local scours at bridges abutments and around interior piers due to this motion-design
and tests of counter-measures”. Numerous experiments are carried out by using the
experimental system designed and built in hydraulics laboratory (Giiney et al., 2011a,
Giiney et al. 2011b).

The numerical results are compared with these experimental findings obtained by

generating the following six input hydrographs.
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60 /’I \“\\
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Figure 7.1 Inflow hydrograph 1.
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ure 7.2 Inflow hydrograph 2.
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Figure 7.3 Inflow hydrograph 3.
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Q(Ifs) Hydrograph-5
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Figure 7.5 Inflow hydrograph 5.
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Figure 7.6 Inflow hydrograph 6.

Note that the unit of time is second and the unit of flow rate (Q) is liter per second.
Before begin to pass the hydrographs made a smooth surface of sediments in vertical
and stream-wise direction. The elevation of this bed level measured in longitude and
latitude directions. But because the aim of this thesis is developed a one dimensional
models, the average value of bed level elevations in latitude directions used. One and

two dimensional forms of bed can be found profiles in Figures below.
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Figure 7.7 Average of initial view of one dimensional bed profile
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Figure 7.8 view of Initial two dimensional bed profile

Now in this part initially will be given the measurement values of bed profiles for
hydrographs and after that the bed profile comparison between results of models and

measurements in one dimensional are given.
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Figure 7.10 View of 2 dimensional bed profile after passing the flow for Hydrograph 2.
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Figure 7.11 View of 2 dimensional bed profile after passing the flow for Hydrograph 3.
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Figure 7.14 View of 2 dimensional bed profile after passing the flow for Hydrograph 6.
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Note that first three meters of channel is fixed bed. In this research in order to

understand the influence of sediment flux relations (q,), three empirical relations

that suggested by difference investigators, applied. The comparison of results
between these relations (Luque and Van Beek 1976,Wong and Parker 2006,
Engelund and Fredsee 1976), shown there is not really important difference in
simulation of bed profiles, but between these relations Engelund and Fredsee (1976)
relation’s yield the best results in predict of sediment flux. The results of these

comparisons are given in Figures below.
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Figure 7.15 Comparison of bed profiles by difference relations in Eq, Ex, Kwm, Hydrograph 1.
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Figure 7.16 Comparison of bed profiles by difference relations in Eq, Ex, Kwm Hydrograph 2.
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Figure 7.17 Comparison of bed profiles by difference relations in Eq, Ex, Kwm, Hydrograph 3.

Z(m)
0.08 -
0.07 '________/\\\/C://\"/\J'/\‘-‘—"—"’\\_’/— ———— N~ ———— N
Y W\/\/\/\/\,\//\/—/\\/—/\/W
0.06 - \
0.051 —— Measurement
0.04 7 - -—--Engelund and Fredsge
0034 Wong and Parker
0.02 - —----Luque and Van Beek
0.01 -
X(m)
0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Figure 7.18 Comparison of bed profiles by difference relations in Eq, Ex, Kwm Hydrograph 6.
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Figure 7.19 Comparison of bed profiles by difference relations in Eq, Ex, Dwm, Hydrograph 1.
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Figure 7.20 Comparison of bed profiles by difference relations in Eq, Ex, Dwm, Hydrograph 2.
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Figure 7.21 Comparison of bed profiles by difference relations in Eq, Ex, Dwm, Hydrograph 3.
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Figure 7.22 Comparison of bed profiles by difference relations in Eq, Ex, Dwm, Hydrograph 6.
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Some incompatibilities exist between the experimental findings and numerical
results due to the selected empirical relations and the different approaches used in
numerical solutions. The hydrograph durations and the peak discharge values also

affect this phenomenon.

Views of sediment flux for example hydrographs are given in figure 7.23 to 7.30.
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Figure 7.23 Comparison of sediment weights in Eq.,Ex., Kinematic wave model, Hydrograph 1.
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Figure 7.24 Comparison of sediment weights in Eq.,Ex., Kinematic wave model, Hydrograph 2.
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Figure 7.25 Comparison of sediment weights in Eq.,Ex., Kinematic wave model, Hydrograph 3.
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Figure 7.26 Comparison of sediment weights in Eq.,Ex., Kinematic wave model, Hydrograph 6.
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Figure 7.27 Comparison of sediment weights in Eq.,Ex., Dynamic wave model, Hydrograph 1.
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Figure 7.28 Comparison of sediment weights in Eg.,Ex., Dynamic wave model, Hydrograph 2.
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Figure 7.29 Comparison of sediment weights in Eg.,Ex., Dynamic wave model, Hydrograph 3.
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Figure 7.30 Comparison of sediment weights in Eq.,Ex., Dynamic wave model, Hydrograph 6.
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Three empirical relations are used to calculate the sediment flux. The calculated
value is smaller compared to the measured one (hydrograph 6). In this case the
relation proposed by Luque and van Beek is more suitable. When all hydrographs are
considered together the relation of Engelund and Fredsoe seems to be the most

compatible.

7.2 Comparison of Kinematic Wave Models

In different sections (5m, 8m, 11m, 13.5m, 15m and 17m.) for the six
hygrographs h values depending on time are given in Figures 7.31 — 7.66 for the
kinematic wave models. z values after carried out hydrographs at the last time are

given in Figure 7.67 - 7.72.
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Figure 7.31 View of comparison between measurement and predict flow depth in 5.m —Hyd. 1
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Figure 7.32 View of comparison between measurement and predict flow depth in 8.m —Hyd. 1
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Figure 7.33 View of comparison between measurement and predict flow depth in 11.m —Hyd. 1
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Figure 7.34 View of comparison between measurement and predict flow depth in 13.5.m —Hyd. 1
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Figure 7.35 View of comparison between measurement and predict flow depth in 15.m —Hyd 1
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Figure 7.36 View of comparison between measurement and predict flow depth in17.m —Hyd 1
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Figure 7.37 View of comparison between measurement and predict flow depth in 5.m —Hyd.2
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Figure 7.38 View of comparison between measurement and predict flow depth in 8. m —Hyd. 2
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Figure 7.39 View of comparison between measurement and predict flow depth in 11.m —Hyd. 2
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Figure 7.40 View of comparison between measurement and predict flow depth in 13.5.m —Hyd. 2
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Figure 7.41 View of comparison between measurement and predict flow depth in 15.m —Hyd.2



111

H(m) 17m —— Measurement
014 4 Explicit
Implicit
0.12 - —— Non Equilibrium-Explicit
old LA e Non Equilibrium-1mplicit
0.08 -
0.06 -
0.04 {
0.02 -
Time(s)
0 T T T T T T
600 700 800 900 1000 1100 1200 1300

Figure 7.42 View of comparison between measurement and predict flow depth in 17.m —Hyd. 2
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Figure 7.43 View of comparison between measurement and predict flow depth in 5.m —-Hyd.3
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Figure 7.44 View of comparison between measurement and predict flow depth in 8.m —Hyd. 3



112

H(m) 11m ——— Measurement

0.18 - — Explicit
i Implicit

016 —— Non Equilibrium-Explicit

0.14 - o S EEEEES Non Equilibrium- Implicit

0.12 - REEo, Witsg

0.1 1

0.08 -

0061

0.04 1,5/

0.02 Time(s)

O T T T T T T T

600 700 800 900 1000 1100 1200 1300

Figure 7.45 View of comparison between measurement and predict flow depth in 11.m —Hyd. 3
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Figure 7.46 View of comparison between measurement and predict flow depth in 13.5.m —Hyd.3
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Figure 7.47 View of comparison between measurement and predict flow depth in 15.m —Hyd. 3
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Figure 7.48 View of comparison between measurement and predict flow depth in 17.m —Hyd. 3
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Figure 7.49 View of comparison between measurement and predict flow depth in 5.m —Hyd. 4
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Figure 7.50 View of comparison between measurement and predict flow depth in 8.m —Hyd. 4
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Figure 7.51 View of comparison between measurement and predict flow depth in 11.m —Hyd. 4
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Figure 7.52 View of comparison between measurement and predict flow depth in 13.5.m —Hyd. 4
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Figure 7.53 View of comparison between measurement and predict flow depth in 15.m —Hyd. 4
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Figure 7.54 View of comparison between measurement and predict flow depth in 17.m —Hyd. 4
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Figure 7.55 View of comparison between measurement and predict flow depth in 5.m —-Hyd 5
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Figure 7.56 View of comparison between measurement and predict flow depth in 8.m —Hyd 5
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Figure 7.57 View of comparison between measurement and predict flow depth in 11.m —Hyd 5
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Figure 7.58 View of comparison between measurement and predict flow depth in 13.5.m —Hyd 5
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Figure 7.59 View of comparison between measurement and predict flow depth in 15.m —Hyd 5
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Figure 7.60 View of comparison between measurement and predict flow depth in 17.m —Hyd. 5
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Figure 7.61 View of comparison between measurement and predict flow depth in 5.m —Hyd. 6
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Figure 7.62 View of comparison between measurement and predict flow depth in 8. m —Hyd. 6
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Figure 7.63 View of comparison between measurement and predict flow depth in 11.m —Hyd. 6
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Figure 7.64 View of comparison between measurement and predict flow depth in 13.5.m —Hyd. 6
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Figure 7.65 View of comparison between measurement and predict flow depth in 15.m —Hyd. 6
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Figure 7.66 View of comparison between measurements and predict flow depth in 17.m —Hyd. 6
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Figure 7.67 View of comparison between measurements and model predicts for bed profiles in hyd1.
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Figure 7.68 View of comparison between measurements and model predicts for bed profiles in hyd. 2.



120

Z(m)
0.08 ~

0.07 A
0.06 1
0.05 A
0.04 A
0.03
0.02 -

0.01 A
X(s)
o T - T T T T T T T T 1

0.p0 2.00 4.00 6.00 8.00 10.00 12.00 1400 16.00 18.00  20.00

\ Implicit
I ——— Non Equilibrium- Explicit
' - = - - Non Equilibrium- Implicit

Figure 7.69 View of comparison between measurements and model predicts for bed profiles in hyd. 3.
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Figure 7.70 View of comparison between measurements and model predicts for bed profiles in hyd. 4.

Z(m)
0.08 - .-

-
oo

Non Equilibrium-Explicit
- - - - Non Equilibrium- Implicit

e Tt

0 T T T T T T T T T X(S) 1

0.00 2.00 4.00 6.00 8.00 1000 1200 1400 1600 1800  20.00

Figure7.71 View of comparison between measurements and model predicts for bed profiles in hyd. 5.
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Figure7.72 View of comparison between measurements and model predicts for bed profiles in hyd. 6.

In the kinematic wave model, the experimental water depth results are in accord
with those obtained from the numerical solution. The difference between
experimental and theoretical bed elevation values are in order of a grain size.

Therefore the compatibility is acceptable.

7.3 Comparison of Dynamic Wave Models

For the dynamic wave models, in different sections (5m, 8m, 11m, 13.5m, 15m
and 17m.) for the six hygrographs h values depending on time are given in Figures
7.73 — 7.108. z values after carried out hydrographs at the last time are given in
Figure 7.109 - 7.114.
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Figure 7.73 View of comparison between measurement and flow depth prediction in 5.m —Hydr.1
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Figure 7.74 View of comparison between measurement and flow depth prediction in 8.m —Hyd. 1
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Figure 7.75 View of comparison between measurement and flow depth prediction in 11.m —Hyd. 1
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Figure 7.76 View of comparison between measurement and flow depth prediction in 13.5.m —Hyd. 1
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Figure 7.77 View of comparison between measurement and flow depth prediction in 15.m —Hyd. 1
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Figure 7.78 View of comparison between measurement and flow depth prediction in 17.m —Hyd.1
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Figure 7.79 View of comparison between measurement and flow depth prediction in 5.m —Hyd.2
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Figure 7.80 View of comparison between measurement and flow depth prediction in 8.m —Hyd. 2
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Figure 7.81 View of comparison between measurement and flow depth prediction in 11.m —Hyd.2
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Figure 7.82 View of comparison between measurement and flow depth prediction in 13.5.m —Hyd.2
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Figure 7.83 View of comparison between measurement and flow depth prediction in 15.m —Hyd. 2
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Figure 7.84 View of comparison between measurement and flow depth prediction in 17.m —Hyd. 2
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Figure 7.85 View of comparison between measurement and flow depth prediction in 5.m —Hyd. 3
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Figure 7.86 View of comparison between measurement and flow depth prediction in 8. m —Hyd. 3
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Figure 7.87 View of comparison between measurement and flow depth prediction in 11.m —Hyd. 3
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Figure 7.88 View of comparison between measurement and flow depth prediction in 13.5.m —Hyd. 3
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Figure 7.89 View of comparison between measurement and flow depth prediction in 15.m —Hyd.3

H(m) 17m Measurement
0.16 - ——— Dynamic explicit
' Equilibrium
0.14 ~——— Dynamic explicit non-
Equilibrium
0.12
0.1 4
0.08
0.06 -
0.04 .~/
0.02 ©
Time(s
0 T T T T T T
600 700 800 900 1000 1100 1200 1300

Figure 7.90 View of comparison between measurement and flow depth prediction in 17.m —Hyd. 3
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Figure 7.91 View of comparison between measurement and flow depth prediction in 5.m —Hyd. 4
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Figure 7.93 View of comparison between measurement and flow depth prediction in 11.m —Hyd. 4
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Figure 7.94 View of comparison between measurement and flow depth prediction in 13.5.m —Hyd. 4
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H(m) 5m —— Measurement
0.12 E— Dyng_mip explicit
Equiliorium
——— Dynamic explicit non-
. Equilibrium
0.08
0.06 -
0.04
0.02
Time(s
0 . . . , : . Time(s)
600 700 800 900 1000 1100 1200 1300

Figure 7.97 View of comparison between measurement and flow depth prediction in 5.m —Hyd. 5
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Figure 7.98 View of comparison between measurement and flow depth prediction in 8. m —Hyd. 5
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Figure 7.101 View of comparison between measurement and flow depth prediction in 15.m —Hyd. 5
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Figure 7.111 View of comparison between measurements and model predicts for bed profiles in hyd.3
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Figure 7.112 View of comparison between measurements and model predicts for bed profiles in hyd.4.
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Z(m)
0.08 -
0.07 - TN e e et TN e TN e N
et /\//W\/\/\*‘\\/\/\/\/\/\\/—/—/\/—’\/\/\f\/'\
0.06 A \/
0.05 1 ——— Measurement
0044 Dynamic explicit
0.03 - Equilibrium
—— Dynamic explicit non-
0.02 - Equilibrium
.01 A
0.0 X(s)
0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Figure 7.114 View of comparison between measurements and model predicts for bed profiles in hyd.6.

In dynamic wave model, as in the case of kinematic wave model, the computed
water depth values are in accord with the measured ones. The difference between
experimental and theoretical bed elevation values are in order of a grain size.

Therefore the compatibility is acceptable in dynamic wave model too.



CHAPTER EIGHT
CONCLUSIONS

In this study kinematic and dynamic wave models are used in the one dimensional
unsteady sediment transport by using the finite volume method. Equilibrium and
nonequilibrium cases are taken into consideration. Explicit and implicit approaches
are introduced. The numerical results are compared with the experimental findings.

The compatibility between experimental and numerical results is acceptable.

The relation of Engelund and Fredsoe seems to be the most compatible to
calculate the sediment flux, except for small discharges for which the relation
proposed by Luque and Van beek is more suitable. The empirical relations need to be
used with some attention since they are obtained from the experiments realized in

particular conditions.

In this study, the numerical results are compared with those obtained from the
experiments performed in the laboratory. It will be also very beneficial to compare
them with field measurements. The use of two or three dimensional equations should
be attempted in order to get a better compatibility between experimental and
theoretical results.
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