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ABSTRACT 
  

 

 

The goal of this study is to investigate and analyze the flow patterns around 

selected hydraulic structures. One-dimensional and two-dimensional physical, 

mathematical, and numerical models are the main tools used to achieve the aim of this 

research. In some topics included in this thesis, verifications between the three models 

were made. 

Firstly, we applied a one-dimensional numerical model to a flume which 

contains two backward-facing steps. Flow features such as the formation of the 

hydraulic jump downstream the step is studied by this model. The model is tested 

under different grid sizes. Although, numerical oscillations occurred, the model with 

smaller grid size is capable to reproduce the creation of the hydraulic jumps 

downstream the backward-facing steps. 

 The study of the flow over backward-facing steps is extended by conducting a  

fundamental study of the flow subjected to sudden change in the geometry of the 

channel due to the existence of a single backward-facing step and the abrupt 

expansion immediately downstream the step. The oblique shockwaves generated 

downstream the step is represented clearly by establishing a two-dimensional 

numerical model applied in a curvilinear grid. 

The two-dimensional numerical model which is used to simulate the flow over 

a single backward-facing step is applied again simultaneously with a bed-load 

sediment transport model. It is used to study the sediment deposition downstream the 

step, in addition to the formation of alternate sand patterns in the Kamo River. The 

alternate sandbars formation along the river course, and the triangular shape sandbars 

downstream the steps are represented. An emphasis is given to the effect of these 

sandbars in the habitat of the Kamogawa-chidori birds which is the bare bar surfaces. 

Theoretical investigation is conducted by using the linearlized equations of 

two-dimensional (2-D) shallow flows to study the spatial variations of steady open 

channel flows downstream of an obstacle attached on the sidewall of a flume. The 
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periodic wavy patterns, the standing waves, and the relation between Froude number 

and the attenuation rate are considered. The theoretical results are verified with 

hydraulic experiments and a two-dimensional numerical model executed under the 

experiments conditions. 

Some of the arid countries such as Oman are destroyed with severe flash 

floods in the last few years. Such floods are usually caused by excessive rainfalls in a 

short period of time, and they created hazardous situations for people and cause 

severe damages to properties. In this research, we concerned in the possibility to 

reproduce flash floods with a high Froude number, by using one depth hydrograph at 

one site. A long mathematical process considering both linear and nonlinear solutions 

is discussed in details in chapter six of this thesis. 

The study of flash floods is continued in this thesis, by dealing with the 

existence of box culverts at dry rivers “wadies” during flash floods in Oman. A two-

dimensional numerical model is established and executed under observed conditions, 

in order to represent flow during flash floods under highways in Oman. Backwater 

effects and overflows from culvert are considered with giving more attention to the 

interaction between open channel free surface flow and pressurized flow inside the 

box culvert. 
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Chapter 1 
 

INTRODUCTION 
  

 

 

 

1.1 Preliminaries  

 

The study of the flow over and around hydraulic structures is an interested 

field for civil engineers. Every hydraulic structure has its own benefits in urban areas. 

For example, dams, which protect from floods and store water for water supply, and 

sluice gates which are used to control the discharge in rivers and to alleviate flooding. 

Bridges and culverts, which carry roads and railways over rivers, are very numerous 

examples of hydraulic structures; few roads are constructed without them. Concrete 

weirs are used to measure the discharge of rivers. For the purposes of regulating water 

flow and river sedimentation, backward-facing steps is the major solution of such 

problems. Beside the advantages of constructing such hydraulic structures, there are 

many negative effects on rich river natures. Some ecological changes in the ecosystem 

of the rivers occurred such as the rapid decrease in the number of fishes, birds and 

trees in these rivers. 

 This research is giving focuses in some of the hydraulic structures that 

mentioned above. The flow behavior around these structures is analyzed by using 

mathematical, physical and numerical models. Flow features caused by the existence 

of these structures, such as oblique shockwaves and hydraulic jumps are emphasized 

in more details. 
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Flow separation by backward-facing steps is the main topic that this study will 

concentrate on. There are several investigations of flow over a backward-facing step 

available in the literature. For example, Denham and Patrick (1974) conducted 

experiments on laminar flow over a backward-facing step. Reattachment lengths and 

velocity profiles were measured in the study. Armaly et al. (1983) provided data on 

separation and reattachment points, stream-wise velocity measurements are reported 

for several Reynolds numbers. Ghia et al. (1989) computed two-dimensional solutions 

of the backward-facing step flow throughout the laminar regime and found a good 

agreement with the two-dimensional flows observed by Armaly et al. (1983). 

The flow disturbance can be generated by changing flow depth and/or velocity 

in a section of flow. In this research, an obstacle attached to the sidewall of a flume is 

the source of the flow disturbance, with giving an attention to the spatial variations of 

steady open channel flows downstream the obstacle. Struiksma et al. (1985) 

formulated the spatial amplification of the sandbars generated downstream of a point-

bar along a river bend “over-deepening phenomenon of sandbars” mathematically, 

and derived the critical conditions for the spatial amplification of sandbars. The 

analytical solution on the temporal change of point-bars in a sinuous meandering 

channel is derived by Blondeaux and Seminara (1985), by studying the resonance 

relation between sinuous channel and bars. It is well known nowadays that the 

condition of the spatial amplification of bars by Struiksma et al. (1985) is coincident 

with the resonance relation by Blondeaux and Seminara (1985). Hosoda and 

Nishihama (2006) studied the response of water surface to a sinuous open channel and 

the flow behavior near the resonance condition. Although there is no resonance 

condition in the case studied in this paper, it is pointed out that if the bottom 

variations with the standing wave condition are given, the flow resonates to the 

bottom variations. Based on these researches, this study doesn’t deal with the spatial 

amplification of sandbars, but it examined the response of the spatial variations of 

water surface in steady open channel flows downstream of an obstacle attached on the 

sidewall of a flume.  

Flash floods are considered as one of the most dangerous weather-related 

natural disasters in the world, and can create hazardous situations for people and 

cause extensive damage to property. They are usually caused by heavy or excessive 

rainfall in a short period of time. Physical and numerical models are useful in 
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analyzing floods especially in catchments where data is not available for simulating 

extreme storms. The use of these models is necessary in the urban watershed with 

high variability of land surface parameters, and absence of calibration data. On the 

other hand, uncertainty should be taken in account in analyzing the results in such 

cases. In this study, we concerned with the reproduction of flash floods with a high 

Froude number by testing the possibility of reproducing such flows by using one 

depth hydrograph at one site. 

Flash floods in arid environments such as Oman are in fact common, but their 

occurrence is also poorly understood. In such floods we have to deal with dry rivers 

except in rainy seasons “wadies”. These wadies were intersected with a number of 

streets, where culverts and bridges have been constructed to provide road flood 

protection. Box culverts were very common used in Oman to allow water to pass 

under highways and to carry watercourses under built-up areas. In many cases Muscat 

City (the capital of Oman) is flooded because the culverts capacity was insufficient to 

carry large flood flows. A part from this study deals with a numerical model to 

simulate flow through a box culvert, which represents flow during flash floods under 

highways in Oman. 

 

1.2 Objectives of Study 
 

The main objective of this study is to investigate a mean of using hydraulic 

models to better reproduce and quantify some flow features that generated around 

selected hydraulic structures within river reaches. It is anticipated that the results of 

such study will provide a tool better linking the hydraulic characteristics of river to 

the ecological attributes of a stream. Such connection would allow for better 

investigating how hydrologic parameters drive the hydraulic and morphologic 

conditions and how consequent hydraulic conditions influence stream ecology. Thus, 

engineers, ecologists can have a general set of tools, which they can use to describe 

the flow patterns of importance of their particular studies. 

In this study, hydraulic models used in calculating various flow parameters 

can be listed as: 

1. To analyze flow features such as V-shaped oblique shockwaves and hydraulic 

jumps downstream backward-facing step structures. 
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2. To make clear the mechanism of the creation of sandbars with triangular shapes 

downstream the steps, and the alternate sandbars along river course. 

3. To study the spatial variations of free surface flows downstream a sidewall 

attached obstacle. 

4. To represent flow during flash floods under highways in arid environments. 

Another purpose of this study is to provide a methodology for better 

reproducing flash floods with less available data, by introducing a theoretical method 

focusing on the possibility of reproducing flash floods using only one water 

hydrograph. However, a detailed case study applying this theory is not the main 

objective here, and authors believe that it will be a great challenge to future researches 

in this field. 

 

1.3 Thesis Structure and Organization 

 

Eight chapters are included in this manuscript which concerned on the 

practical analysis of river flows around selected hydraulic structures, including the 

introduction in chapter one and the conclusion in chapter eight. The structure 

organization of this thesis is illustrated in the flowchart in Figure 1.1 

In chapter two, we used one-dimensional numerical model to analyze the flow 

over multi backward-facing steps by giving more attention to the hydraulic jumps 

which formed downstream the steps. The effect of the grid size is tested to avoid the 

oscillation at the immediate downstream of the step and to reproduce the hydraulic 

jump in a proper way. Flow over drops “water-free-fall” also studied in terms of the 

pool behind the free-fall. The numerical simulated results are verified with 

experiments conducted by the author. 

In chapter three, study of flow over backward-facing steps is extended with 

more emphasis on the flow features such as shockwaves and hydraulic jump 

downstream the step, which shaped due to the abrupt changes in the flow cross section. 

A depth-averaged two-dimensional numerical model for unsteady flow in open 

channel is established using the finite volume method on a curvilinear grid. The 

shockwaves generated downstream the step can be represented clearly by using this 

model. The backwater effect due to the increase of the water depth downstream the 

step is also considered. Flow under partially-submerged and fully-submerged steps is 
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also studied experimentally and numerically. The depth of the supercritical stream 

immediately downstream the free-over-fall is considered and verified with previous 

predicted results. 

Chapter four presents the ecological changes on the ecosystem of the Kamo 

River by studying the relation between the habitat of an endangered bird called 

Kamogawa-Chidori (Charadrius Placidus) and the sandbar formation in the immediate 

downstream of backward-facing step structures with small abrupt expansion at a few 

locations of the river course. The computational model with a two-dimensional (2D) 

simulation of flow and sediment transport was applied to the bar formations in order 

to make clear the mechanism of the sand deposition in the immediate downstream of 

step. The results can give an approximate reproduction of the sand deposition 

downstream the backward-facing steps structures in the Kamo River. 

Chapter five deals with the spatial variations of steady open channel flow 

downstream of an obstacle attached on the sidewall of a flume. Theoretical analysis is 

applied using the linearlized equations of two-dimensional shallow flows. The 

theoretical results are verified by hydraulic experiments and a two-dimensional 

numerical model executed under the hydraulic experiments. 

The reproduction of flash floods with high Froude number is concerned in 

chapter six by testing the possibility that such flows can be reproduced by using one 

depth hydrograph at one site. Linear analytical solution can be derived when the 

boundary conditions at upstream are linear functions of time. If the boundary 

conditions at upstream are quadratic functions of time, nonlinearity was taken in 

account. 

Chapter seven deals with a numerical model to simulate the flow through a 

box culvert, which represents flow during flash floods under highways in Oman. We 

firstly show the typical flow patterns with the transition from free surface flows to 

pressurized flows and overflows over a culvert, based on hydraulic experiments. Then, 

a numerical model applicable to the full/partial full pressurized flows is tested to 

simulate the typical flow patterns under the conditions of experiments. 

Chapter eight summarizes the overall results and conclusions presented in this 

research. Some recommendations of further researches are mentioned in this chapter.   
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Figure 1.1 Flowchart of the framework of the thesis. 
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Chapter 2 
 

ONE-DIMENISONAL MODELING OF FLOW OVER 
BACKWARD-FACING STEPS 

 

 

 

 

2.1 Preliminaries 
 

A free-over-fall or vertical drop from a backward-facing step is a common 

feature in both natural and artificial channels. Natural drops are formed by river 

erosion while drop structures are built in irrigation systems to reduce channel slope 

(Rajaratnam and Chamani, 1995). Investigations on drops started in early times. Some 

of the published literatures that studied the flow characteristics of drops are Moore 

(1943), White (1943), Rand (1955), Gill (1979), and Rajaratnam and Chamani (1995). 

The basic study to the hydraulics of drops was made by Moore (1943) followed by the 

discussion of White (1943). These studies were mainly focused on the energy loss at 

the base of drop. White (1943) presented in his discussion a theoretical solution for 

energy loss at drop. Empirical equations for some of the characteristics of the flow 

over the over-fall were developed by Rand (1955). 

Experimental and Numerical investigations of flow over a backward-facing 

step are widely available in the literature. For example, Denham and Patrick (1974) 

conducted experiments on laminar flow over a backward-facing step. Reattachment 

lengths and velocity profiles were measured in the study. Armaly et al. (1983) 
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provided data on separation and reattachment points, stream-wise velocity 

measurements are reported for several Reynolds numbers. 

The hydraulic jump is a basic physical phenomenon in natural rivers or open 

channel flows (Zhou and Stansby, 1999). It is shaped whenever supercritical flow 

changes to subcritical flow. During this transition, water surface rises suddenly, 

turbulent mixing occurs, surface rollers are formed and energy is dissipated. Such 

characteristics are often used for energy dissipation in hydraulic engineering (Hager, 

1992). To design a hydraulic structure in which a hydraulic jump is formed, it is 

necessary to know the location and the length of the hydraulic jump and the amount 

of energy dissipated (Gharangik and Chaudhry, 1991). To determine the jump 

location, Chow (1995) computed the water surface profiles for supercritical flows 

starting from upstream end and the subcritical flow starting from the downstream end, 

and the jump is formed at the location where the specific forces on both sides of the 

jump are equal (Gharangik and Chaudhry, 1991). 

In this chapter, flow over multi backward-facing steps is studied 

experimentally and numerically by focusing especially on the formation of the 

hydraulic jumps downstream the steps. Such phenomenon occurs due to the sudden 

change of the flow from supercritical to subcritical flow. In addition to the hydraulic 

jump, the depth of the pool behind the free-fall “PY ” is also studied in this chapter as 

illustrated in Figure 2.1. The values of PY  measured in this study are compared with 

values predicted by previous literatures.  

 

 

 

 
 
 

Figure 2.1 Definition sketch for flow over drop. 
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The one-dimensional unsteady differential equations for conservation of mass 

and momentum are solved numerically to analyze the formation of the hydraulic jump 

in a rectangular channel downstream the backward-facing steps. The effect of the grid 

size x∆ in the area downstream the step is considered in order to represent the location 

of the hydraulic jumps clearly and to study the effect of the numerical oscillation on 

the water depth at the direct downstream of the step. Three values of x∆ were used 

during the simulation processes are m05.0 , m01.0  and m005.0 . The experimental 

results are presented, and the computed results under different grid sizes are verified 

by comparing them with the observed data. 

 

2.2 Laboratory Tests  
 

The hydraulic experiments were conducted using a horizontal glass 

rectangular flume having two backward-facing steps. The flume is 300 cm long, 10 

cm wide and 10 cm step height as shown in Figure 2.2. The flume is equipped with a 

gate to control the tailwater depth. A pump lift the water from underground sump to a 

tank connected with the flume inlet. Water runs through the flume then returns back to 

a sump tank. The hydraulic variables for the laboratory tests are illustrated in Table 

2.1. 

 
 

Table 2.1 Hydraulic parameters in the laboratory tests.   
Remarks Run H 

(cm) 
L 

(cm) 
B 

(cm) 
Q 

(cm3/s) 
hu/s 

(cm) 
hd/s 

(cm) 
T 

(℃℃℃℃) 
GH 
(cm) Step1 Step2 

1 10 300 10 333.5 1.5 1.42 22.4 0 FWF  FWF  
2 10 300 10 333.5 1.5 11.36 22.4 10 FWF  FSS  
3 10 300 10 333.5 1.5 16.14 22.4 15 PSS  FSS  
 

where H : step height; L : length of flow domain; B : channel width; Q : discharge; 

suh : water depth at the upstream end of step1; sdh : water depth at the downstream 

end of step2; T : water temperature; GH : gate height; FWF : free-water-fall; PSS : 

partially-submerged step; FSS : fully-submerged step. 
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Figure 2.2 Schematic view of the experimental installation. 
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As shown from Table 2.1 and Figure 2.2, the flume contains two steps with a 

distance equal 100 cm in between them. The slope in the flume was set to be zero. 

Three cases are considered during the experiments depending on the water surface 

elevation around the step. In Run 1, the flow over the step is free-fall in step1 and 

step2. By increasing the gate height at the downstream end of step2 in Run 2 and Run 

3, step2 in both Run 2 and Run 3 is fully-submerged of water, while the flow in step1 

is free-water-fall for Run 2 and partially-submerged for Run 3. 

 
2.3 Experiment Results 

 

2.3.1 Surface Water Variation 
 
 

The laboratory experimental results are shown in Figure 2.3, while the surface 

water variations along the centerline of the flume are shown in Figure 2.4. Three types 

of flow over backward-facing steps are taken places depending on the downstream 

conditions. 

The flow conditions in the three cases are almost same. The water depth at the 

downstream end is adjusted by a moveable gate. The first case (Run 1) was carried 

out under zero gate height. The gate height in the Run 2 is 10 cm which allowed 

backwater to take place, which make step2 is fully-submerged with water, while there 

is free-water-fall over step1. By increasing the gate height further as in Run 3, the 

backwater affected step1 and become partially-submerged. 

As was shown in Figure 2.3 and Figure 2.4, there is a hydraulic jump 

generated downstream step1 for both Run 1 and Run 2, which occurred due to the 

sudden change in the flow condition from supercritical flow to subcritical flow. In 

Run 1, the hydraulic jump is formed at a distance faraway from the over-falling jet. 

However, in the case of Run 2, it is affected by the backwater and moved to the 

upstream direction close to the over-falling jet. 
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(a) Run 1 
 

 
 

(b) Run 2 
 

 
 

(c) Run 3 
 

 
Figure 2.3 Laboratory experiment results. 
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(b) Run 2 
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(c) Run 3 
 

Figure 2.4 Surface water variations along centerline. 
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2.3.2 Flow Characteristics at Drop 
 
 

Since we are dealing with a transparent glass flume, we found it is a good idea 

to consider the height of water in the pool behind the over-falling jet “ PY ” in order to 

analyze some flow characteristics at drop. The depth of the pool behind the over-

falling jet can affect on the pressure of the pool, which can have some influence on 

the location of the hydraulic jump. The experimental value of “ PY ” measured in Run 

1 is compared with the values predicted by another five authors. The equations used 

by these authors are shown as follow: 

[Moore (1943): Analytical solution] 

32
1

2

1 −+







=

Y

Y

Y

Y

Y

Y c

cc

P  (2.1) 

[Rand (1955): Model data 0.045< HYc <1] 

66.0








=
H

Y

H

Y cP  (2.2) 

[Gill (1979): Model data 0.075< HYc <0.45] 

697.0

0016.0067.1 






 −=
H

Y

H

Y cP  (2.3) 

[Rajaratnam and Chamani (1995): Solution of nonlinear equations] 

719.0

107.1 






=
H

Y

H

Y cP  (2.4) 

[Chanson (1995): Analytical solution] 

675.0

998.0 






=
H

Y

H

Y cP  (2.5) 

 

where H  is the step height; cY  is the critical depth and 1Y  is the water depth at the 

immediate downstream of the free-fall. 

The results in Figure (2.5) show that the experimental value of PY matches 

with other measured and calculated values, and it is very close to the analytical value 

predicted by Moore (1943) and Chanson (1995). 
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Figure 2.5 Comparison between predicted and experimental values of PY . 
 
 
 

 
2.4 Numerical Model 

 

2.4.1 Governing Equations 
 

A one-dimensional numerical model in the Cartesian coordinate system is 

developed in for simulating unsteady open channel flow in order to represent the 

formation of the hydraulic jump (Figure 2.6). The model is based on the finite volume 

method. The governing equations used in the model are as follow: 

[Continuity equation] 

0=
∂
∂+

∂
∂

x

Q

t

A
 (2.6) 

[Momentum equation] 

x

Au

gR
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z
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x

uQ

t

Q bxs

∂
−∂+−=

∂
∂+

∂
∂+

∂
∂ 2'

ρ
τ

 (2.7) 

whereQ: discharge; A : cross sectional area; u : cross sectional average velocity; sz : 

water surface elevation from the datum plane; g : gravity acceleration; R : hydraulic 

radius; bxτ : x -components of bottom shear stress vectors; 'u : turbulent fluctuations; 

ρ : density of fluid; t : time; x : spatial coordinate. 
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Figure 2.6 Explanation of symbols and coordinate system. 
 
 

 The last term in the right side of the momentum equation is the momentum 

transport term cause by turbulent velocities and is normally neglected. The bottom 

shear stress is evaluated by the Manning’s formula. 

31

2

R

uugn
bx =
ρ

τ
 (2.8) 

where n : Manning roughness coefficient. 

 

2.4.2 Discretization of Governing Equations 

 

The governing equations given in section 2.4.1 are discretized by the finite 

volume method. First upwind scheme is used for time integration. The definition of 

the location of the hydraulic variables used in the calculation is shown in Figure 2.7, 

in which velocity and discharge are defined at the cell boundaries and water depth is 

defined at the middle of the cell. The flow domain is divided into the grid cells by 

planes parallel to the coordinate axes. 

 

 

 
 

Figure 2.7 Location of hydraulic variables. 
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The typical discrete form for the continuity and momentum equation which 

satisfies the flux conservation and based on finite volume method is shown below: 
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where superscripts n and n+1 denote current and next time step, respectively. 

A hydraulic jump can be simulated by solving Eq. (2.9) and (2.10) subjected to the 

appropriate boundary conditions. We assume the open channel flow in a uniform 

rectangular section, and discharge is given at the upstream end and water depth is 

given at the downstream end as boundary conditions. In this regard, the depth at the 

downstream nh  is given as the same value of depth1−nh . By starting with the specific 

initial conditions, the solution of these equations is continued until a steady state is 

reached. When the flow reached to the steady state, water depth instantaneously 

increases tonh . Therefore, the jump traveled from the downstream end toward the 

upstream end and then moved back until it was stabilized in one location.  

 
 

2.5 Verification of Results 
 
 

In the experimental investigations, it is almost impossible to precisely measure 

the water surface profile in the jump due to the high fluctuation. Therefore, comparing 

the observed shape of the jump with the calculated shape is not so accurate. In 

addition, uncertainty is introduced in the computed results by the oscillations 

downstream of the jump. It is known that numerical oscillation occurs around 

hydraulic bore in spite that the first upwind scheme is applied to the convective inertia 

term. These oscillations are introduced by the inherent limitations of the numerical 

schemes and are not a true representation of the physical phenomenon being 

simulated. 

Figure 2.8 shows the variation of water depth at the centerline for both the 

observed and the calculated results under mx 005.0=∆ . In Run 1, the calculated water 
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surface almost fits with the measured one except on the location of the hydraulic jump. 

The jump obtained by the model is located slightly upstream of the location of the 

observed jump.  

Although, the location of the hydraulic jump downstream step1 in Run 2 is a 

slightly different than the observed one, the rest of the streamline upstream and 

downstream the jump has a good fitting with the measured flow patterns. In Run 3, 

due to the experimental fluctuation in the water surface downstream a partially-

submerged step, rather than the numerical oscillation, there is slightly different 

between the flows patterns between calculated and measured water surface profile at 

the immediate downstream the step. However, faraway from the step, the matching is 

reasonably accepted. 

One very important parameter in the simulation of a hydraulic jump is the size 

of the spatial grid, x∆ (Gharangik and Chaudhry, 1991). In this study three values of 

x∆  are tested, m05.0 , m01.0  and m005.0 . Figure 2.9 illustrate the results for 

simulating the three cases of flow under the three grid sizes. In Run 1, even there is no 

significant difference between the flow patterns using the three spatial grid sizes, 

using mx 01.0=∆  and mx 005.0=∆  gave a slightly clear representative of the jump 

downstream step1.  

When the values of mx 05.0=∆  and mx 01.0=∆  are used in simulating Run 

2, the water surface is almost same. However, by reducing x∆ to m005.0 , the 

reproduction of the hydraulic jump is much clear and the location of the jump moved 

upstream the location of using larger grid sizes. This is because the difference 

between mx 005.0=∆  and the other two grid sizes is very big compare to the 

difference between the other values. Such difference in the spatial grid sizes affected 

on the location of the critical depth at the vertical drop, which as a result can effect on 

the location of the hydraulic jump. 

Although numerical oscillation  occurs during the simulation process of Run 3 

for the three grid sizes, the results are improved and the hydraulic jump is obviously 

illustrative by decreasing the grid size to mx 01.0=∆ and mx 005.0=∆ . Such 

oscillation can be smoothed by introducing artificial viscosity and using high order 

convection schemes. 
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(a) Run 1 
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(b) Run 2 
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(c) Run 3 
 

Figure 2.8 A verification of water depth at the centerline of both experimental and 
numerical results, 005.0=∆x m. 
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(b) Run 2 
 

0

0.05

0.1

0.15

0.2

0.25

0 0.5 1 1.5 2 2.5 3

x (m)

h 
(m

)

zb

zs_Sim._dx=0.005m

zs_Sim._dx=0.01m

zs_Sim._dx=0.05m

 
 

(c) Run 3 
 

Figure 2.9 A verification of water depth at the centerline of numerical results for 
different grid sizes. 
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2.6 Summary 
 
 

In this chapter, a one-dimensional numerical model is applied for a channel 

which contains two backward-facing steps under the experimental conditions. Three 

cases are considered with free-fall, partly-submerged and fully-submerged steps. The 

numerical analysis focused on the flow feature downstream the step especially the 

formation of the hydraulic jump. Such flow features occurred because of the sudden 

change in the geometry of the channel due to the existence of the backward-facing 

step. The model used has ability to reproduce such phenomenon. The effect of the 

grid size is considered in order to avoid the oscillation at the immediate downstream 

of the step and to reproduce the hydraulic jump in a proper way. The results were 

compared to the observed results and they were significantly improved when the grid 

size is reduced 

In general, the experimental flow patterns including the hydraulic jump can be 

well simulated by using this model. Hydraulic jump can be represented much clear by 

using smaller grid sizes. 

The height of water behind the over-falling jet PY  is emphasized 

experimentally. The experimental value of PY  match properly with values predicted 

by previous authors and has a very close value to the analytical value predicted by 

Moore (1943) and Chanson (1995). 

 



 
 
 
 
 
 
 
 
 
 
Chapter 3 
 

DEPTH-AVERAGED MODELING OF FLOW OVER A 
BACKWARD-FACING STEP 
 

 

 

 

 

3.1 Preliminaries 

 

In the previous chapter, a one-dimensional numerical model in Cartesian 

coordinate system is developed and applied under experimental conditions of flow 

over multi backward-facing steps. In this chapter, study of flow over backward-facing 

steps is extended with more emphasis on the flow features such as shockwaves and 

hydraulic jump downstream the step, which shaped due to the abrupt changes in the 

flow cross section. A depth-averaged two-dimensional numerical model for unsteady 

flow in open channel is established using the finite volume method on a curvilinear 

grid. The two-dimensional basic governing shallow water equations used in the 

generalized curvilinear coordinate system are solved. The numerical model is applied 

to experimental conditions for a wooden flume including a single backward-facing 

step with abrupt expansions at the immediate downstream of the step. 

Separated flows produced by an abrupt change in geometry are of great 

importance in many engineering applications (Barkley et al. 2002). Among the 

various flow geometries, the two-dimensional backward-facing step has a simple 

geometry to present flow separation and reattachment phenomena. There are several 

investigations of flow over a backward-facing step available in the literature. For 
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example, Denham and Patrick (1974) conducted experiments on laminar flow over a 

backward-facing step. Reattachment lengths and velocity profiles were measured in 

the study. Armaly et al. (1983) provided data on separation and reattachment points, 

stream-wise velocity measurements are reported for several Reynolds numbers. Ghia 

et al. (1989) computed two-dimensional solutions of the backward-facing step flow 

throughout the laminar regime and found a good agreement with the two-dimensional 

flows observed by Armaly et al. (1983). 

Diffraction of Shockwave behind a backward-facing step is one of the 

fundamental topics in shockwave dynamics and studied extensively by many 

researchers (Ohyagi et al. 2002). Carling (1995) reported the direct observation of the 

development of a hydraulic jump during flood flow. He proved experimentally that 

the V-shaped wave can be generated by the sudden flow expansions. Ohyagi et al. 

(2002) studied the phenomenon of shockwaves behind a backward-facing step 

experimentally in a tube by using high-speed photography as well as pressure 

measurements on the sidewall of the channel. They studied the relation between the 

pressure and the location of the wave under different pressure magnitude. Talking 

about recent studies, Puay and Hosoda (2009) studied theoretically, experimentally 

and numerically the generation of the shockwaves due to the abrupt expansion of 

supercritical flow without existing of step. 

When the flow is subjected to sudden transition due to sudden change in the 

geometry of the channel, abrupt expansion flow occurs. Such scenario is clearly 

observed in the Kamo River. Most of the backward-facing step structures have a 

sudden expansion as shown in Figure 3.1. This figure shows clearly the formation of 

the oblique shockwaves from both sides of the channel, and the hydraulic jump at the 

middle of the channel. In this chapter, abrupt expansion flow which occurs at the 

immediate downstream of the step is studied by giving focus to the development of 

the V-shaped oblique shockwaves downstream the step. The two-dimensional 

unsteady differential equations for conservation of mass and momentum are solved. 

Results are reported and compared with experiments for which the flow maintained its 

two-dimensionality in the experiments. Under these circumstances, a good agreement 

between experimental and numerical results is obtained. These results can represent 

the flow patterns downstream a backward-facing step in the Kamo River. 
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Figure 3.1 Abrupt expansion of flow downstream a step in the Kamo River. 
 

 

The flow characteristics of the water free-fall drop are studied in the previous 

chapter by considering the water depth of the pool behind the free-fall “PY ”. In this 

chapter, the features of the flow at drops is continued to be considered by focusing on 

the depth of the supercritical stream immediately downstream the step “1Y ” as shown 

in Figure 3.2. The observed and calculated results are compared with values of “1Y ” 

predicted by previous authors. 

 

 

 
 
 

Figure 3.2 Definition sketch for1Y . 
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3.2 Laboratory Tests  

 

The laboratory tests were carried out in the River and Urban Hydraulic 

Laboratory at Kyoto University. A schematic view of the experimental setup is shown 

in Figure 3.3 and Figure 3.4. 

Water levels were measured at different points in the flow domain using point-

gauge instrument. The length of the flow domain, cmL 250=  and the channel width, 

cmB 91= . The grid size used in the flume is )55( cmxcm . The hydraulic variables 

for the laboratory test are illustrated in Table 3.1. In these experiments the 

measurements were conducted for cm20  and cm10  step height. 

As shown from Table 1, the experiments are carried out to analyze both free-

water-fall and flow with submerged step in order to study the backwater effect on the 

upstream part of the step. 

 

 

Table 3.1 Hydraulic variables in the experiments. 
 

Run H 
(cm) 

L 
(cm) 

B 
(cm) 

Q 
(cm3/s) 

hu/s 
(cm) 

hd/s 
(cm) 

T 
(℃) 

GH 
(cm) 

Remarks 

1 20 250 91 9470 2.55 2.67 16.5 0 FWF 
2 20 250 91 9470 2.55 3.44 17.0 1.5 FWF 
3 10 250 91 11150 3.05 1.88 20.6 0 FWF 
4 10 250 91 9150 1.90 10.76 11.9 7 SS 
5 10 250 91 9150 3.42 13.58 12 10 SS 
6 10 250 91 9150 7.59 17.26 11.9 14 SS 

 

where H = step height; L = length of flow domain; B = channel width upstream the 

step and  after 60 cm faraway from the downstream of the step; Q = discharge; hu/s = 

upstream water depth; hd/s = downstream water depth; T = water temperature; GH = 

gate height located at the downstream end; FWF = free-water-fall; SS = submerged-

step. 
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Figure 3.3 Schematic view of the experimental installation. 
 
 
 
 
 

 
 
 

Figure 3.4 Laboratory experiment setup. 
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3.3 Experiment Results 
 
 

The laboratory experimental results for free-water-fall condition and 

submerge-step condition are shown in Figure 3.5, while the surface-contours are 

plotted in Figure 3.6. From these two figures, the abrupt expansion of flow 

downstream the step is shown clearly with the formation of the shockwaves. The 

hydraulic jump is developed immediately after the meeting point of the shockwaves. 

Figure 3.7 presents the water depth variation along the centerline, where the hydraulic 

jump is clearly represented in the cases of free-fall conditions. 

 
 

(a) Water-free-fall condition (Run 1). 
 

 
 

(b) Submerged step condition (Run 4). 
 

Figure 3.5 Laboratory experiment results. 
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(a) Run 1 

 
 

(b) Run 2 

 
 

(c) Run 3 
 

Figure 3.6 Surface contours of laboratory experiments results. 
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(b) Run 2 
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(c) Run 3 
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(d) Run 4 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 0.5 1 1.5 2 2.5

x (m)

h 
(m

)

zb

zs_exp.

 
 

(e) Run 5 
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(f) Run 6 
 

 
Figure 3.7 Surface water variations along centerline. 
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3.4 Numerical Model 

 
 

Depth-averaged equations are used for the description of flow. Referring to the 

coordinate system shown in Figure 3.8, depth-averaged continuity and momentum 

equations in the Cartesian coordinate are described as follow: 

[Continuity Equation] 
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[Momentum Equations] 
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(In the y -direction) 
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 (3.3) 

where t : time; (x , y ): Cartesian coordinates; (u , v ): x , y  components of depth-

averaged velocity vectors; (M , N ): x , y components of discharge flux vectors 

( ), vhNuhM ≡≡ ; g : gravity acceleration; h : depth; ρ : density of fluids; sz : water 

surface elevation from the datum plane; (bxτ , byτ ): x , y  components of bottom shear 

stress vectors; 2u′− , vu ′′− , 2v′− : components of depth-averaged Reynolds stress 

tensors.  

 

The depth-averaged Reynolds stress tensors can be evaluated by the empirical 

formulas. 
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2
*huDh α= , (α : constant) (3.7) 

where hD : eddy viscosity; k : depth-average turbulent kinetic energy; *u : friction 

velocity; (
ρ
τ=*u ;τ : the magnitude of the bottom shear stresses).  

The depth-averaged turbulent kinetic energyk  is also evaluated by the 

following empirical formula. 

2
*07.2 uk =  (3.8) 

The bottom shear stresses are evaluated by the Manning’s formula. 

3
1

222

h

vuugn
bx

+= ρτ , 
3

1

222

h

vuvgn
by

+= ρτ  (3.9) 

 where n : Manning’s roughness coefficient. 

 

 

 

 

 
 
 

Figure 3.8 Coordinate system for depth-averaged flow. 
 

 
 

Eqs. (3.1)-(3.3) are transformed in a generalized curvilinear coordinate (ξ ,η ) 

using the following formulas: 
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[Continuity Equation] 
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[Momentum Equations] 
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where ( xξ , xη , yξ , yη ): metrics coordinate transformation; J , Jacobian; (U ,V ): 

contravariant components of velocity vectors. 

ξηηξ yxyx
J

−
= 1

 (3.13) 

,vuU yx ξξ += vuV yx ηη +=  (3.14) 

where ( xξ , xη , yξ , yη ) are related to (ξx , ηx , ξy , ηy ) by eq.(3.15). 

ηξ Jyx = , ηξ Jxy −= , ξη Jyx −= , , ξη Jxy =  (3.15) 

The following formula is also used to derive Eqs.(3.10)-(3.12). 
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In order to make the basic equations for computation compatible with finite 

volume method or central volume method, Eq. (3.11) and Eq. (3.12) are transformed 

into the equations in which the contravariant components of velocity vectors are used 

as unknown variables by multiplying the two equations on xξ  and xη  respectively. 

The momentum equations can be written as: 
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(In the ξ -direction) 

( ) ( ) ( )
( ) ( ) ( )hvu

J
hvu

J
hv

J

hv
J

hu
J

hu
J

J

z

J

z

J
gh

VU
J

N
VU

J

M

J

VQ

J

UQ

J

Q

t

yxxyyxy

xxx

bsyyxxsyx

yyxx

y

''
2

''

 

2'

'2

2

2'2'
2

22

−
∂
∂+−

∂
∂+

+−
∂
∂+

−
∂
∂+−

∂
∂+−

∂
∂+

−











∂
∂+

+
∂
∂+

−=










∂
∂

+
∂
∂

−








∂
∂+

∂
∂−










∂
∂+









∂
∂+









∂
∂

ξ
ξξ

η
ηξηξ

η
η

ξ
ξ

η
ηξ

ξ
ξ

ρ
τ

η
ηξηξ

ξ
ξξ

η
ξ

ξ
ξ

η
ξ

ξ
ξ

ηξ

ξ

ξξξ

 (3.17) 

  

(In the η -direction)  
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 (3.18) 

where ( ξQ , ηQ ): contravariant components of discharge flux vectors, ( ξτ b , ητ b ): 

contravariant components of bottom shear stress vectors. 

NMQNMQ yxyx ηηξξ ηξ +=+= ,  (3.19) 

byybxxbbyybxxb τητηττξτξτ ηξ +=+= ,  (3.20) 

 

Eq. (3.10), Eq. (3.17) and Eq. (3.18) are the depth-averaged continuity and 

momentum equations in a generalized coordinate (ξ ,η ) were used as governing 

equations. 
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The basic equations are discretized into finite difference forms, using finite 

volume method. For the time integration of the equations, the Adams-Bashforth 

method with second-order accuracy is employed. For all the cases that are simulated 

using this model, cm5.2  mesh size is used in both ξ - direction and η - direction. The 

definition for the locations of the hydraulic variables used in the calculation is shown 

in Figure 3.9. 

 

 

 

 

 

 
 
 
 

Figure 3.9 Defined locations of variables. 
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3.5 Verification of Results 
 

3.5.1 Surface Water Variation 
 
 

The numerical simulation results are plotted in the form of surface contour as 

shown in Figure 3.10. When the flow passes through the backward-facing step and 

due to the sudden expansion in the channel downstream the step, the flow direction is 

subjected to change. The direction of the flow represented clearly by the velocity 

vectors and the magnitude of the velocity. Figure 3.11 shows the variation of water 

depth along the centerline for both the observed and the calculated results. For the 

cases of water-free-fall, the numerical model is capable to reproduce the magnitude 

and the location of the hydraulic jump downstream the step as shown in Figure 3.11(a, 

b and c). The shockwaves observed in the experiments are characterized numerically 

for Run 1, 2 and 3. The results are compared closely with video records taken during 

the experiments. 

In Run 4, high experimental fluctuation occurs which caused unstable water 

surface downstream the step. Since that the point-gauge instrument is used in the 

measurement of the water depth, the uncertainty is introduced in the experimental 

investigation with high experimental error. In addition to the numerical oscillation 

which occurred during the simulation processes. Therefore, this is believed that the 

comparison between the observed flow patterns and the calculated results has low 

accuracy. However, faraway from the step, the numerical water surface elevation can 

be verified with the measured one with a reasonable accepted matching. 

For the fully-submerged step conditions (Run 5 and Run 6), the numerical 

results have a good agreement with the experimental results. 
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(a) Run 1 
 

 
 

(b) Run 2 
 

 
 

(c) Run 3 
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(d) Run 4 
 

 
 

(e) Run 5 
 

 
 

(f) Run 6 
 

Figure 3.10 Surface contours of numerical results. 
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(a) Run 1 
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(b) Run 2 
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(c) Run 3 
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(d) Run 4 
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(e) Run 5 
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(f) Run 6 
 
Figure 3.11 Verification of water depth at the centerline for both experimental and 
numerical results. 
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3.5.2 Flow Characteristics at Drops 
 

The flow depth of the supercritical stream at the immediate downstream of the 

step “ 1Y ” (Figure 3.1) was measured and calculated for the cases with free-fall 

conditions in Run 1, Run 2 and Run 3. The obtained values are compared with values 

mentioned in the literature obtained by White (1943), Rand (1955) and Chanson 

(1995) using the below equation: 

 

[White (1943): Analytical solution] 

2
3

2

5.1

21

++
=

c

c

Y

HY

Y
 

(3.21) 

 

[Rand (1955): Model data 0.045< HYc <1] 

275.1

1 54.0 






=
H

Y

H

Y c  (3.22) 

 

[Chanson (1995): Analytical solution] 

326.1

1 625.0 






=
H

Y

H

Y c  (3.23) 

where H is the step height and cY is the critical depth. 

 

Figure 3.12 shows that the calculated value of “1Y ” in Run 1, 2 and 3, which 

appears in blue color, has a good fitting with values predicted by the other authors. 

However, the observed value (pink color) is mostly higher than predicted ones 

especially in Run 1 and Run 3. This is because pressure distribution in the pool behind 

the step was assumed to be hydrostatic, rather than the shear stress along the bed of 

the pool was neglected, and this might contribute to the difference between predicted 

and measured values.  
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Figure 3.12 Comparison between predicted and experimental values of 1Y . 
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3.6 Summary 
 
 

In this chapter, the fundamental study of the flow subjected to sudden change 

in the geometry of the channel due the existence of a single backward-facing step and 

the abrupt expansion immediately downstream the step, is analyzed experimentally 

and numerically. A depth-averaged two-dimensional numerical model for unsteady 

flow in open channel is applied in a curvilinear grid. The shockwaves generated 

downstream the step can be represented clearly by using this model. 

The backwater effect due to the increase of the water depth downstream the 

step is also considered. Flows under partially-submerged and fully-submerged steps 

were also studied experimentally and numerically. The current model gave results 

which can fit with observed ones in case of fully-submerged steps. However, due to 

the oscillation that occur at the downstream of the step, the simulated results for the 

partially-submerged step can’t represent properly the experimental results. 

A part of the free-over-fall characteristics is considered in this chapter by 

giving some focus to the depth of the supercritical stream immediately downstream 

the free-over-fall. The two-dimensional numerical model used in this study presents 

good results which fit well with previous predicted results. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 
 

SANDBAR FORMATION AND ITS ECOLOGICAL 
EFFECTS IN THE KAMO RIVER 
 
 

 

 

 

 

4.1 Preliminaries  
 
 

This chapter focuses on the global bar patterns in the Kamo River in addition 

to the deposition in the immediate downstream of backward-facing step structures. 

We spotlighted on the ecological changes on the ecosystem of the Kamo River by 

studying  the relation between the habitat of an endangered bird called Kamogawa-

Chidori (Charadrius placidus) and the sandbar formation in the immediate 

downstream of backward-facing step structures with small abrupt expansion at a few 

locations of the river course. The computational model with two-dimensional (2D) 

simulation of flow and sediment transport was applied to the bar formations in order 

to make clear the mechanism of the sand deposition in the immediate downstream of 

step. The finite volume method in a curvilinear grid was used in the calculations. The 

two-dimensional shallow water equations are solved with adoption to an equilibrium 

approach for bed-load sediment transport. 

Sediment transport modeling started in the 1950s and has been extensively 

developed and widely applied to real life engineering since the 1970s (Wu, 2004). 

Several successful one-dimensional models (Han 1980; Chang 1982; Thomas 1982; 

Holly and Rahuel 1990; Wu and Vieiria 2002) have been established to calculate the 
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long-term channel deposition and erosion under quasi-steady and unsteady flow 

conditions. Two-dimensional and three-dimensional sediment transport models have 

also been established to simulate sediment transport in open channel flow. Examples 

of these previous studies are: Shimizu et al. (1990); Spasojevic and Holly (1990); 

Nagata et al. (2000); Wu (2004) and others. These models simulate suspended load 

transport and bed-load transport. 

The sediment transport model described in this chapter adopts the equilibrium 

transport approach for bed-load. Since that flow and sediment always interact with 

each other, the model is concern to simulate the flow and sediment transport equations 

simultaneously. It is applied to the flow properties of the Kamo River in order to 

predict river flow patterns, bed deformation and plan form variations including the 

creation of the sandbars at the downstream of the backward-facing steps and along the 

flow patterns. The model also applied under experimental conditions conducted in the 

River and Urban Hydraulic Laboratory at Kyoto University. 

 

4.2 Numerical Model 

4.2.1 Governing Equations  

 

The depth-averaged continuity and momentum equations in a generalized 

curvilinear coordinate ),( ηξ  were used as governing equations. The equations are 

described as follow: 

[Continuity Equation] 
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[Momentum Equations] 

(In the ξ -direction) 
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 (In the η -direction)  
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 (4.3) 

where t : time; ),( yx : Cartesian coordinates; ),(ηξ : boundary fitted-coordinate; h : 

flow depth; (M , N ): x , y components of discharge flux vectors ( ), vhNuhM ≡≡ ; 

g : gravity acceleration; ρ : density of fluids; sz : water surface elevation from the 

datum plane; )τ,(τ ηξ
bb : contravariant components of bottom shear stress vectors; 

( 2u′− , vu ′′− , 2v′− ): components of depth-averaged Reynolds stress tensors; 

( xξ , xη , yξ , yη ): metrics coordinate transformation; J : Jacobian; (U , V ): 

contravariant components of velocity vectors. 

In the sediment motion model, only bed-load transport is considered and it is 

assumed that grain sorting effects are negligible. The bed-load flux in the stream-wise 

and transversal direction is evaluated by the following formulae by Meyer-Peter and 

Mullar (1948) and Hasegawa (1981), respectively. 
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where *τ : non-dimensional tractive force acting on the bed; c*τ : non-dimensional 

critical tractive force acting on the bed; sbu  and nbu : s  (stream-wise) and n  

(transversal) components of velocity near the bed; and sµ  and nµ : coefficients of 

static and kinematic friction of riverbed. 

The velocity nbu near the bed due to the secondary currents is calculated in the 

following equation. 

sbnb u
r

h
Nu *−=  (4.6) 

where r : radius of curvature of the streamline and *N : coefficient of the strength of 

the secondary flow (constant). 

 The non-dimensional tractive force,*τ  in Eq. (4.4) and Eq. (4.5) is given by 

ms

f

gd

vuC
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)( 22

* −
+
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ρρ

τ  (4.7) 

where fC : bed friction coefficient; sρ : density of the bed material and md : mean 

diameter of bed material. 

The temporal variation of bed elevation is calculated by Eq. (4.8), after the bed 

load fluxes (Eq. (4.4) and Eq. (4.5)) are transformed to the ones in the generalized 

curvilinear coordinates. 

[Sediment Continuity Equation] 
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where ηξ
bb qq , : bed-load transport rate components in ),( ηξ directions respectively; 

δ : porosity of the bed material 
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4.2.2 Computational Conditions 

 

The water flow and bed deformation are computed using the above governing 

equations which are Eq. (4.1), (4.2), (4.3) and (4.8). The first three equations are used 

to calculate the water flow, while the fourth one is to study the sediment transport in 

both ),( ηξ directions. Time dependent channel bed deformation is calculated by 

iteration method by using continuity equation of bed-load sediment transport. The 

computation procedure is used to calculate the change in flow fields and the channel 

configuration with time at infinitesimal intervals up to the stability conditions. Firstly, 

the water flow field in the channel is calculated. Then, the sediment transport rate and 

riverbed deformation are computed. After that, erosion and sediment deposition are 

determined. When the erosion and deposition process occurred, the shape of the 

channel is computed. The calculation is repeated for the next computational time step. 

The numerical model is applied to the flow properties of the Kamo River and 

laboratory experimental conditions. It is used to predict river flow patterns, bed 

deformation and plan form variations including the creation of the sandbars at the 

downstream of the backward-facing steps and along the flow patterns. Numerical 

simulation with the basic equations in a generalized curvilinear coordinate mentioned 

above is done under the hydraulic conditions listed in Table 4.1.  

The length of the computational domain of Run 1 is divided into two parts: 

1. 1000 m upstream the joint between the Kamo River and the Takano River; 

2. 3000 m downstream the intersection point between the two rivers along the Kamo 

River. 

In Run 2, the length of the computational domain is 300 m along the Kamo 

River, while the numerical simulation in Run 3 is conducted under hydraulic 

experiment with a length of the flow domain is equal 4 m. 
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Table 4.1 Hydraulic computational conditions. 
 

Run Q (m3/s) hd (m) ∆t (s) 

1 120 & 160 1.8 0.005 

2 300 1.8 0.00005 

3 0.0085 0.022 0.0001 

 

where Q : flow rate; dh : water depth at downstream end; t∆ : time increment. 

 

 

4.3 Alternate Sandbar Formation  
 

Under suitable conditions of slope flow and sediment discharge, a straight 

channel evolves into pattern of alternate bars, where the flow is alternately deflected 

from one bank towards the opposite one (Carrasco-Milian et al. 2009). This process 

leads to the accumulation of sediment of one bank and the erosion on the other bank 

due to the flow direction caused by the point-bars erosion and deposition, which can 

cause flood damage in floodplain and urbanized area. Until recently, alternate bar 

formation was indeed deemed the inherent mechanism for the meandering of alluvial 

rivers (Leopolod and Wolman 1957; Callander 1969; Jaeggi 1984; Carrasco-Milian et 

al. 2009).  

Many researches were studied on the alternate bars in a channel with fixed 

banks. Parker (1976) conducted alternate bars theoretically, while Shimizu and 

Itakura (1989); Nagata et al. (2000); Wongsa and Shimizu (2006) studied this 

phenomenon using numerical models. Nagata et al. (2000) studied the relation 

between alternate bar and bank erosion associated with channel meandering. They 

proved that bank erosion occurs at the opposite side of each alternate bar. 

The Kamo River is one of the main urban rivers, which runs in Kyoto City. The 

source of this river is Sajikigatake Mountain in the northern ward of Kyoto City. The 

Kamo River joins the Takano River at an area called “Demachiyanagi” as shown in 

Figure 4.1.  
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As reported in (Matsushima et al. 2007), a severe flooding disaster occurred in 

this river in 1935. A series of river works were implemented in the river. These works 

include straightening and deepening of the river channel, laying of concrete banking, 

laying of artificial river beds and a serious of weirs (Matsushima et al. 2007), 

widening of the channel and the construction of backward-facing step structures. Such 

like these improvement works decreased the tractive force to transport the sediments 

of riverbed, which leads to sandbar formation in many places on the river, as shown in 

Figure 4.2. 

In order to simulate the alternate sandbar patterns in the Kamo River, the 

numerical model mentioned above is applied to the hydraulic computational 

conditions (Run 1, Table 4.1). The two values of discharge ( 120=Q m3/s & 160=Q  

m3/s) represent the flow rates of the Takano River and the Kamo River respectively. 

These values of discharges are predicted by bank-full discharge, which is considered 

as one of the main factors to affect riverbed topography based on Yamamoto (1994). 

Figure 4.3 illustrates temporal changes in the bed of the channel at several times 

for a length of about 4000 m at the join between the Kamo River and the Takano 

River. An enlargement of the area in between 1000=x  m and 4000=x  m is shown 

in Figure 4.4. Due to the changes in the cross sectional forms, the meandering of the 

channel and the temporal changes in the distribution of tractive forces, alternate point-

bars existed at the meander bends of the channel were developed. Alternate bars also 

appeared downstream the lower channels and complicated bars developed due to the 

flow direction around the bars. As can be seen from the results (Figure 4.4), the 

proposed model reasonably succeeded to reproduce a part of the alternate sandbar 

deposition in the Kamo River. 

 

 

 

 

 

 

 

 



 
 
SANDBAR FORMATION AND ITS ECOLOGICAL EFFECTS IN THE KAMO RIVER   

CHAPTER 4                                                                                                                                       
 

 52

 

 

 

 

 

Takano River

Kamo River

Kamo River

 
 

Figure 4.1 The Kamo River joins the Takano River at Demachiyanagi Area. 
 
 
 
 

 
 

Figure 4.2 Existing of alternate sandbars in the Kamo River. 
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(d) hrt 144=  

 
 

Figure 4.3 Bed deformations at various times in Run 1. 
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(d) hrt 144=  

 
 

Figure 4.4 Alternate bar patterns in the flow domain of the Kamo River. 
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4.4 Sandbar Formation in the Immediate Downstream A Step 
 

4.4.1 Experimental Results 

 

A physical experiment is carried out in the same flume described in chapter 3. 

The hydraulic condition of the experiment is illustrated in Table 4.2. 

 

Table 4.2 Hydraulic conditions of the experiment. 
 

L (cm) B (cm) Q (cm3/s) hu (cm) hd (cm) T (℃) 

250 91 4051 3.4 1.8 16.5 

 

where L: length of flow domain; B: channel width; Q: discharge; hu, hd: upstream and 

downstream water level respectively; T: water temperature. 

 

In order to study the sediment transport over a backward-facing step, a volume 

of dimensions (92.5cm x 91cm x 1cm) was filled with sand into the upstream end of 

the channel (Figure 4.5). The particle size of sand ranged from 0.36 to 0.74 mm (mean 

diameter is 0.5274 mm). A schematic view of the experimental setup is shown in 

Figure 4.6. 

In the laboratory test, both flow and sediment measurements were carried out. 

The sediment measurements were conducted for 10cm step height. Temporal variation 

in sand deposit was measured by taking photographs, and the depth of sand was 

measured using point gauge instrument. 

During the experiment, the sediments are eroded by the accelerated flow at the 

upstream of the channel and transported over the step. At the downstream of the step, 

the sediment tends to deposit due to reduce velocity and shear stress, forming as so-

called point-bar. This sediment is found to be deposited near about middle of the 

channel and along the way of shockwaves which generated due the sudden abrupt 

expansion in the downstream of the step, as shown in Figure 4.7 and Figure 4.8. 
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Figure 4.5 Setting of sand transport experiment at the upstream of the step. 

 
 
 
 
 

  
 
Figure 4.6 Schematic view of the experimental installation of sediment transport over 
a backward-facing step. 
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Figure 4.7 Deposition of sand downstream the step. 
 
 
 
 
 

 
 

 
Figure 4.8 Sand deposition downstream the step of laboratory experiment results.  
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4.4.2 Numerical Results 

 
The depth-averaged two-dimensional (2D) numerical model is also applied to 

simulate the sediment transport over a backward-facing step by giving an attention to 

the deposition of sand downstream the step. The model is carried out under actual 

flow condition of the Kamo River (Run 2, Table 4.1), and under laboratory 

experiment condition (Run 3, Table 4.1). In both cases, sudden expansion occurs 

immediately downstream the step. The experiment bed is fixed in Run 3, where bed 

erosion couldn’t be occurred, while bed erosion was occurred while simulating the 

Kamo River flow conditions. 

Numerical simulation results for both cases are shown in Figure 4.9 and 4.10. 

In the figures, sands tend to be deposited at the immediate downstream of the step as a 

result of the reduction of the tractive force caused by the location of the backward-

facing step. The results in Figure 4.9 illustrate that the major deposition occurred 

along the shockwave flow patterns with some minor deposition at the middle of the 

channels. Erosion occurred at the far downstream of the step as well as upstream the 

step. This results can give a roughly reproduction of the deposition downstream the 

backward-facing step structure in the Kamo River. On the other hand, the numerical 

simulation which conducted under experimental conditions (Run 3) failed to 

reproduce the phenomenon of sand deposition along shockwaves flow patterns 

downstream the step. However, the model can reproduce clearly the triangular 

sandbar at the middle of the channel downstream the step. It has a quite good 

agreement with the observed results. 
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(c) hrt 3=  
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(d) hrt 5.3=  
 

 
Figure 4.9 Sediment depositions along the channel in Run 2.  
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Figure 4.10 Sediment depositions downstream the step in Run 3. 
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4.5 The Ecological Changes on the Ecosystem of the Kamo River 

 
 

The rapid environmental changes due to river improvement works for the 

mitigation of flood disasters have occurred in almost all the Japanese Rivers with 

severe damage on rich river nature. The Kamo River is one of these rivers where 

some of flood mitigation projects such as backward-facing steps, as mentioned before, 

were constructed. These works, beside their advantages in flood protection, they 

affected destructively in the ecosystem of the Kamo River. These effects are reflected 

in the decrease of the number of endangered plants and birds.  

In this chapter, we are dealing with the habitat of an endangered bird called 

Kamogawa-Chidori (Charadrius placidus). This bird is categorized as “Vulnerable” 

and its number has been decreased rapidly for several decades. The widening of the 

main channel and the installation of the series of backward-facing step structures 

decreased the tractive force to transport the sediments of riverbed. The reduction in 

tractive force has decreased the area of the favorable habitat (i.e. bare sandbar without 

vegetation) of this Chidori. Firstly, frequent visits were made to the Kamo River in 

order to assess the recent situation of the life of Kamogawa-chidori through a year. 

We revealed that only a few birds live on small area on the bare bars due to the latest 

deposition in the immediate downstream of backward-facing step structures with 

small abrupt expansion at a few locations of the river course. 

As we focusing on Kamogawa Chidori, its number has been decreased rapidly 

for several decades. In an observation made by Matsushima et al. (2007) in the period 

of 10th June 2006 to 27th May 2007, for the area between Kamo Bridge and Sanjo 

Bridge. The total number of Chidori bird is around 7. 

The habitat of the Chidori birds is the bare bar surfaces (Figure 4.11). 

However, some temporal changes occur in the bed of the river. Examples of these 

changes are the creation of the alternate bars along the river course. Additionally, 

there are some sandbars that have triangular shapes existed at the downstream of the 

backward-facing step structures, as mentioned above. Such of these sandbars allowed 

the vegetation to grow which decreased the bare surfaces areas where the Chidori 

likes to live in. 
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(a) Competitive between birds for staying in a bare surface. 
 

 
 

(b) A chidori-bird staying in a bare surface. 
 

Figure 4.11 The bare surfaces are the favorite habitat of chidori. 
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4.6 Summary 
 
 

In this chapter, the ecological effects of sandbar formation in the Kamo River 

are studied. The study focuses on studying the relation between the habitat of 

Kamogawa Chidori and the existence of the sandbars at the immediate downstream of 

backward-facing steps structures with small abrupt expansion at a few locations of the 

river course. Due to the widening of the main channel and the installation of series of 

backward-facing steps, the tractive force to transport sediment of riverbed has 

decreased. As a result, the bare bar without vegetation has also decreased. Therefore, 

the number of chidori birds has been decreased rapidly in the Kamo River. 

A two-dimensional numerical model for unsteady open channel flow is 

applied in curvilinear coordinates to simulate both of water flow and sediment 

transport. The model is used to simulate the alternate sandbar patterns in the Kamo 

River. From the results, it can be concluded that, due to the meandering of the channel 

and the temporal changes in the distribution of tractive forces, alternate point-bars 

existed at the meander bends of the channel. The model also carried out to study the 

sediment transport over a backward-facing step by focusing on the deposition of sand 

downstream the step. The results can give an approximate reproduction of the sand 

deposition downstream the backward-facing step structures in the Kamo River. 

 

 

  



 
 
 
 
 
 
 
 
 
 
Chapter 5 
 

FREE SURFACE OPEN CHANNEL FLOW DOWN-
STREAM OF SIDE DISTURBANCE 
 

 

 

 

 

5.1 Preliminaries  
 

 

In this chapter, we deal with the spatial variations of steady open channel 

flows downstream of an obstacle attached on the sidewall of a flume. It is shown 

theoretically that using the linearlized equations of two-dimensional (2-D) shallow 

flows, periodic wavy patterns exist for supercritical flows (Froude number >1), but 

the amplitude of periodic wavy patterns always attenuates in the downstream direction. 

Standing waves can exist only in the case the friction coefficient is zero. It is also 

pointed out that the attenuation rate increases with the increase of Froude number. 

These results are verified by means of hydraulic experiments carried out in this study. 

Using shallow flow equations, the numerical analysis is also carried out under the 

hydraulic conditions of experiments to consider the theoretical and experimental 

results. 

The spatial amplification of the sandbars generated downstream of a point-bar 

along a river bend is well known as the over-deepening phenomenon of sandbars. As 

a comprehensive definition of over-deepening phenomenon, Zolezzi et al. (2005) 

define it as “spatial transient whereby the scour associated with the point-bar 
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configuration establishes in a bend of constant curvature downstream of a straight 

reach”. The point-bar mentioned in the above definition is found usually in a crescent 

shape on the inside of a stream bend of a meandering stream.  Struiksma et al. (1985) 

formulated over-deepening phenomenon mathematically, and derived the critical 

conditions for the spatial amplification of sandbars. Blondeaux and Seminara (1985) 

derived the analytical solutions on the temporal change of point-bars in a sinuous 

meandering channel. The resonance relation between sinuous channel and bars is 

included in the solutions. It is well known nowadays that the condition of the spatial 

amplification of bars by Struiksma et al. (1985) is coincident with the resonance 

relation by Blondeaux and Seminara (1985). 

Hosoda and Nishihama (2006) studied the response of water surface to a 

sinuous open channel and the flow behavior near the resonance condition. Although 

there is no resonance condition in the case studied in this paper, it is pointed out that if 

the bottom variations with the standing wave condition are given, the flow resonates 

to the bottom variations.  

Based on these results, this study doesn’t deal with the spatial amplification of 

sandbars, but it examines the response of the spatial variations of water surface in 

steady open channel flows downstream of an obstacle attached on the sidewall of a 

flume.  

It is firstly shown theoretically that using the linearlized equations of 2-D 

shallow flows, the periodic wavy patterns can exist for the supercritical flows 

condition, but the amplitude of periodic wavy patterns always attenuate downstream 

direction. The standing waves without attenuation can exist only for the case of zero 

friction factors. It is also shown that the attenuation rates of periodic wavy patterns 

increase with the increase of Froude number.  

Hydraulic experiments and numerical simulations are carried out to verify the 

theoretical findings, by changing the hydraulic conditions such as depth, bottom slope, 

etc. 
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5.2 Theoretical Considerations 

 

Referring to the coordinate system shown in Figure 5.1, common plane 2-D 

shallow flow equations are given by Eqs. (5.1), (5.2) and (5.3). 
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where ( )yx, : Cartesian coordinates;( )vu, : ( )yx,  components of depth-averaged 

velocity vectors; h : depth; θ : bottom slope; and ( )bybx ττ , : ( )yx,  components of 

bottom shear stress vectors.  

For simplicity, the following formula with friction factor fc  is applied to 

evaluate bottom shear stress vectors. 
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Figure 5.1 Coordinate system and explanation of symbols. 
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Considering the deviation of depth and velocity from the uniform depth and 

uniform velocity, we can derive the common linearlized equations. The uniform depth 

and uniform velocity in the x -direction are given by the following equations: 

qUhUcgh f == 00
2

00 ,sinθ  (5.5) 

where 0h : uniform depth; 0U : uniform velocity; and q : unit width discharge. 

Using the following non-dimensional variables with prime, Eqs.(5.1), (5.2) 

and (5.3) can be transformed into the linearlized equations, Eqs.(5.6), (5.7) and (5.8). 
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where the non-dimensional parameters, 0,, Frλβ  are defined as follow: 
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whereB : width of channel;L : wave length 

From here, primes indicating non-dimensional variables are omitted for 

simplicity. Periodic standing wave solutions for small disturbances of depth and 

velocity components vuh δδδ ,,  can be written as: 

( )xyah h ππδ 2cos
2

sin 






=  (5.9) 

( )uu xyau φππδ +






= 2cos
2

sin  (5.10) 

( )vv xyav φππδ +






= 2cos
2

cos  (5.11) 

Where hδ , uδ , vδ  are small increment in h ,u ,v .  

Substituting equations (5.9)-(5.11) into (5.6)-(5.8) yields: 

0cos)2/(sin2 =+ vvuu aa φπβφπ  (5.12a) 
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0sin)2/(2cos2 =+−− vvhuu aaa φπβπφπ  (5.12b) 

hfuufuu acaca )/(cos)/(2sin2 λφλφπ +−=−  (5.13a) 

uufhuu acaFra φλπφπ sin)/(22)/1(cos2 2
0 =−−  (5.13b) 

vvfhvv acaFra φλπβφπ cos)/()2)(/(sin2 2
0 −=+−  (5.14a) 

vvfvv aca φλφπ sin)/(cos2 =−  (5.14b) 

It can be shown easily that Eqs.(5.12)-(5.14) have solutions with physical 

meaning only in the case of 0=fc . The solutions are given by Eqs.(5.15), (5.16) and 

(5.17). 

2
0

cos,0sin
Fr

a
aa h

uuuu −== φφ  (5.15) 

0cos,
4

sin
2

0

== vv
h

vv a
Fr

a
a φβφ  (5.16) 

16
1

2
2

0

β+=Fr  (5.17) 

Eq.(5.17) shows the relation between Froude number of flow and wave length 

of standing waves. Eq.(5.17) indicates that the standing waves exist under the 

condition of supercritical flow. 

Introducing the spatial functions of amplitudes, )(),(),( xaxaxa vuh  in 

Eqs.(5.18), (5.19) and (5.20), the equations on )(),(),( xaxaxa vuh  can be derived as 

Eqs.(5.21a,b), (5.22a,b) and (5.23a,b). 

( )xyxah h ππδ 2cos
2

sin)( 






=  (5.18) 

( )uu xyxau φππδ +






= 2cos
2

sin)(  (5.19) 

( )vv xyxav φππδ +






= 2cos
2

cos)(  (5.20) 

0cos
2

sin2cos =−+− vv
h

uuu
u a

dx

da
a

dx

da φπβφπφ  (5.21a) 

0sin
2

2cos2sin =+−−− vvhuuu
u aaa

dx

da φπβπφπφ  (5.21b) 
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h
f

uu
fh

uuu
u a

c
a

c

dx

da

Fr
a

dx

da

λ
φ

λ
φπφ +−=+− cos2

1
sin2cos 2

0

 (5.22a) 

uu
f

huuu
u a

c
a

Fr
a

dx

da φ
λ

πφπφ sin22
1

cos2sin 2
0

−=+−−  (5.22b) 

vv
f

hvvv
v a

c
a

Fr
a

dx

da φ
λ

πβφπφ cos
2

sin2cos 2
0

−=+−  (5.23a) 

vv
f

vvv
v a

c
a

dx

da φ
λ

φπφ sincos2sin =−−  (5.23b) 

Substituting the following functions given by Eq.(5.24) as )(xah , )(xau  and 

)(xav  into Eqs. (5.21), (5.22) and (5.23), the relation on the spatial 

amplification/attenuation rate of disturbances,α  and phase lag between depth 

variations and velocities can be derived as Eqs.(5.25), (5.26), (5.27) and (5.28). 

)exp()(),exp()(),exp()( xAxaxAxaxAxa vvuuhh ααα ===  (5.24) 

,sin,cos
sin

sin

cos

cos

u

u
u

u

u
u Q

P

Q

P

φ

φ

φ

φ φφ ==  (5.25) 

v

v
v

v

v
v Q

P

Q

P

φ

φ

φ

φ φφ
sin

sin

cos

cos sin,cos ==  (5.26) 

huh
f

hu
f

uu AA
Fr

A
c

A
Fr

A
c

AP 2
0

2

2
0

cos

41
2

π
λ

α
λ

αφ −








+−








+=   

22
2

cos 42 uu
f

uu AA
c

AQ π
λ

αφ +









+=   









+−









+−−= u

f
uhh

f
huu A

c
AA

Fr
A

c
A

Fr
AP

λ
απ

λ
απφ 2

21
2 2

0
2

0

sin   

uu QQ φφ sincos =   











+−= v

f
vhv A

c
AA

Fr
P

λ
απβ

φ 22
0

cos   

vhv AA
Fr

P 2
2

0
sin πβ

φ =   

22
2

sincos 4 vv
f

vvv AA
c

AQQ π
λ

αφφ +









+==   
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0
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2
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
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


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+
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+




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
+
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







+−








+

π
λ

α

λ
α

πβα

π
λ

α

λ
π

λ
π

π
π

λ
α

π
λ

α
λ

α
α

f

f

f

ff

f

ff

c

c

Fr

c

c

Fr

c

c

Fr

c

Fr

c

 (5.27) 
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2
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2
0
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2

2
0

2
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=

+







+








−

−

+







+

+








+−








+

−

+







+









++









+−

π
λ

α

πβ

π
λ

α

π
λ

α
λ

α
α

π
λ

α

λ
α

λ
α

α

f

f

ff

f

ff

cFr

c

Fr

c

Fr

c

c

c

Fr

c

Fr

 (5.28) 

Substituting the following functional form, Eqs.(5.29) and (5.30) with λ/fc  

to derive the approximate solution, the coefficients in these equations can be 

determined as Eqs.(5.31) and (5.32). 









+=

λ
α fc

aa 10  (5.29) 

( ) 









+−=

λ
β fc

bFr 1
2

0
2 116  (5.30) 

1

1

2

1
,0

2
0

2
0

10
−

+
−==

Fr

Fr
aa  (5.31) 

01 =b  (5.32) 

Eq. (5.31) indicates that the spatial disturbances always attenuate in the 

downstream direction of supercritical flows, and the attenuation rate decreases with 

the increase of Froude number. Eq. (5.32) indicates that periodic disturbances can not 

exist in subcritical flows. 

The propagation of space variations in supercritical flows can be considered as 

the propagation of skew shockwave or cross-wave which appears on side in alternate 

shifts by the transverse variations of water depth which occur at upstream. 
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The angle of the propagation of skew shockwave is variable and is changed by 

extent of discontinuity. So we consider the propagation of the characteristic line 

which is obtained by liner equations in order to make it simple. 

Characteristic lines are defined as lines on which transverse derivative of the 

value can not be established. The discontinuity of derivative of the value is 

transmitted up to these lines. It indicates that the discontinuity of derivative of the 

water depth with respect to space is transmitted and reflected at right side as shown in 

Figure 5.2, when the disturbance is given at left side. The oblique line in the figure 

presents the flow streamline.  

 

 

 

0h  

y  

y  

z  

x  

 

φ  

 
 

Figure 5.2 Propagation of cross-waves along a characteristic line. 
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The angel φ  of propagation is derived as Eq. (5.33). It indicates that 

wavelength to the direction of flow in the periodic space variation which is given by 

Eqs. (5.9), (5.10), (5.11) equals to wavelength of cross-wave. 

1

1
tan

2
0 −

=
Fr

φ  (5.33) 

This analysis of the periodic space variation by using Eqs. (5.9), (5.10), (5.11) 

has the relation to the analysis in which the only main terms given by Fourier 

transform of the cross-wave formation are considered. We can explain that basic 

features of cross-wave to some extend by the analytical method as it is indicated 

above. Moreover, this analysis of the periodic space variation is easy and useful in the 

phenomena which it is difficult to deal with as cross-wave. 

 

5.3 Hydraulic Experiments 
 

The laboratory tests were carried out to verify the results obtained by 

theoretical considerations. A schematic illustration of the experimental setup is shown 

in Figure 5.3. 

As shown in the figure, an obstacle with the Gaussian shape of the function, 

)exp( 2BxAy −= , is attached at  350 cm from the upstream end at the left sidewall of 

the flume. A plot of the obstacle shape is shown in Figure 5.4. The shape of the 

obstacle is chosen in this shape to represent approximately the flow around bridge 

piers in a river with a steep slope. The obstacle attached at the sidewall with a curved 

shape in the flume can act as a half of the bridge pier, and the flow patterns can be a 

symbol of the flow around one side of the pier. 

The hydraulic experiments were conducted to examine the amplification or 

attenuation of water surface variations in the downstream of the obstacle. 

Measurement of water depths was carried out by using point-gauge instrument. 

Ten cases were performed under different hydraulic conditions. Nine cases 

were carried out under supercritical flow condition and one case under subcritical 

flow condition. The hydraulic variables for the laboratory tests are listed in Table 5.1.  
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Figure 5.5 shows photographs of flows in Run 1 and 4, while the contour maps 

of depth are shown in Figure 5.6. 

 

 

 

 

 

 

 
 

Figure 5.3 Schematic illustration of the flume. 
 

 

 

 

 

  

 

 

 

 

 

 

 

 
 

Figure 5.4 Shape function of an obstacle. 
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Table 5.1 Hydraulic variables in the laboratory tests. 

  
Run 

number 
Discharge 

(cm3/s) 
Initial 
water 
depth 
(cm) 

Initial 
average 
velocity 
(cm/s) 

Froude 
number at 
upstream 

Bed 
slope 

Water 
Temperature 

(℃) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

6,400 
10,900 
5,950 
7,230 
11,410 
6,620 
11,110 
6,200 
11,200 
7,200 

1.74 
2.73 
1.45 
3.15 
3.88 
2.08 
2.96 
2.33 
3.28 
4.46 

122.6 
133.1 
136.8 
76.5 
98.0 
106.1 
125.1 
88.7 
113.8 
53.8 

2.97 
2.57 
3.63 
1.38 
1.59 
2.35 
2.32 
1.89 
2.01 
0.814 

1/34 
1/34 
1/13 
1/156 
1/156 
1/49 
1/49 
1/67 
1/67 
1/326 

19.0 
13.5 
19.2 
18.6 
13.2 
13.6 
13.6 
13.2 
13.2 
12.9 
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(a) Run 1 

 

 

 
 

(b) Run 4 

 

Figure 5.5 Water surface variation downstream the obstacle. 
 
 
 
 
 
 
 
 
 



 
 
FREE SURFACE OPEN CHANNEL FLOW DOWNSTEAM OF SIDE DISTURBANCE              

CHAPTER 5                                                                                                                                                                                             
 

 79

 
 
 
 
 
 
 

 
 
 

(a) Run 1 

 

 

 

 

 

(b) Run 4 

 

Figure 5.6 Contour maps of water depth. 
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The water surface variations along the both sidewalls are shown in Figure 5.7. 

It is pointed out that the amplitudes of depth variations attenuate downstream 

direction for both cases as predicted theoretically in the former section, while we can 

not identify the magnitude of attenuation rates. It should be noted that since the depth 

distribution is anti-symmetric, it is necessary to consider the nonlinear effects in the 

theoretical analysis. 

Figure 5.8 shows the relation between wavelength and Froude number for all 

cases. The solid line in Figure 5.8 is the linear theory given by Eq. (5.17). 

Experimental data are in a good agreement with the theoretical curve based on linear 

analysis, although the nonlinear effect seems to be dominant. 

 

5.4 Numerical Results 
 

The numerical calculations are executed under the laboratory conditions of 

Run 1 and Run 4 and compared with the experimental results. Finite volume method 

with generalized coordinate is used in the calculations. However, TVD-MUSCL 

method was applied for discretizing the convection term. The numerical grid of the 

numerical calculations is illustrated in Figure 5.9. The grid size used is 1 cm in each 

direction carried in around 2.5 m of the waterway included in the calculation domain. 

The calculated results of Run 1 and Run 4 are illustrated in surface-contour 

forms as shown in Figure 5.10. From the results, it can be seen that the numerical 

model is capable to reproduce water surface variation around disturbance without 

numerical oscillation. 

A comparison of the depth of water distribution in the right and left bank of 

the channel is shown in Figure 5.11. Run 1 is carried out under high Froude number, 

while Run 4 is performed under low Froude number. The calculated results almost fit 

with experiments especially in terms of the wavelength and the amplitude of water 

surface variation. The depth of water distribution that studied experimentally can be 

reproduced numerically by using this model. 
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(a) Run 1 
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(b) Run 4 

 
Figure 5.7 Water surface variations along sidewalls. 
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Figure 5.8 Relation between wavelength and Froude number. 
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Figure 5.9 Numerical grid used for simulation. 
 
 
 
 
 
 
 
 
 
 
 



 
 
FREE SURFACE OPEN CHANNEL FLOW DOWNSTEAM OF SIDE DISTURBANCE              

CHAPTER 5                                                                                                                                                                                             
 

 83

 
 

 

 

 

 
 

(a) Run 1 
 
 
 
 

 

 
 

(b) Run 4 
 
 

Figure 5.10 Contour map of depth for numerical simulation. 
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(a) Run 1 (left side) 

 
 
 
 

 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 0.5 1 1.5 2 2.5
x(m)

h
(m

)

Exp.

Cal.

 
 

 
 

(b) Run 1 (right side) 
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(c) Run 4 (left side) 
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(d) Run 4 (right side) 
 

 
Figure 5.11 Comparisons of depth distributions between numerical results and 
experiments.  
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5.5 Summary 

 

This chapter describes the spatial variations of flow depth in steady open 

channel flows downstream of an obstacle attached on the sidewall of a flume. It is 

shown theoretically that using the linearized equations of 2-D shallow flows, periodic 

wavy patterns exist for supercritical flows (Froude number >1), but the amplitude of 

periodic wavy patterns always attenuates downstream direction. The attenuation rate 

increases with the increase of Froude number.  

These results are verified by hydraulic experiments carried out in this study. 

Since the measured depth distributions show very anti-symmetric feature, the further 

investigation including the non-linear effects is necessary to clarify the generation 

mechanism of anti-symmetric depth distributions. 

The two-dimensional numerical model is executed under the conditions of 

hydraulic experiments. The numerical calculated results almost fit with the observed 

one in terms of amplitude of hydraulic wavelength. 

Based on results of this study, further researches can be carried to study 

further the amplification of continuous water surface variations (over-deepening 

phenomena) by concerning the attenuation processes. Furthermore, we would like to 

expand the theoretical analysis by studying the non-linear theory. Also, we would 

improve the numerical model further by considering the vertical acceleration. 

 

 



 

 

 

 

 

 

 
Chapter 6 
 

POSSIBILITY OF REPRODUCING FLASH FLOODS 
USING ONE WATER HYDROGRAPH AT ONE SITE 

 

 

 

 

6.1 Preliminaries  

 

This study is concerned with the reproduction of flash floods with a high 

Froude number. In order to reproduce unsteady supercritical flows, it is common to 

give two hydrographs of depth and discharge based on the method of characteristics. 

Since we pointed out recently the possibility and the computational method to 

reproduce flood flows for subcritical flows using one depth hydrograph, the theory 

and method are extended to unsteady supercritical flows in this chapter. Nonlinear 

analytical solutions with boundary hydrographs at the upstream end are firstly derived. 

Then, it is proved that the boundary hydrographs at the upstream end can be 

reproduced inversely, using the solution of one depth hydrograph at one site. 

Flash floods are usually caused by heavy or excessive rainfall in a short period 

of time. They are extremely dangerous because of their sudden nature. They are 

considered as one of the most dangerous weather-related natural disasters in the 

world, and can create hazardous situations for people and cause extensive damage to 

property. Flash flood waters move at very fast speeds and can kill people, roll 

boulders, tear out trees, destroy buildings, obliterate bridges and increase the potential 

of landslides and mudslides (Lin, 1999). 



 
 
POSSIBILITY OF REPRODUCING FLASH FLOODS USING ONE WATRE HYDROGRAPH AT 
ONE SITE                                CHAPTER 6                                                                 

 

 88

 

Measures to mitigate and prepare for flash floods are therefore of primary 

importance for urban planning and agricultural land development projects within the 

flash flood prone areas. Low infiltration capacity is the most important factor for 

overland flow development (Smith and Ward, 1998), which makes Overland flow, 

tends to play the dominant role in flash flood formation. 

Flash floods in arid environments are in fact common, but their occurrence is 

also poorly understood. Rainfall-runoff modeling is a primary tool used in flash flood 

studies; however, the literature has shown that these models are inadequate for 

prediction, mitigation or management. 

Physical and numerical models are useful in analyzing floods especially in 

catchments where data is not available for simulating extreme storms. The use of 

these models is necessary in the urban watershed with high variability of land surface 

parameters, and absence of calibration data. On the other hand, uncertainty should be 

taken in account in analyzing the results in such cases. 

 

6.2 Theoretical Considerations 

 

In order to reproduce unsteady supercritical flows, it is common to give two 

hydrographs of depth and discharge based on the method of characteristics. This study 

is concerned with the reproduction of flash floods with a high Froude number. And 

we prove that such flows can be reproduced, using one depth hydrograph at one site. 

Hosoda et al. (2010) pointed out the possibility to reproduce flood flows for 

subcritical flows using one depth hydrograph at one middle site between upstream and 

downstream boundaries and proposed the computational method to reproduce flood 

flows, considering only one depth hydrograph at one middle site. 

This method is extended to unsteady supercritical flows in this chapter. 

Nonlinear analytical solutions with boundary hydrographs at the upstream end are 

firstly derived. Then, it is proved that the boundary hydrographs at the upstream end 

can be reproduced inversely, using the solution of one depth hydrograph at one site. 
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Referring to the coordinate system shown in Figure 6.1, we assume the flow 

for supercritical flows in the section measures L in length, 0h in depth and 0u in 

velocity. 

 

 

x

y

h0
u0

L
0

 
 

Figure 6.1 Coordinate system and explanation of symbols. 
 

 

Firstly, the perturbation method is applied to shallow water equations and we 

develop the expression for the first order and second order perturbation solutions of 

depth and velocity, when two hydrographs of depth and discharge at upstream end are 

given. 

In the case that both hydrographs of depth and velocity are linear functions of 

time, it is shown that the hydrograph of depth and velocity at upstream can be 

reproduced by using the obtained first order perturbation solution of depth, if the 

hydrograph of depth and the derivative of depth with respect to time at one site are 

given. 

Furthermore, we suggest the possibility that the boundary conditions at 

upstream can be reproduced by taking nonlinearity in account, i.e. by using second 

order perturbation solution of depth, when they are quadratic functions of time. 

One-dimensional (1-D) shallow flow equations given by Eq. (6.1) and Eq. 

(6.2) are used as basic equations, which are described below. 
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wherex : Cartesian coordinates; u : depth-averaged velocity; h : water depth; t : time; 

g : gravity acceleration. 

By using the following non-dimensional variables with prime, Eqs. (6.1) and 

(6.2) can be transformed into the linearlized equations, Eqs. (6.3) and (6.4).  
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where the non-dimensional parameter, 0Fr  are defined as follow:  

0

0
0

gh

u
Fr =  

From here, primes indicating non-dimensional variables are omitted for 

simplicity. 

 Non-dimensionalized depth and depth-averaged velocity are expanded below 

by using perturbation method. 

2
21 hhh 1 εε ++=  (6.5) 

2
2

11 uuu εε ++=  (6.6) 

where the parameter for perturbation ε can be defined as: 

L

h0≡ε   

Substituting Eq. (6.5) and Eq. (6.6) in Eq. (6.3) and Eq. (6.4), we obtained the 

respective relational expression ofε  and 2ε  below. 
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(6.8b) 

 

By applying the theory of the method of characteristics to Eq. (6. 7), the 

relational expression on the characteristics line can be obtained.  

0

1
1

Frdt

dx ±= :  const.uFrh =± 101  
(6.9) 

There are two areas; AreaⅠ～Ⅱ and AreaⅡ～ as shown in Figure 6.2. Area

Ⅰ～Ⅱ is the area which is influenced by initial condition as represented by M. Area

Ⅱ～ is the area which is influenced only by boundary condition at upstream as 

represented by N. So we consider respective points of M and N. 

 

 

 
Figure 6.2 Derivation of the perturbation solution based on the method of 
characteristics. 

 
 

The first order perturbation solutions of depth and velocity are derived by 

assuming the boundary conditions as below. 
2

211 tth αα +=  (6.10a) 

2
211 ttu ββ +=  (6.10b) 

where, 1α , 2α , 1β , 2β  : coefficients. 
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Then, using the relations on the characteristics lines of A→M and D→M, Mu1  

and Mh1  are derived as follow. 
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Similarly using the relations on the characteristics lines of A→N and B→N, 

Nu1  and Nh1 are derived as below. 
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(6.12b) 

When the boundary conditions are linear functions of time, i.e. 02 =α  and 

02 =β . By substituting respectively Eq. (6.11b) and Eq. (6.12b) in Eq. (6.5), the depth 

and the derivative of depth with respect to time at M and N are expressed in the 

following equations. 
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(6.14b) 

Eq. (6.13) indicates that even the left hand side is known, 1α  and 1β  can not be 

obtained. However, Eq. (6.14) indicates that left hand side is known, 1α  and 1β  can be 
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solved. That is to say, two hydrographs can be reproduced, when the hydrograph of 

depth at one site is given. 

But when the boundary conditions are quadratic function of time, both M and 

N can not be solved as shown by Eq. (6.11) and Eq. (6.12). 

Next, we solve Eq. (6.8) and develop the expression for second order 

perturbation solution of depth and velocity. Each relation of 2h  and of 2u  on the 

characteristics lines are expressed as below. 
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(6.15) 

Then, as shown in Figure 6.3, by using the relation expressions on the 

characteristic lines which are A→M, A’→M’, D→M and D’→M’ and the relation of 

t∆  and x∆ . 

( ){ } AM tFrx ∆+=∆ 011   

The right hand side of Eq. (6.15) is expressed by 1u  and 1h  at M. 

In similar way, as shown by the Figure 6.4, by using the relation expressions 

on the characteristic lines which are A→N, A’→N’, B→N and B’→N’ and the 

relation of t∆  and x∆ . 

( ){ } AN tFrx ∆+=∆ 011 ,  ( ){ } BN tFrx ∆−=∆ 011  

The right hand side of Eq. (6.15) is expressed by 1u  and 1h  at N. 
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Figure 6.3 Derivation of the 2nd order perturbation solution of point M. 
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Figure 6.4 Derivation of the 2nd order perturbation solution of point N. 
 

 

Then, by substituting the first order perturbation solution as noted above into1u  

and 1h  at M, the relation expressions on the characteristic lines which are P→M and D

→M are described as below.  
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In a similar way, respective relational expressions of A→N and B→N are 

described as below. 
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(6.17b) 

where, At ， Bt : time in A and B. qpYXYX ,,,,, 2211 are expressed by following 

equations.  

1011 βα FrX += ,  βα 011 FrY −= ,  2022 βα FrX += ,  2022 βα FrY −=  

( )011 Frp += ,  ( )011 Frp += ,  ( )011 Frq −=  

 

The right hand side of Eq.(6.16a), Eq.(6.16b), Eq.(6.17a) and Eq.(6.17b) are 

respectively replaced by following equations. 
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The following equation is obtained, integrating Eq. (6.16a) from P to M when 

At  is fixed. 
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Similarly Eq. (6.19b) is obtained, integrating Eq. (6.16b) from D to M. 
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Pu2  and Ph2  are expressed as below by using the relation on the characteristic 

line from A to P.  
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(6.20) 

where, Pt  is described as follow. 
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In a similar way, the following equation is obtained, integrating Eq. (6.17a) 

from A to N when At  is fixed. 
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(6.22a) 

 

Similarly, the following equation is obtained, by integrating Eq. (6.17b) from 

B to N when Bt  is fixed. 
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M
u2  and Mh2 are described the following equations by using the equation which 

are obtained, substituting respectively Eq. (6.20) and Eq. (6.21) for Eq. (6.19a) and Eq. 

(6.19b). 

 

 

 

 

 

 

 



 
 
POSSIBILITY OF REPRODUCING FLASH FLOODS USING ONE WATRE HYDROGRAPH AT 
ONE SITE                                CHAPTER 6                                                                 

 

 98

 

A
DD

DD

A
DD

D

A
D

D

A

M

t
Fr

x

Fr

p

Fr

x

Fr

p

Fr

x

Fr

p

Fr

p

Fr

x

t
Fr

x

Fr

p

Fr

x

Fr

p

Fr

p

Fr

x

Fr

p

Fr

p

t
Fr

x

Fr

p

Fr

p

Fr

x

Fr

p

Fr

p

Fr

p

t
Fr

p

Fr

p

Fr

p

Fr

p

Fr

p

Fr

u
























−
















−

















−








−












+
























−
















−









−








+
















−







+













−







+
























−








−









+









−







+




















−







+













−







+
















−









−







+













−







+




















−







+













−







=

0,4

3

00
0,3

2

00

0,2
00

0,1
0

1,1
0

2
0,4

2

0

2

0
0,3

0

2

0

0,2

2

0
2,1

0

1,1
0

0,2

2

0

3
0,4

0

3

0
0,3

3

0

3,1
0

2,1
0

1,2

2

0
0,3

3

0

4
0,4

4

0

3,1
0

2,2

2

0

1,3

3

0
0,4

4

00

2

2222

2222

222

3

22

22

1

2

1
2

1
22

1

2223

1

2
1

2

1
22

1
1

23
1

24

1

1
2

1
22

1

1
23

1
1

24

1

2

1

ψψ

ψψξ

ψψ

ψξ

φφ

ψψ

ξφ

φφ

ψ

φφ

φφ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(6.23a) 



 
 
POSSIBILITY OF REPRODUCING FLASH FLOODS USING ONE WATRE HYDROGRAPH AT 
ONE SITE                                CHAPTER 6                                                                 

 

 99

 

A
DD

DD

A
DD

D

A
D

D

A

M

t
Fr

x

Fr

p

Fr

x

Fr

p

Fr

x

Fr

p

Fr

p

Fr

x

t
Fr

x

Fr

p

Fr

x

Fr

p

Fr

p

Fr

x

Fr

p

Fr

p

t
Fr

x

Fr

p

Fr

p

Fr

x

Fr

p

Fr

p

Fr

p

t
Fr

p

Fr

p

Fr

p

Fr

p

Fr

p

h
























+
















+

















+








+












+
























+
















+









+








+
















−







+













−







+
























+








+









+









−







+




















−







+













−







+
















+









−







+













−







+




















−







+













−







=

0,4

3

00
0,3

2

00

0,2
00

0,1
0

1,1
0

2
0,4

2

0

2

0
0,3

0

2

0

0,2

2

0
2,1

0

1,1
0

0,2

2

0

3
0,4

0

3

0
0,3

3

0

3,1
0

2,1
0

1,2

2

0
0,3

3

0

4
0,4

4

0

3,1
0

2,2

2

0

1,3

3

0
0,4

4

0

2

2222

2222

222
3

22

22
1

2

1
2

1
22

1

2223
1

2
1

2

1
22

1
1

23
1

24
1

1
2

1
22

1

1
23

1
1

24
1

2
1

ψψ

ψψξ

ψψ

ψξ

φφ

ψψ

ξφ

φφ

ψ

φφ

φφ

 

 

 

 

 

 

 

 

 

(6.23b) 

where, At  is expressed by Mt  as below. 
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In a similar way, from Eq. (6.22a) and Eq. (6.22b), 
N

u2  and Nh2 are described 

as below. 
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(6.25b) 

where At  and Bt  are expressed by Nt  as below. 

( )011 Fr

x
tt N

NA +
−= ,  

( )011 Fr

x
tt N

NB −
−=  (6.26) 

 

As shown by Eq. (6.23b) and Eq. (6.25b), second order perturbation solutions 

of depth are respectively described by the third order expression of time at N and by 

the fourth order expression of time at M. By substituting the first order and second 

order perturbation solutions of depth into Eq. (6.5), depth, first order, second order 

and third order derivatives of depth with respect to time are obtained at each point. 

Those obtained equations are related with four different types. Hence, when the 
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hydrograph of depth at one site is known, i.e. depth, first order, second order and third 

order derivatives of depth with respect to time are known, four coefficients are 

obtained by these values and those obtained equations. That is to say, this indicates a 

potential of one hydrograph at one site enables boundary conditions to be reproduced 

by nonlinearity taken in account, when the boundary conditions are quadric functions 

of time. 

 

6.3 Summary 
 
 

This chapter is concerned with the reproduction of flash floods with a high 

Froude number. The possibility of reproducing such flows by using one depth 

hydrograph at one site is considered. The main findings of this study are listed as 

follows. 

1．The boundary conditions at upstream can be reproduced by using only first 

order perturbation solution of depth which is obtained by applying the perturbation 

method, when they are linear functions of time. But they cannot be reproduced incase 

of quadratic functions of time. 

2． The boundary conditions at upstream can be reproduced by taking 

nonlinearity in account, i.e. by using second order perturbation solution of depth, 

when they are quadratic functions of time. 

In this chapter, we analyzed theoretically the possibility of reproducing flash 

floods with high Froude number in a horizontal flat channel, as a first step in this 

issue. Conducting numerical processes including bed slope and bed shear stress will 

be the next step. We believed that, getting good results from the numerical 

simulations will be very helpful for prediction of floods with high velocity and steep 

slopes, if the discharge and depth hydrograph are identified at the upstream end. 



 

 

 
 
 
 
 
 
 
 
Chapter 7 
 

NUMERICAL MODELING OF UNSTEADY FLOW 
AROUND A BOX CULVERT AND ITS VERIFICATION 
 

 
 
 
 

 

7.1 Preliminaries  

 

This chapter deals with a numerical model to simulate flow through a box 

culvert, which represents flow during flash floods under highways in Oman. We 

firstly show the typical flow patterns with the transition from free surface flows to 

pressurized flows and overflows over a culvert, based on hydraulic experiments. Then, 

a numerical model applicable to the full/partial full pressurized flows is tested to 

simulate the typical flow patterns under the conditions of experiments.  

It is pointed out that although the numerical model used here can simulate the 

simple flow patterns to some extents, the model should be improved further to get 

better results. 

Oman is one of the arid countries subjected to flash floods. Records show that 

major flash floods occurred in Oman in 1989, 1997, 2002, 2003, 2005, 2007 and 2010. 

Such floods run in wadies “valleys or dry rivers incised in the mountains and remain 

dry except during infrequent heavy rains” are poorly understood. Commonly, wadi 

basins are suffering from drought conditions all year except during and after a 

rainstorm as shown in Figure (7.1). They are affected by infrequent rainfall events in a 

short period of time. Depending on the intensity of rainfall, flow can be in the form of 
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flash flood, if the rainfall is heavy. If the intensity of rainfall is low, surface flow will 

be consequently low.  

The materials of the wadi-bed are varies from region to region depending on 

the topography. Near the mountains, the bed consists of stone and gravel with high 

slope, which makes the flow runs with high velocity and low transmission loss. On 

the other hand, sands with scarce vegetations and low slope are the major 

characteristics of the wadi-beds in the desert areas. The main wadi channel near the 

mountain areas far way from the cities has a width over 100 m (it can reach to around 

400 m in the major wadies). However, due to the rapid increase in the population that 

lives in the major cities and the urbanizations beside the channels, the width is 

decreased to about less than half its original width. 

The literature has shown that the modeling in flash floods in arid regions is 

inadequate for prediction, mitigation or management. Therefore, numerical models 

are useful tools to improve flash floods prediction by providing better understanding 

of the hydrological processes governing flash floods in arid regions. 

A culvert is a covered channel of relatively short length designed to pass water 

through an embankment (e.g. highway and railroad) (Chanson, 2000). They are very 

common, often being constructed to allow rivers to pass under highways or railway 

embankment. Flow through culverts is controlled by many factors such as size, 

roughness, slope, inlet geometry, and tailwater conditions. Variety of flow types could 

take place through culverts. It can be full or partly-full. In order to determine the exact 

type of flow, laboratory or field investigations are needed. 

Due to its proximity to the commercial and business district of Muscat City, 

the Capital of Oman, wadies intersect with a number of streets, where culverts and 

bridges have been constructed to provide road flood protection. Culverts were very 

common used to allow water to pass under highways as shown in Figure 7.2. They 

had also been used to carry watercourses under built-up areas. In many cases the city 

is flooded because the culverts capacity was insufficient to carry large flood flows. 

Figure 7.3 shows water flow through box culverts during flood seasons. 
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(a) Dry wadi channel 
 

 

 
 

(b) Wadi channel in full flow 
 

Figure 7.1 Flash flood in a wadi channel. 
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Figure 7.2 A box culverts constructed under a highway in Muscat City. 
 
 

 

 
 
 

Figure 7.3 Flow through culverts during flood seasons. 
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In this study, we analyzed the typical features of flow through and over 

culverts by fundamental hydraulic experiments and a numerical model, considering 

the interaction between free surface flow and pressurized flow. The numerical model 

is verified by carrying out hydraulic experiments.  

It was shown that the hydraulic transients of the interaction between open 

channel flow and pressurized pipe flow inside the culvert could be produced by using 

a numerical model. 

 

7.2 Hydraulic Experiments 

 

The hydraulic experiments were conducted using a horizontal rectangular 

flume 140 cm long, 50 cm wide and 30 cm high as shown in Figure 7.4. The flume is 

equipped with a tailgate to control the tailwater depth. In order to generate submerged 

flow over the culvert, the width of the flume is reduced in Run 3 and Run 4 to be 

equal to the width of the culvert. Above the culvert, in Run 1 and Run 2, there is an 

embankment to prevent overflow. On the other hand, this embankment is removed in 

Run 3 and Run 4 to let overflow to take place. 

Constant discharge is supplied at the upstream end (inlet) into the dry bed 

flume. After sometime, the unsteady flow reaches the steady state. The hydraulic 

variables in the steady sate are listed in Table 7.1. 

Figure 7.5 shows the typical flow patterns appeared in the steady state 

adjusting the height of the tailgate. These flow patterns are summarized as follows: 

(a) Run 1: Partly-full pipe flow (submerged outlet only, without overflow). 

(b) Run 2: Classic full pipe flow (submerged inlet and outlet, without overflow). 

(c) Run 3: Free surface open channel flow (submerged inlet only, with overflow). 

(d) Run 4: Partly-full pipe flow (submerged inlet and outlet, with overflow). 

The water surface profiles in the steady state along the centerline are shown in 

Figure 7.6. Different types of flow through culverts are taken places depending on the 

outlets and inlets conditions. 
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(a) Run 1 and  Run 2 
 
 
 
 
 

 
 

(b) Run 3 and Run 4 
 

 

Figure 7.4 Schematic illustration of experimental setup. 
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Table 7.1 Laboratory tests variables. 
 

Run Q 
(cm3/s) 

B 
(cm) 

Bc 
(cm) 

Lc 
(cm) 

Hc 
(cm) 

hu/s 
(cm) 

hd/s 
(cm) 

S0 
 

1 465.6 50 10 40 3.2 2.04 3.44 1/443 

2 465.5 50 10 40 3.2 5.15 6.25 1/443 

3 1946 50 10 40 3.2 5.05 2.61 1/26 

4 1232 50 10 40 3.2 5.82 5.91 1/271 

 

where Q = flow rate; B = Width of channel; Bc = Width of culvert; Lc = Length of 

culvert; Hc= Height of culvert; hu/s= Water depth upstream culvert; hd/s = Water depth 

downstream culvert; S0 = Slope. 

 

The outlet is submerged in Run 1 as shown in Figure 7.5(a) and Figure 7.6(a), 

which generate the transition from free surface flow to pressurized flow in the barrel 

of the culvert. 

A type of outlet control occurred in Run (2) as shown in Figure 7.5(b) and 

Figure 7.6(b), in which fully-pressurized flow occurs through the barrel of the culvert. 

The full-pressurized flow was caused by increasing the tailwater depth, which let 

backwater to take place. The flow changed gradually from open channel flow to 

pressurized pipe flow as shown in Figure 7.7. 

Over flow was observed in Run 3 and Run 4 as shown in Figure 7.5(c) and 

Figure 7.5(d), respectively. In Run 3 with submerged inlet, the flow with free stream 

line is observed inside the culvert. In this case, both flows through and over the 

culvert are free water surface flows. A clear type of outlet control is shown in Figure 

7.5(d) and Figure 7.6(d) where both inlet and outlet are submerged. It occurred by 

increasing the outlet depth. The transition from free surface flow to pressurized flow 

occurs through hydraulic jump in the culvert. 
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(a) 
 
 

 
 

(b) 
 
 

 
 

(c) 
 

 

 
 

(d) 
 
 

Figure 7.5 Flow profiles during experiments for (a) Run 1, (b) Run 2, (c) Run 3 and 
(d) Run 4. 
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(d) 
 

 
Figure 7.6 Surface water variations along centerline for experiments: (a) Run 1, (b) 
Run 2, (c) Run 3 and (d) Run 4. 
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(a) Open channel flow 
 
 

 
 

(b) Partial-pressurized flow 
 
 

 
 

(c) Full-pressurized flow 
 

 
Figure 7.7 The gradual changes of flow in Run2. 
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7.3 Numerical Model 
 

The numerical simulations of the hydraulic experiments mentioned above 

were carried out by using a numerical model developed by Hosoda et al. (1993), 

which can be used to reproduce the transition from free surface flow to pressurized 

flow in a plane 2-D system. 

The numerical model is composed of the continuity and momentum equations 

of the plane two-dimensional flows of open channel flows and pressurized pipe flows 

and the momentum equation of an interface between both flows. The fundamental 

equations are given as follows: 

 

 [Free surface open channel flow] 
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[Pressurized pipe flow] 
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where h :depth, ),( VU :depth-averaged velocity, ),( NM :discharge flux 

vector defined as VhNUhM ≡≡ , , D :diameter, P :pressure at a top of pipe, 

),(
yx bb ττ :wall shear stress vectors.  
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Following the procedure of numerical simulation described in literature 

(Hosoda et al., 1993), the flow area is divided into three parts: free surface open 

channel flow, pressurized pipe flow, and the interface of both flows as shown in 

Figure 7.8. The arrangement of hydraulic variables to apply finite volume method is 

demonstrated in Figure 7.9. 

For the free surface open channel flow region, the common method (Inoue, 

1986) of flood invasion analysis in flood plains is used for the time integral of Eq. 

(7.1) ~ (7.3). The overflow from box culvert is considered as free surface open 

channel flow, considering the unit discharge at the junction between the channel and 

the culvert using the weir formula, the critical flow conditions, etc. Eq. (7.4) ~ (7.6) 

are applied to the pressurized flow region to calculate velocities and pressure. The 

common numerical method to calculate incompressible fluids is used for this region 

with the interaction procedures of pressure calculation in SMAC method (Hirt and 

Cook, 1972). The side view along the x-axis in Figure 7.8 is shown in Figure 7.10. 

The momentum equation at the interface is derived as Eq. (7.7) by integrating Eq. 

(7.2) and (7.5) from 21−ix to 21+ix . 
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(7.7) 

 

The common flood invasion analysis mentioned above is firstly applied to 

reproduce the flow in the steady state from the initial dry bed flume under the 

experimental conditions. 

The constant discharge is given as the inlet boundary condition, and the 

discharge at the outlet is calculated using the relation between depth and discharge at 

the tailgate (outlet). 
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Since transition from free surface flow to pressurized flow occurs inside the 

culvert by the increase of downstream depth, it is necessary to apply the procedures of 

interface tracking as follows: 

The position of an interface and the depth h  at tnt ∆−= )21(  and NM , at 

tnt ∆= are known. The depth h  at tnt ∆+= )21(  of both the free surface region and 

the control volume bordering an interface (Figure 7.8) is calculated by Eq. (7.1). If 

21+nh  of the free surface region is greater thanD , the control volume is regarded as 

the volume of the pressurized flow region. If 21+nh  of the volume bordering an 

interface is smaller thanD , the volume becomes the free surface region and the new 

position of an interface is determined. 

Incase that the inlet of culvert is submerged as in Run 3 and Run 4, a model of 

free surface flow or pressurized flow is selected properly according to the situation of 

the cell at the inlet of the culvert. 

 

 

 

 

 

x  

Box Culvert 

Pressurized flow region 

Cell bordering interface 

Free surface flow region 
 

 
 

Figure 7.8 Classification of flow domain. 
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Figure 7.9 Arrangement of hydraulic variables. 
 
 
 
 
 
 
 

 
 

Figure 7.10 Side view along x-axis. 
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7.4 Verification of Results 

 

The fundamental two-dimensional simulation model is applied under the 

experimental conditions. Figure 7.11 shows the water depths variations at the 

centerline after the calculated flow results reach the steady state. 

There is a good agreement between the experimental and the numerical results 

especially in Run 1 and Run 2 as shown in Figure 7.11(a) and Figure 7.11(b). In Run 

3 and Run 4, where overflow and air-cavity occurred, the calculated results for the 

flow through culverts are not matching with observed flow, as shown in Figure 

7.11(c) and Figure 7.11(d). These are because the model assuming hydrostatics 

pressure is not applicable to rapid varied flows with air-cavity inside the culvert. 

Using calculated results for Run 1 and Run 2, which include a partially-

pressurized flow or fully-pressurized flow in the culvert, respectively, we showed the 

temporal transition processes from free surface flow to pressurized flow in Figure 

7.12 and Figure 7.13. Although we can’t compare the calculated results with the 

experimental ones, the simulation model can reproduce the transition process 

reasonably for both cases. 
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(a) Run 1 
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(b) Run 2 
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(c) Run 3 
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(d) Run 4 

 
 

Figure 7.11 A verification of water depth along the centerline for both experimental 
and numerical results. 
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Figure 7.12 The interaction between free surface open channel flow and pressurized 
flow in Run 1. 
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Figure 7.13 The hydraulic transients of the interface between free surface open 
channel flow and pressurized flow in Run 2. 
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7.5 Summary 

 

Some of the typical features of flow through and over culverts are studied by 

fundamental hydraulic experiment, which can represent flow during flash floods 

under highways in Oman. A two-dimensional numerical simulation model is proposed 

and applied under the experimental conditions, considering the interaction between 

open channel free surface flow and pressurized flow. We focus on testing the typical 

flow patterns in the full/partial full pressurized flow. As a comparison between 

observed and calculated results, good agreements are found between them. The model 

can be improved further to get better results and to be applicable to simulate flows 

around actual box culverts during flash floods. 

 

 



 

 

 
 
 
 
 
 
 
 
 

Chapter 8 
 

CONCLUSIONS AND RECOMMENDATIONS 
  

 

 

 

8.1 Conclusions  

 

This study focuses on some practical analysis of river flows around selected 

hydraulic structures. Theoretical, experimental and numerical analysis are applied in 

studying the water flow behavior around these structures. 

Firstly, a one-dimensional numerical model is applied to study the formation 

of the hydraulic jumps downstream steps in a multi backward-facing steps flume. The 

model is carried out under experimental conditions for three cases: water-free-fall step, 

partially-submerged step and fully-submerged step. Different grid sizes were tested in 

this model in order to avoid the numerical oscillation at the immediate downstream of 

the step and also to improve the reproduction of the hydraulic jump. The calculated 

results were compared with experimental results. Even the matching between the 

results is not so accurate, but this numerical model has the ability to represent the 

hydraulic jumps clearly especially when the smaller grid size is used.  

By continuing the study of the flow over the backward-facing steps, two-

dimensional physical experiments were implemented in a wooden flume including a 

single step with a sudden expansion immediately downstream the step. More attention 

was given to the generation of the oblique shock waves downstream the steps due to 

the abrupt expansion in the geometry of the channel. A depth-averaged two-
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dimensional numerical model is established under the observed conditions, using the 

finite volume method on a curvilinear grid. The results were plotted in the form of 

surface contour with velocity vectors, which can present the formation of the oblique 

shockwaves clearly. The backwater effect due to the increase of water depth at the 

downstream end is also considered. The results were verified with the measured 

results in the form of the water variation along the centerline, in which it has a good 

matching for the fully-submerged step condition. However, due to the numerical 

oscillation that occurred downstream the step, the calculated results for the partially-

submerged case don’t represent properly the measured one. 

The ecological changes on the ecosystem of the Kamo River also presented in 

this research by studying the relation between the habitat of an endangered bird called 

Kamogawa-Chidori and the sandbar formation in the river course. A two-dimensional 

open channel flow numerical model is executed to simulate both of water flow and 

sediment transport. It is used to simulate alternate sandbars, in addition to the 

deposition of sediment downstream the backward-facing steps structures. The model 

can represent efficiently the scenario of the sandbar formation in the Kamo River. By 

comparing and analyzing the observed and calculated results, we can conclude that, 

due to the widening of the main channel and the installation of series of backward-

facing steps, the tractive force to transport sediment of riverbed has decreased. As a 

result, the bare sandbars without vegetation have also decreased. Therefore, the 

number of chidori birds has been decreased rapidly in the Kamo River. 

A part of this thesis contains some description of the spatial variations of flow 

depth in steady open channel flows downstream of a disturbance attached at one side 

wall of a flume. The theoretical analysis shows that by using the linearlized equations 

of two-dimensional shallow flows, periodic wavy patterns exist for supercritical flows 

(Froude number >1), but the amplitude of periodic wavy patterns always attenuates 

downstream direction. We noted also that by increasing the Froude number, the 

attenuation rate also increases. These theoretical results are verified by hydraulic 

experiments and a two-dimensional numerical model which is executed under the 

conditions of hydraulic experiments. The numerical calculated results almost fit with 

the observed one in term of the amplitude of the hydraulic wave length. 
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Some trials to analyze flash floods especially in arid area in order to propose 

some mitigations for floods in future researches are described at the last two chapters 

of this research (Chapter 6 and Chapter 7). In Chapter 6, a theoretical analysis is 

carried out to investigate the possibility of reproducing flash floods with a high 

Froude number by using one depth hydrograph at one site. The main output of this 

theory can be listed as follows. Linear analytical solution can be derived when the 

boundary conditions at upstream are linear function of time. If the boundary 

conditions at upstream are quadratic function of time, nonlinearity should be taken in 

account. 

This thesis is ended with a two-dimensional numerical model which is 

proposed to represent flow during flash floods under highways in Oman. It is applied 

under observed conditions, considering the interaction between open channel free 

surface flow and pressurized flow. The typical flow patterns in the full/partial full 

pressurized flow were considered. Although we failed to make a good comparison 

between the calculated results and the experimental ones in some cases, the simulation 

model can reproduce the transition process reasonably for some other cases. 

  

8.2 Recommendations 

 

The work in the analysis of the spatial variations of flow depth in open 

channel flow around disturbance can be extended with further studies. Since the 

measured depth distributions show very anti-symmetric feature, the further 

investigation including the nonlinear effects is necessary to clarify the generation 

mechanism of anti-symmetric depth distributions. The numerical model needs to be 

improved to give better results, by considering the vertical acceleration in the future 

studies. 

Since there is a lack in the studies in flash floods in arid areas, physical and 

numerical models needs to be extended for simulating extreme storms. Therefore, the 

numerical model which is used in simulating water flow through and over box 

culverts can be improved further to get better results and to represent flow during 

flash floods through box culverts. 
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