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ABSTRACT

The goal of this study is to investigate and amalile flow patterns around
selected hydraulic structures. One-dimensional d@wd-dimensional physical,
mathematical, and numerical models are the mails tesed to achieve the aim of this
research. In some topics included in this thessgfigations between the three models
were made.

Firstly, we applied a one-dimensional numerical elotb a flume which
contains two backward-facing steps. Flow featuneshsas the formation of the
hydraulic jump downstream the step is studied by thodel. The model is tested
under different grid sizes. Although, numericalitbattons occurred, the model with
smaller grid size is capable to reproduce the imeabf the hydraulic jumps
downstream the backward-facing steps.

The study of the flow over backward-facing stepsxtended by conducting a
fundamental study of the flow subjected to suddeange in the geometry of the
channel due to the existence of a single backwacohg step and the abrupt
expansion immediately downstream the step. Thegoélishockwaves generated
downstream the step is represented clearly by ledtaly a two-dimensional
numerical model applied in a curvilinear grid.

The two-dimensional numerical model which is usedimulate the flow over
a single backward-facing step is applied again Kanaously with a bed-load
sediment transport model. It is used to study dwnsent deposition downstream the
step, in addition to the formation of alternate saatterns in the Kamo River. The
alternate sandbars formation along the river couasd the triangular shape sandbars
downstream the steps are represented. An emplsagivean to the effect of these
sandbars in the habitat of the Kamogawa-chidodsbwhich is the bare bar surfaces.

Theoretical investigation is conducted by using lihearlized equations of
two-dimensional (2-D) shallow flows to study theasgl variations of steady open

channel flows downstream of an obstacle attachethersidewall of a flume. The
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periodic wavy patterns, the standing waves, anddlagion between Froude number
and the attenuation rate are considered. The themreesults are verified with
hydraulic experiments and a two-dimensional nunaénmodel executed under the
experiments conditions.

Some of the arid countries such as Oman are destroyth severe flash
floods in the last few years. Such floods are uguaused by excessive rainfalls in a
short period of time, and they created hazardotstsins for people and cause
severe damages to properties. In this researchcomeerned in the possibility to
reproduce flash floods with a high Froude numbgrusing one depth hydrograph at
one site. A long mathematical process consideratg bnear and nonlinear solutions
is discussed in details in chapter six of thisithes

The study of flash floods is continued in this teedy dealing with the
existence of box culverts at dry rivers “wadies’tidg flash floods in Oman. A two-
dimensional numerical model is established and w@eecunder observed conditions,
in order to represent flow during flash floods undeghways in Oman. Backwater
effects and overflows from culvert are considerathwiving more attention to the
interaction between open channel free surface #ow pressurized flow inside the

box culvert.
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Chapter 1
INTRODUCTION

1.1 Prdiminaries

The study of the flow over and around hydrauliactures is an interested
field for civil engineers. Every hydraulic struotuinas its own benefits in urban areas.
For example, dams, which protect from floods amdestvater for water supply, and
sluice gates which are used to control the dis@hargivers and to alleviate flooding.
Bridges and culverts, which carry roads and raisvayer rivers, are very numerous
examples of hydraulic structures; few roads arestranted without them. Concrete
weirs are used to measure the discharge of rifrersthe purposes of regulating water
flow and river sedimentation, backward-facing stépshe major solution of such
problems. Beside the advantages of constructing Bydraulic structures, there are
many negative effects on rich river natures. Soocwmdogical changes in the ecosystem
of the rivers occurred such as the rapid decraagsbe number of fishes, birds and
trees in these rivers.

This research is giving focuses in some of therdwlt structures that
mentioned above. The flow behavior around thesecttres is analyzed by using
mathematical, physical and numerical models. Fleatdres caused by the existence
of these structures, such as oblique shockwaveshyahculic jumps are emphasized

in more details.
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Flow separation by backward-facing steps is thenrt@pic that this study will
concentrate on. There are several investigatiorflowfover a backward-facing step
available in the literature. For example, Denhand d&atrick (1974) conducted
experiments on laminar flow over a backward-fagitgp. Reattachment lengths and
velocity profiles were measured in the study. Ayned al. (1983) provided data on
separation and reattachment points, stream-wisgiglmeasurements are reported
for several Reynolds numbers. Ghia et al. (1988)mdaed two-dimensional solutions
of the backward-facing step flow throughout the itzam regime and found a good
agreement with the two-dimensional flows obserwedbmaly et al. (1983).

The flow disturbance can be generated by chandiimgdepth and/or velocity
in a section of flow. In this research, an obstattached to the sidewall of a flume is
the source of the flow disturbance, with givingadtention to the spatial variations of
steady open channel flows downstream the obstaégtaiiksma et al. (1985)
formulated the spatial amplification of the sandbgenerated downstream of a point-
bar along a river bend “over-deepening phenomerfosandbars” mathematically,
and derived the critical conditions for the spatahplification of sandbars. The
analytical solution on the temporal change of pbats in a sinuous meandering
channel is derived by Blondeaux and Seminara (198p)studying the resonance
relation between sinuous channel and bars. It i kewn nowadays that the
condition of the spatial amplification of bars birutksma et al. (1985) is coincident
with the resonance relation by Blondeaux and Semind985). Hosoda and
Nishihama (2006) studied the response of wateaearfo a sinuous open channel and
the flow behavior near the resonance conditionh@igh there is no resonance
condition in the case studied in this paper, itp@nted out that if the bottom
variations with the standing wave condition areegivthe flow resonates to the
bottom variations. Based on these researchesstilnily doesn’t deal with the spatial
amplification of sandbars, but it examined the oese of the spatial variations of
water surface in steady open channel flows dowastref an obstacle attached on the
sidewall of a flume.

Flash floods are considered as one of the mostedang weather-related
natural disasters in the world, and can create rama situations for people and
cause extensive damage to property. They are ystelised by heavy or excessive

rainfall in a short period of time. Physical andmmerical models are useful in
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analyzing floods especially in catchments wherea dstnot available for simulating
extreme storms. The use of these models is negessdine urban watershed with
high variability of land surface parameters, andeaige of calibration data. On the
other hand, uncertainty should be taken in accoumnalyzing the results in such
cases. In this study, we concerned with the repriaiu of flash floods with a high

Froude number by testing the possibility of repmdg such flows by using one
depth hydrograph at one site.

Flash floods in arid environments such as Omannafact common, but their
occurrence is also poorly understood. In such #owe have to deal with dry rivers
except in rainy seasons “wadies”. These wadies \wdegsected with a number of
streets, where culverts and bridges have been rootet to provide road flood
protection. Box culverts were very common used maD to allow water to pass
under highways and to carry watercourses undet-bpiareas. In many cases Muscat
City (the capital of Oman) is flooded because thigarts capacity was insufficient to
carry large flood flows. A part from this study tkeavith a numerical model to
simulate flow through a box culvert, which reprasdiow during flash floods under

highways in Oman.

1.2 Objectives of Study

The main objective of this study is to investigatenean of using hydraulic
models to better reproduce and quantify some fleatures that generated around
selected hydraulic structures within river reachess anticipated that the results of
such study will provide a tool better linking thgdnaulic characteristics of river to
the ecological attributes of a stream. Such commectvould allow for better
investigating how hydrologic parameters drive thgdraulic and morphologic
conditions and how consequent hydraulic conditiofisence stream ecology. Thus,
engineers, ecologists can have a general set &, twbich they can use to describe
the flow patterns of importance of their particuidaudies.

In this study, hydraulic models used in calculatirgious flow parameters
can be listed as:

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

jumps downstream backward-facing step structures.
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2. To make clear the mechanism of the creation of lsarsdwith triangular shapes
downstream the steps, and the alternate sandlosg @ver course.

3. To study the spatial variations of free surfacevodownstream a sidewall
attached obstacle.

4. To represent flow during flash floods under highevayarid environments.

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

reproducing flash floods with less available datajntroducing a theoretical method

focusing on the possibility of reproducing flastodtls using only one water

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

objective here, and authors believe that it wilbbgreat challenge to future researches

in this field.

1.3 Thesis Structure and Organization

Eight chapters are included in this manuscript wheoncerned on the
practical analysis of river flows around selectsdlrulic structures, including the
introduction in chapter one and the conclusion hapter eight. The structure
organization of this thesis is illustrated in thanfchart in Figure 1.1

In chapter two, we used one-dimensional numericadehto analyze the flow
over multi backward-facing steps by giving moreeation to the hydraulic jumps
which formed downstream the steps. The effect efghd size is tested to avoid the
oscillation at the immediate downstream of the steg to reproduce the hydraulic
jump in a proper way. Flow over drops “water-fredi“falso studied in terms of the
pool behind the free-fall. The numerical simulategsults are verified with
experiments conducted by the author.

In chapter three, study of flow over backward-fgcsteps is extended with
more emphasis on the flow features such as shodsvand hydraulic jump
downstream the step, which shaped due to the abhapiges in the flow cross section.
A depth-averaged two-dimensional numerical model dosteady flow in open
channel is established using the finite volume wetlon a curvilinear grid. The
shockwaves generated downstream the step can teseaped clearly by using this
model. The backwater effect due to the increasth@fwater depth downstream the
step is also considered. Flow under partially-sulged and fully-submerged steps is
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also studied experimentally and numerically. Thetleof the supercritical stream
immediately downstream the free-over-fall is comsédl and verified with previous
predicted results.

Chapter four presents the ecological changes oredhsystem of the Kamo
River by studying the relation between the habdatan endangered bird called
Kamogawa-Chidori (Charadrius Placidus) and the lsanfbrmation in the immediate
downstream of backward-facing step structures wimtiall abrupt expansion at a few
locations of the river course. The computationadedlawith a two-dimensional (2D)
simulation of flow and sediment transport was agaplio the bar formations in order
to make clear the mechanism of the sand deposititime immediate downstream of
step. The results can give an approximate repraduadf the sand deposition
downstream the backward-facing steps structuréseitkamo River.

Chapter five deals with the spatial variations tdagy open channel flow
downstream of an obstacle attached on the sid@ivalflume. Theoretical analysis is
applied using the linearlized equations of two-disienal shallow flows. The
theoretical results are verified by hydraulic expents and a two-dimensional
numerical model executed under the hydraulic erpenis.

The reproduction of flash floods with high Froudember is concerned in
chapter six by testing the possibility that sudwi can be reproduced by using one
depth hydrograph at one site. Linear analyticaltsmh can be derived when the
boundary conditions at upstream are linear funstiai time. If the boundary
conditions at upstream are quadratic functionsimkt nonlinearity was taken in
account.

Chapter seven deals with a numerical model to siteuhe flow through a
box culvert, which represents flow during flashoilis under highways in Oman. We
firstly show the typical flow patterns with the misation from free surface flows to
pressurized flows and overflows over a culvertgblasn hydraulic experiments. Then,
a numerical model applicable to the full/partiall foressurized flows is tested to
simulate the typical flow patterns under the candg of experiments.

Chapter eight summarizes the overall results andlasions presented in this

research. Some recommendations of further resesaerbanentioned in this chapter.
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Figure 1.1 Flowchart of the framework of the thesis.




Chapter 2

ONE-DIMENISONAL MODELING OF FLOW OVER
BACKWARD-FACING STEPS

2.1 Prdiminaries

A free-over-fall or vertical drop from a backwar@keing step is a common
feature in both natural and artificial channels.tudal drops are formed by river
erosion while drop structures are built in irrigatisystems to reduce channel slope
(Rajaratnam and Chamani, 1995). Investigationsropgistarted in early times. Some
of the published literatures that studied the flciwaracteristics of drops are Moore
(1943), White (1943), Rand (1955), Gill (1979), &ajaratnam and Chamani (1995).
The basic study to the hydraulics of drops was ntgdeloore (1943) followed by the
discussion of White (1943). These studies were Ipdatused on the energy loss at
the base of drop. White (1943) presented in hisudision a theoretical solution for
energy loss at drop. Empirical equations for sormh#ée characteristics of the flow
over the over-fall were developed by Rand (1955).

Experimental and Numerical investigations of floweo a backward-facing
step are widely available in the literature. Foample, Denham and Patrick (1974)
conducted experiments on laminar flow over a bac#viacing step. Reattachment

lengths and velocity profiles were measured in shaedy. Armaly et al. (1983)
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provided data on separation and reattachment poisteeam-wise velocity
measurements are reported for several Reynolds ensmb

The hydraulic jump is a basic physical phenomemonatural rivers or open
channel flows (Zhou and Stansby, 1999). It is stapbenever supercritical flow
changes to subcritical flow. During this transitiomater surface rises suddenly,
turbulent mixing occurs, surface rollers are fornadl energy is dissipated. Such
characteristics are often used for energy dissipati hydraulic engineering (Hager,
1992). To design a hydraulic structure in whichyaraulic jump is formed, it is
necessary to know the location and the length efitydraulic jump and the amount
of energy dissipated (Gharangik and Chaudhry, 199D) determine the jump
location, Chow (1995) computed the water surfaadilps for supercritical flows
starting from upstream end and the subcritical faarting from the downstream end,
and the jump is formed at the location where theceie forces on both sides of the
jump are equal (Gharangik and Chaudhry, 1991).

In this chapter, flow over multi backward-facingepgs is studied
experimentally and numerically by focusing espdgian the formation of the
hydraulic jumps downstream the steps. Such phenomencurs due to the sudden
change of the flow from supercritical to subcritilaw. In addition to the hydraulic

jump, the depth of the pool behind the free-fad} * is also studied in this chapter as

illustrated in Figure 2.1. The values ¥4f measured in this study are compared with

values predicted by previous literatures.

Wk

Figure 2.1 Definition sketch for flow over drop.
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The one-dimensional unsteady differential equatfonsonservation of mass
and momentum are solved numerically to analyzddimation of the hydraulic jump
in a rectangular channel downstream the backwaniddesteps. The effect of the grid
sizeAxin the area downstream the step is considereddier @0 represent the location
of the hydraulic jumps clearly and to study theeefffof the numerical oscillation on
the water depth at the direct downstream of thp. Stbree values afAx were used

during the simulation processes &@5m , 001m and0005m . The experimental

results are presented, and the computed resuler wifferent grid sizes are verified

by comparing them with the observed data.

2.2 Laboratory Tests

The hydraulic experiments were conducted using aizéwtal glass
rectangular flume having two backward-facing steffse flume is 300 cm long, 10
cm wide and 10 cm step height as shown in FigzeThe flume is equipped with a
gate to control the tailwater depth. A pump life twater from underground sump to a
tank connected with the flume inlet. Water runstigh the flume then returns back to
a sump tank. The hydraulic variables for the latmyatests are illustrated in Table
2.1.

Table 2.1 Hydraulic parameters in the laboratory tests.

Run H L B % hu/s hd/s T GH Remarks
(cm) | (cm) | (cm) | (cm’/s) | (cm) | (cm) | (°C) | (cm) Step; | Step,

1 10 | 300 | 10 333.5 15 142 224 O FWF FWF

N

10 | 300 | 10 333.5 15| 11.36 22.4| 10 FWF FSS

3 10 | 300 | 10 333.5 15| 16.14 22.4| 15 PSS FSS

where H : step heightL: length of flow domain;B: channel width,Q: discharge;
h,s: water depth at the upstream end of stép,: water depth at the downstream
end of steg T : water temperatureGH : gate heightFWF : free-water-fall; PSS :

partially-submerged ste:SS : 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 flurastains two steps with a
distance equal 100 cm in between them. The sloghearflume was set to be zero.
Three cases are considered during the experimepsnding on the water surface
elevation around the step. In Run 1, the flow awer step is free-fall in ste@nd
step. By increasing the gate height at the downstreadhaé step in Run 2 and Run
3, step in both Run 2 and Run 3 is fully-submerged of watéile the flow in step
is free-water-fall for Run 2 and partially-submetder Run 3.

2.3 Experiment Results

2.3.1 Surface Water Variation

The laboratory experimental results are shown guié 2.3, while the surface
water variations along the centerline of the flusne shown in Figure 2.4. Three types
of flow over backward-facing steps are taken pladegending on the downstream
conditions.

The flow conditions in the three cases are almasstes The water depth at the
downstream end is adjusted by a moveable gatefifdtecase (Run 1) was carried
out under zero gate height. The gate height inRba 2 is 10 cm which allowed
backwater to take place, which make sisgdully-submerged with water, while there
is free-water-fall over stgpBy increasing the gate height further as in Runh&
backwater affected stepnd become partially-submerged.

As was shown in Figure 2.3 and Figure 2.4, there ifiydraulic jump
generated downstream stefpr both Run 1 and Run 2, which occurred due ® th
sudden change in the flow condition from supealtiflow to subcritical flow. In
Run 1, the hydraulic jump is formed at a distarem@way from the over-falling jet.
However, in the case of Run 2, it is affected by tackwater and moved to the

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

(c) Run 3

Figure 2.3 Laboratory experiment results.
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Figure 2.4 Surface water variations along centerline.
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2.3.2 Flow Characteristicsat Drop

Since we are dealing with a transparent glass flumefound it is a good idea
to consider the height of water in the pool bettimel over-falling jet Y, ” in order to
analyze some flow characteristics at drop. The ldegptthe pool behind the over-
falling jet can affect on the pressure of the padijch can have some influence on
the location of the hydraulic jump. The experiméntdue of “Y,” measured in Run
1 is compared with the values predicted by andfiverauthors. The equations used
by these authors are shown as follow:

[Moore (1943): Analytical solution]

2
Yoo [N] 40Ye_3 2.1)
Y. Y Y,
[Rand (1955): Model data 0.045<5H <1]
\13 \/ 066
P =|__< 2.2
e @2)
[Gill (1979): Model data 0.075¥,/H <0.45]

0697

Yo = 1067(L - 0.00lGj (2.3)
H H

[Rajaratnam and Chamani (1995): Solution of no@irequations]

0719
Yo o 1107(% 2.4)
H H
[Chanson (1995): Analytical solution]

0675
Yo o oggz{ij (2.5)
H H

whereH is the step heighty, is the critical depth an¥, is the water depth at the
immediate downstream of the free-fall.
The results in Figure (2.5) show that the experi@enalue ofY, matches

with other measured and calculated values, argl\vély close to the analytical value
predicted by Moore (1943) and Chanson (1995).
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Figure 2.5 Comparison between predicted and experimentabgabiy;, .

2.4 Numerical Modd

2.4.1 Governing Equations

A one-dimensional numerical model in the Cartestaordinate system is
developed in for simulating unsteady open chanlwV fin order to represent the
formation of the hydraulic jump (Figure 2.6). Thedel is based on the finite volume
method. The governing equations used in the madehafollow:

[Continuity equation]
0A  0Q _

—+—=0 2.6
ot ox (2.:6)
[Momentum equation]
A
Q,0Q gAa—ZS =-gA Tp ,O-U"A (2.7)
ot  ox 0x PIR 0x

whereQ: discharge;A: cross sectional area;: cross sectional average velocit;:
water surface elevation from the datum plage;gravity accelerationR: hydraulic
radius; 7, : x-components of bottom shear stress vectorsturbulent fluctuations;

p© . density of fluid;t: time; x: spatial coordinate.
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yl\

\\H
< \\;\q
V’

X
Figure 2.6 Explanation of symbols and coordinate system.
The last term in the right side of the momenturnatign is the momentum

transport term cause by turbulent velocities andasmally neglected. The bottom
shear stress is evaluated by the Manning’s formula.

2
% - g;ﬂ”| (2.8)

where n: Manning roughness coefficient.

2.4.2 Discr etization of Governing Equations

The governing equations given in section 2.4.1 daseretized by the finite
volume method. First upwind scheme is used for timegration. The definition of
the location of the hydraulic variables used in ¢h&ulation is shown in Figure 2.7,
in which velocity and discharge are defined atdbk boundaries and water depth is
defined at the middle of the cell. The flow dom&ndivided into the grid cells by

planes parallel to the coordinate axes.

[]:qu O:h

pogoson

X

Figure 2.7 Location of hydraulic variables.
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The typical discrete form for the continuity and mentum equation which
satisfies the flux conservation and based on fimileme method is shown below:

Al = A, A -Q _ 29)
At AX

n+1 n n n n n n _ 5N n
QM -Q + Uis1/2Qha = Uiiy2Q ain +gA" Zsivz ~ s =—(gA Tix j

At AX AX POR (2.10)

’ 'ui+ - |i= n y v n
1;ul,,<0  |1u,,<0 P2 Aloe |1 Q<0

a={0; u,, =0 b_{O; Wao20 o Ul o Q C_{O; Q=0
where superscripts n and n+1 denote current anttinex step, respectively.

A hydraulic jump can be simulated by solving Eg9j2and (2.10) subjected to the
appropriate boundary conditions. We assume the apannel flow in a uniform
rectangular section, and discharge is given atuibetream end and water depth is
given at the downstream end as boundary conditionthis regard, the depth at the

downstreamh, is given as the same value of ddpth. By starting with the specific

initial conditions, the solution of these equatiasontinued until a steady state is
reached. When the flow reached to the steady staé&gr depth instantaneously

increases th,. Therefore, the jump traveled from the downstreamd toward the

upstream end and then moved back until it waslgtatiin one location.

2.5 Verification of Results

In the experimental investigations, it is almospossible to precisely measure
the water surface profile in the jump due to thghHiuctuation. Therefore, comparing
the observed shape of the jump with the calculateabe is not so accurate. In
addition, uncertainty is introduced in the computexbults by the oscillations
downstream of the jump. It is known that numericakillation occurs around
hydraulic bore in spite that the first upwind scleeisiapplied to the convective inertia
term. These oscillations are introduced by the naielimitations of the numerical
schemes and are not a true representation of tlysigah phenomenon being
simulated.

Figure 2.8 shows the variation of water depth at ¢dknterline for both the

observed and the calculated results uAder 0005m. In Run 1, the calculated water
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surface almost fits with the measured one excephermocation of the hydraulic jump.
The jump obtained by the model is located slighihstream of the location of the
observed jump.

Although, the location of the hydraulic jump dowesim stepin Run 2 is a
slightly different than the observed one, the refthe streamline upstream and
downstream the jump has a good fitting with the snead flow patterns. In Run 3,
due to the experimental fluctuation in the waterfate downstream a partially-
submerged step, rather than the numerical osoitiatthere is slightly different
between the flows patterns between calculated asaksured water surface profile at
the immediate downstream the step. However, fardvesy the step, the matching is
reasonably accepted.

One very important parameter in the simulation bfdraulic jump is the size
of the spatial gridAx (Gharangik and Chaudhry, 1991). In this study tlvaees of
Ax are testedDO5m , 001m and0005m . Figure 2.9 illustrate the results for
simulating the three cases of flow under the tigré sizes. In Run 1, even there is no
significant difference between the flow patternsngsthe three spatial grid sizes,
using Ax = 001 m and Ax = 0005m gave a slightly clear representative of the jump
downstream stgp

When the values ofAx = 005m and Ax = 001 m are used in simulating Run
2, the water surface is almost same. However, lbpaiagAx to 0005m , the
reproduction of the hydraulic jump is much clead @ime location of the jump moved

upstream the location of using larger grid sizebisTis because the difference

betweenAx = 0005m and the other two grid sizes is very big comparethe

difference between the other values. Such differendhe spatial grid sizes affected
on the location of the critical depth at the vetidrop, which as a result can effect on
the location of the hydraulic jump.

Although numerical oscillation occurs during theaslation process of Run 3
for the three grid sizes, the results are improaed the hydraulic jump is obviously

illustrative by decreasing the grid size fix=001m and Ax = 0005m . Such

oscillation can be smoothed by introducing art#icriscosity and using high order

convection schemes.
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Figure 2.8 A verification of water depth at the centerlinelafth experimental and
numerical resultsAx = 0005m.
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Figure 2.9 A verification of water depth at the centerline mfmerical results for
different grid sizes.
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2.6 Summary

In this chapter, a one-dimensional numerical maslepplied for a channel
which contains two backward-facing steps underetkgerimental conditions. Three
cases are considered with free-fall, partly-submérand fully-submerged steps. The
numerical analysis focused on the flow feature dsiveam the step especially the
formation of the hydraulic jump. Such flow featuscurred because of the sudden
change in the geometry of the channel due to tlistemce of the backward-facing
step. The model used has ability to reproduce fg@momenon. The effect of the
grid size is considered in order to avoid the ¢esodn at the immediate downstream
of the step and to reproduce the hydraulic jump iproper way. The results were
compared to the observed results and they werdisagrtly improved when the grid
size is reduced

In general, the experimental flow patterns inclgdihe hydraulic jump can be
well simulated by using this model. Hydraulic jurrgn be represented much clear by
using smaller grid sizes.

The height of water behind the over-falling jé&t is emphasized
experimentally. The experimental value Ygf match properly with values predicted

by previous authors and has a very close valuddoanhalytical value predicted by
Moore (1943) and Chanson (1995).
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Chapter 3

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

3.1 Preiminaries

In the previous chapter, a one-dimensional numlencadel in Cartesian
coordinate system is developed and applied undeerarental conditions of flow
over multi backward-facing steps. In this chapséudy of flow over backward-facing
steps is extended with more emphasis on the flatufes such as shockwaves and
hydraulic jump downstream the step, which shapesltduthe abrupt changes in the
flow cross section. A depth-averaged two-dimendionanerical model for unsteady
flow in open channel is established using the diniblume method on a curvilinear
grid. The two-dimensional basic governing shallowatev equations used in the
generalized curvilinear coordinate system are sbl¥@ée numerical model is applied
to experimental conditions for a wooden flume inohg a single backward-facing
step with abrupt expansions at the immediate doweast of the step.

Separated flows produced by an abrupt change imeey are of great
importance in many engineering applications (Barkét al. 2002). Among the
various flow geometries, the two-dimensional baadkiafacing step has a simple
geometry to present flow separation and reattachpieenomena. There are several

investigations of flow over a backward-facing s&milable in the literature. For
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example, Denham and Patrick (1974) conducted exgpets on laminar flow over a
backward-facing step. Reattachment lengths andciglprofiles were measured in
the study. Armaly et al. (1983) provided data opasation and reattachment points,
stream-wise velocity measurements are reporteddeeral Reynolds numbers. Ghia
et al. (1989) computed two-dimensional solutiongh& backward-facing step flow
throughout the laminar regime and found a goodeagent with the two-dimensional
flows observed by Armaly et al. (1983).

Diffraction of Shockwave behind a backward-facingpsis one of the
fundamental topics in shockwave dynamics and studi&tensively by many
researchers (Ohyagi et al. 2002). Carling (199pdnted the direct observation of the
development of a hydraulic jump during flood floie proved experimentally that
the V-shaped wave can be generated by the sudoeneftpansions. Ohyagi et al.
(2002) studied the phenomenon of shockwaves behindackward-facing step
experimentally in a tube by using high-speed pheaiplgy as well as pressure
measurements on the sidewall of the channel. Theliesl the relation between the
pressure and the location of the wave under diitepgessure magnitude. Talking
about recent studies, Puay and Hosoda (2009) stubepretically, experimentally
and numerically the generation of the shockwaves wuthe abrupt expansion of
supercritical flow without existing of step.

When the flow is subjected to sudden transition @usudden change in the
geometry of the channel, abrupt expansion flow mxc&uch scenario is clearly
observed in the Kamo River. Most of the backwamr@ step structures have a
sudden expansion as shown in Figure 3.1. Thisdigtmows clearly the formation of
the obliqgue shockwaves from both sides of the chlaramd the hydraulic jump at the
middle of the channel. In this chapter, abrupt espan flow which occurs at the
immediate downstream of the step is studied byngiocus to the development of
the V-shaped oblique shockwaves downstream the. sfépe two-dimensional
unsteady differential equations for conservatiormafss and momentum are solved.
Results are reported and compared with experinfentghich the flow maintained its
two-dimensionality in the experiments. Under theiseumstances, a good agreement
between experimental and numerical results is nbthi These results can represent

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

The flow characteristics of the water free-fall prare studied in the previous
chapter by considering the water depth of the pebiind the free-fall Y, ”. In this
chapter, the features of the flow at drops is cu@d to be considered by focusing on

the depth of the supercritical stream immediat@wastream the stepY,” as shown

in Figure 3.2. The observed and calculated resutsscompared with values of;”

predicted by previous authors.

At

‘ -
‘

Figure 3.2 Definition sketch fo¥,.
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3.2 Laboratory Tests

The laboratory tests were carried out in the Rigad Urban Hydraulic
Laboratory at Kyoto University. A schematic viewtbé experimental setup is shown
in Figure 3.3 and Figure 3.4.

Water levels were measured at different pointiénflow domain using point-

gauge instrument. The length of the flow domadirs 250cm and the channel width,
B =91cm. The grid size used in the flume(®mx5cm . Yhe hydraulic variables
for the laboratory test are illustrated in Tablel.3In these experiments the
measurements were conducted 28cm and10cm step height.
As shown from Table 1, the experiments are camigidto analyze both free-
water-fall and flow with submerged step in ordestady the backwater effect on the
upstream part of the step.

Table 3.1 Hydraulic variables in the experiments.

Run| H L B Q\1 huss has T GH | Remarks
(cm) | (cm) | (cm) | (cm’/s) | (cm) | (cm) | (°C) | (cm)
1 20 250 91 9470 2.55 267 165 O FWF
2 20 250 91 9470 2.55 3.44] 170 15 FWF
3 10 250 91 11150 3.05 1.88) 206 O FWF
4 10 250 91 9150 1.90] 10.76 11.9 7 SS
5 10 250 91 9150 3.42] 1358 12 10 SS
6 10 250 91 9150 759 17.26 119 14 SS

where H = step height; L = length of flow domain=Bchannel width upstream the
step and after 60 cm faraway from the downstreatheostep; Q = discharge; /=
upstream water depthyh= downstream water depth; T = water temperatuté;=G
gate height located at the downstream end; FWFe-\rater-fall; SS = submerged-
step.
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91 cm

140 cm

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-wdiddlr- condition and
submerge-step condition are shown in Figure 3.5)ewtme surface-contours are
plotted in Figure 3.6. From these two figures, thierupt expansion of flow
downstream the step is shown clearly with the faionaof the shockwaves. The
hydraulic jump is developed immediately after theetmg point of the shockwaves.
Figure 3.7 presents the water depth variation atbhegenterline, where the hydraulic
jump is clearly represented in the cases of frefaditions.

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

(b) Submerged step condition (Run 4).

Figure 3.5 Laboratory experiment results.
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Figure 3.6 Surface contours of laboratory experiments results
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Figure 3.7 Surface water variations along centerline.
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3.4 Numerical M odd

Depth-averaged equations are used for the desuripfiflow. Referring to the
coordinate system shown in Figure 3.8, depth-awesragpntinuity and momentum
equations in the Cartesian coordinate are descabéddllow:
[Continuity Equation]
oh N oM N ON _ 0

oty o0
[Momentum Equations]

(In the x -direction)

OM UM oM __ 07, , 0 (i), (L) (32)
ot dx 0y ax p OX oy '
(In the y -direction)

ON OUN OWN__ 02 Ty 8 ( ), 0 () (3.3)
ot ax ay oy p 0Xx ay

wheret: time; (x,y): Cartesian coordinatesu(Vv): x,y components of depth-
averaged velocity vectors;M , N ): x, y components of discharge flux vectors
(M =uh,N =vh); g: gravity accelerationh: depth;p : density of fluids;z,: water

surface elevation from the datum plane,, (t,,): X,y components of bottom shear

stress vectors=u'?,-u'V , -v'? : components of depth-averaged Reynolds stress

tensors.

The depth-averaged Reynolds stress tensors cavaheated by the empirical

formulas.
-0 ou) 2
-u?=2D,| — |-=k .
(%)-2 (3.4
_ 3.5
_u'v': Dh @+Q ( )
dy 0x
— 3.6
—\/2=2Dh(ﬂ]—gk (3.6)
oy
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D, = ahu.?, (a : constant) (3.7)

where D, : eddy viscosity;k : depth-average turbulent kinetic energy; friction

velocity; (u. = \/% ;T : the magnitude of the bottom shear stresses).

The depth-averaged turbulent kinetic enekgys also evaluated by the
following empirical formula.
k=207u.° (3.8)

The bottom shear stresses are evaluated by theiMgsiformula.

_ pgn°uvu® +v? _pgnPvWu? + V2 (3.9)

Tbx h}/3 ' Tby - h%

wheren: Manning’s roughness coefficient.

Figure 3.8 Coordinate system for depth-averaged flow.

Egs. (3.1)-(3.3) are transformed in a generaliaedtilinear coordinate §,77)

using the following formulas:
0 _0£0 90 8 _30 0no

Ox OxdE 0xon oy dyaE odyan
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[Continuity Equation]

o(h) d(Uh), d(Vh

| 2+ 0

at(JJ aa( J Gn(J) (310)

[Momentum Equations]

Q(Mj 4 [UMj+i(MJ:— h i0_+&0_ LT
at\ 3 ) o an MNT "3 pa 611
#5690 (L) 2 9 (v} e O (L yzp)
3% 3 %

i(ﬁj-{-i(wj.{-i(mj:—gh (t’ya_zs-i-&a_ _h
ot\J ) o0&\ J on E J o) p

+%(%(—Wh) % :i( vV h)

(3.12)

where €, ,n,,&,,n,): metrics coordinate transformatiod;, Jacobian; { ,V ):

contravariant components of velocity vectors.

1
Xe¥r =% Ye

U=S&u+é v,V =nu+ny (3.14)

where ¢, ,n,,&,,n,) are related toX;, x,, Ys, Y, ) by eq.(3.15).

&=y, & ==, 0,= =Y, , 1, = X (3.15)
The following formula is also used to derive EqQ.(3-(3.12).

lop_1(0¢,  op a(ij a(nxj

3 ox (af‘r an”*j 0el 3% ap 3 ? (3.16)

In order to make the basic equations for computatiompatible with finite
volume method or central volume method, Eq. (3drid Eq. (3.12) are transformed
into the equations in which the contravariant congris of velocity vectors are used

as unknown variables by multiplying the two equasiconé, ands, respectively.

The momentum equations can be written as:
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(In the & -direction)
o(Q, UQ“
ot J
65 9¢,
J 6{ 0
~gh 5f+<‘y26_zs+fx’7x 5y’7y0_zs _T (3.17)
J o J on) A '
EL0 () 61 0 () 2 0 ()
J o0& J an J ¢
0 0 () S 0 () 258y 0 (i)
J on J on J 0
(In the 7 -direction)
o[, 2fuar),
ot J J
e
J o0& 0/7
_ g(fx'?x Syi1y 9z, 11y 1y 025] (3.18)
J af J 0dn ,oJ
+ﬂi( u h) 11 i(_u h) Eyqy ( \Fh)
J d¢ J on J 0§
+,7—yi(—\7h)+—fx/7y f’ﬂxi(—uvh) 2,7x/7y (uv’h)
J on J o0& on

where (Q¢,Q"): contravariant components of discharge flux vez;tc(r(f , T ):

contravariant components of bottom shear stred®ngec

Q* =EM+EN, Q=M +7,N (3.19)
= Exrbx + {yrby’ Tg = ,7be>< +,7yrby (320)
Eq. (3.10), Eg. (3.17) and EQ..18) are the depth-averaged continuity and

momentum equations in a generalized coordindter() were used as governing

equations.
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The basic equations are discretized into finitéded#ince forms, using finite
volume method. For the time integration of the e¢igus, the Adams-Bashforth
method with second-order accuracy is employed.afidhe cases that are simulated
using this model25cm mesh size is used in bofh direction and; - direction. The

definition for the locations of the hydraulic vaias 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 fthven of surface contour as
shown in Figure 3.10. When the flow passes thrainghbackward-facing step and
due to the sudden expansion in the channel dovamsttee step, the flow direction is
subjected to change. The direction of the flow espnted clearly by the velocity
vectors and the magnitude of the velocity. Figurel3hows the variation of water
depth along the centerline for both the observedl the calculated results. For the
cases of water-free-fall, the numerical model ipatde to reproduce the magnitude
and the location of the hydraulic jump downstreamgtep as shown in Figure 3.11(a,
b and c). The shockwaves observed in the expersrast characterized numerically
for Run 1, 2 and 3. The results are compared glosith video records taken during
the experiments.

In Run 4, high experimental fluctuation occurs whiaused unstable water
surface downstream the step. Since that the paungg instrument is used in the
measurement of the water depth, the uncertainiptieduced in the experimental
investigation with high experimental error. In adsh to the numerical oscillation
which occurred during the simulation processes.réfbee, this is believed that the
comparison between the observed flow patterns hadcalculated results has low
accuracy. However, faraway from the step, the nigalewater surface elevation can
be verified with the measured one with a reasonattepted matching.

For the fully-submerged step conditions (Run 5 &uwh 6), the numerical
results have a good agreement with the experimesgalts.
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Figure 3.10 Surface contours of numerical results.
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3.5.2 Flow Characteristics at Drops

The flow depth of the supercritical stream at tiheniediate downstream of the
step “Y,” (Figure 3.1) was measured and calculated for ahses with free-fall
conditions in Run 1, Run 2 and Run 3. The obtawveddes are compared with values
mentioned in the literature obtained by White ()943and (1955) and Chanson
(1995) using the below equation:

[White (1943): Analytical solution]

Y,_ 42
Yo 15, H 3 (3:21)
J2 oy, 2
[Rand (1955): Model data 0.045<5H <1]
1275
A 0.54(% (3.22)
H H

[Chanson (1995): Analytical solution]

1326
AR osz*{ij (3.23)
H H

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

Figure 3.12 shows that the calculated value 9t fn Run 1, 2 and 3, which

appears in blue color, has a good fitting with ealypredicted by the other authors.
However, the observed value (pink color) is modtigher than predicted ones
especially in Run 1 and Run 3. This is because presistribution in the pool behind
the step was assumed to be hydrostatic, ratherttteashear stress along the bed of
the pool was neglected, and this might contribattéhe difference between predicted

and measured values.
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3.6 Summary

In this chapter, the fundamental study of the flbjected to sudden change
in the geometry of the channel due the existen@esinhgle backward-facing step and
the abrupt expansion immediately downstream thp, s¢eanalyzed experimentally
and numerically. A depth-averaged two-dimensionahearical model for unsteady
flow in open channel is applied in a curvilineaidgrThe shockwaves generated
downstream the step can be represented clearlgibyg this model.

The backwater effect due to the increase of thema@epth downstream the
step is also considered. Flows under partially-serdged and fully-submerged steps
were also studied experimentally and numericallye Turrent model gave results
which can fit with observed ones in case of fulljpserged steps. However, due to
the oscillation that occur at the downstream ofdtep, the simulated results for the
partially-submerged step can’t represent propasyexperimental results.

A part of the free-over-fall characteristics is smered in this chapter by
giving some focus to the depth of the supercritstatam immediately downstream
the free-over-fall. The two-dimensional numericaddel used in this study presents

good results which fit well with previous predictexsults.
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Chapter 4

SANDBAR FORMATION AND ITSECOLOGICAL
EFFECTSIN THE KAMO RIVER

4.1 Preliminaries

This chapter focuses on the global bar patterriearKamo River in addition
to the deposition in the immediate downstream afkbard-facing step structures.
We spotlighted on the ecological changes on theystem of the Kamo River by
studying the relation between the habitat of adaegered bird called Kamogawa-
Chidori (Charadrius placidus) and the sandbar ftionain the immediate
downstream of backward-facing step structures wsmtiall abrupt expansion at a few
locations of the river course. The computationaldelovith two-dimensional (2D)
simulation of flow and sediment transport was agaplio the bar formations in order
to make clear the mechanism of the sand deposititime immediate downstream of
step. The finite volume method in a curvilineadgrias used in the calculations. The
two-dimensional shallow water equations are solveétl adoption to an equilibrium
approach for bed-load sediment transport.

Sediment transport modeling started in the 195@k leas been extensively
developed and widely applied to real life enginegrsince the 1970s (Wu, 2004).
Several successful one-dimensional models (Han;188ang 1982; Thomas 1982;
Holly and Rahuel 1990; Wu and Vieiria 2002) haverbestablished to calculate the
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long-term channel deposition and erosion under iegtaady and unsteady flow
conditions. Two-dimensional and three-dimensiomalirment transport models have
also been established to simulate sediment transpopen channel flow. Examples
of these previous studies are: Shimizu et al. (198pasojevic and Holly (1990);

Nagata et al. (2000); Wu (2004) and others. Thesdets simulate suspended load
transport and bed-load transport.

The sediment transport model described in this tehauopts the equilibrium
transport approach for bed-load. Since that flow aadiment always interact with
each other, the model is concern to simulate the #nd sediment transport equations
simultaneously. It is applied to the flow propestief the Kamo River in order to
predict river flow patterns, bed deformation andnpform variations including the
creation of the sandbars at the downstream of alokvibard-facing steps and along the
flow patterns. The model also applied under expenital conditions conducted in the
River and Urban Hydraulic Laboratory at Kyoto Unisigy.

4.2 Numerical Modd

4.2.1 Governing Equations

The depth-averaged continuity and momentum equationa generalized
curvilinear coordinate(é,/7) were used as governing equations. The equatians ar
described as follow:

[Continuity Equation]

2)-22):2(3)-

[Momentum Equations]
(In the & -direction)
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at af Tonl 3

—M(inij—ﬂ( 0{ +V Ej

I\ Tan) 3

- g {f Jf gzs S+ aZs (4.2)
¢ J

‘32 ag( uh)+ ‘(fx an(—u' h)+756%(—ﬁh)

+19 (—v ) Sy * e/l 0 ( u'v'h)+%i(—u'_v'h)
(In the n7 -direction)

Jon J on J 0d¢
Q” UQ”

at J 6/7

_M U%+Vanx EU%+V%
J o0& on J 0¢é on

_ g A 0z it 02 ) T (4.3)
3 of 31 on) m

+%a%(-?h)+’7§%(—u )+ ‘?%( )

0 () ST 0 () 2 O ()
J on J o0& J on

wheret: time; (x,y): Cartesian coordinates¢ € ,: boundary fitted-coordinateh:
flow depth; (M ,N): x,ycomponents of discharge flux vectors1 Euh,N =vh ; )

g: gravity accelerationp : density of fluids;z, : water surface elevation from the
datum plane;(rbf,rb”): contravariant components of bottom shear stresgovs;

(—F ,—uv —v? ). components of depth-averaged Reynolds stressorngn

(& »mny, &, M, ) metrics coordinate transformatiod; : Jacobian; (J ,V ):

contravariant components of velocity vectors.

In the sediment motion model, only bed-load tramsgoconsidered and it is
assumed that grain sorting effects are negligihe bed-load flux in the stream-wise
and transversal direction is evaluated by the falg formulae by Meyer-Peter and
Mullar (1948) and Hasegawa (1981), respectively.
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3 2
Qs =872 (1— T*Cj (4.4)
u

= nb _ Z-*c a_zb
qbn qbs( Ug; ,US,UnT* an j (45)

where 7. : non-dimensional tractive force acting on the bed; non-dimensional

critical tractive force acting on the bed;, and u, : s (stream-wise) anch
(transversal) components of velocity near the lsed] 1, and y,: coefficients of

static and kinematic friction of riverbed.

The velocityu,, near the bed due to the secondary currents islatdduin the

following equation.

h
b =-N, ?usb (46)

u

n

wherer : radius of curvature of the streamline aNg: coefficient of the strength of
the secondary flow (constant).
The non-dimensional tractive forge,in Eq. (4.4) and Eg. (4.5) is given by
- C, (u*+Vv?)
((os/ P)-Dad,

where C, : bed friction coefficient;p,: density of the bed material amtj : mean

4.7)

diameter of bed material.

The temporal variation of bed elevation is calcdaby Eq. (4.8), after the bed
load fluxes (Eq. (4.4) and Eq. (4.5)) are transkuinto the ones in the generalized
curvilinear coordinates.

[Sediment Continuity Equation]

d(z\, 1 |o(q), d(a)l_
E(ﬂ*ﬁ{a—s(ﬂ*%(ﬂ}*’ 9

where qb‘(,qb” . bed-load transport rate components(dty7) directions respectively;

O : porosity of the bed material
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4.2.2 Computational Conditions

The water flow and bed deformation are computedguie above governing
equations which are Eqg. (4.1), (4.2), (4.3) an8)(4The first three equations are used
to calculate the water flow, while the fourth oseto study the sediment transport in

both (¢,n) directions. Time dependent channel bed deformaisomalculated by

iteration method by using continuity equation ofitbead sediment transport. The
computation procedure is used to calculate the giam flow fields and the channel
configuration with time at infinitesimal intervalg to the stability conditions. Firstly,
the water flow field in the channel is calculat&tien, the sediment transport rate and
riverbed deformation are computed. After that, Bmosand sediment deposition are
determined. When the erosion and deposition prooessrred, the shape of the
channel is computed. The calculation is repeatethfBonext computational time step.

The numerical model is applied to the flow propestof the Kamo River and
laboratory experimental conditions. It is used tedumct river flow patterns, bed
deformation and plan form variations including #reation of the sandbars at the
downstream of the backward-facing steps and albtiegflow patterns. Numerical
simulation with the basic equations in a generdlizarvilinear coordinate mentioned
above is done under the hydraulic conditions ligtetiable 4.1.

The length of the computational domain of Run divgded into two parts:
1. 1000 m upstream the joint between the Kamo Rivdrtha Takano River;
2. 3000 m downstream the intersection point betweertio rivers along the Kamo

River.

In Run 2, the length of the computational domai3@® m along the Kamo

River, while the numerical simulation in Run 3 isnducted under hydraulic

experiment with a length of the flow domain is eqtian.
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Table 4.1 Hydraulic computational conditions.
Run Q (m/s) hy (M) At (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; h, : water depth at downstream ert;: time increment.

4.3 Alternate Sandbar Formation

Under suitable conditions of slope flow and seditnéischarge, a straight
channel evolves into pattern of alternate bars,reviiee flow is alternately deflected
from one bank towards the opposite one (CarrasdaMet al. 2009). This process
leads to the accumulation of sediment of one bamtkthe erosion on the other bank
due to the flow direction caused by the point-tEnssion and deposition, which can
cause flood damage in floodplain and urbanized. ddewil recently, alternate bar
formation was indeed deemed the inherent mechafusthe meandering of alluvial
rivers (Leopolod and Wolman 1957; Callander 196@gdi 1984; Carrasco-Milian et
al. 2009).

Many researches were studied on the alternate ibaaschannel with fixed
banks. Parker (1976) conducted alternate bars dheallty, while Shimizu and
Itakura (1989); Nagata et al. (2000); Wongsa andm&h (2006) studied this
phenomenon using numerical models. Nagata et &00(2 studied the relation
between alternate bar and bank erosion associatbédcivannel meandering. They
proved that bank erosion occurs at the oppositediegach alternate bar.

The Kamo River is one of the main urban rivers,oltuns in Kyoto City. The
source of this river is Sajikigatake Mountain i thorthern ward of Kyoto City. The
Kamo River joins the Takano River at an area cdll@emachiyanagi” as shown in
Figure 4.1.

50



SANDBAR FORMATION AND ITS ECOLOGICAL EFFECTS IN THEKAMO RIVER
CHAPTER 4

As reported in (Matsushima et al. 2007), a sevie@ding disaster occurred in
this river in 1935. A series of river works werepil@mented in the river. These works
include straightening and deepening of the rivemclel, laying of concrete banking,
laying of artificial river beds and a serious of ime(Matsushima et al. 2007),
widening of the channel and the construction oklbacd-facing step structures. Such
like these improvement works decreased the tradtikee to transport the sediments
of riverbed, which leads to sandbar formation imgnplaces on the river, as shown in
Figure 4.2.

In order to simulate the alternate sandbar patternthe Kamo River, the
numerical model mentioned above is applied to therdulic computational
conditions (Run 1, Table 4.1). The two values sttarge Q =120m*/s & Q =160

m>/s) represent the flow rates of the Takano River tie Kamo River respectively.
These values of discharges are predicted by bdhkificharge, which is considered
as one of the main factors to affect riverbed toppgy based on Yamamoto (1994).
Figure 4.3 illustrates temporal changes in thedfdtie channel at several times
for a length of about 4000 m at the join betweem Kamo River and the Takano
River. An enlargement of the area in between1000 m andx = 4000m is shown
in Figure 4.4. Due to the changes in the crossas®itforms, the meandering of the
channel and the temporal changes in the distribudfdractive forces, alternate point-
bars existed at the meander bends of the chanmel dexeloped. Alternate bars also
appeared downstream the lower channels and cortgdidsmrs developed due to the
flow direction around the bars. As can be seen ftom results (Figure 4.4), the
proposed model reasonably succeeded to reprodyeet eof the alternate sandbar

deposition in the Kamo River.
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Figure4.1 The Kamo River joins the Takano River at Demaahaga Area.

Figure 4.2 Existing of alternate sandbars in the Kamo River.
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Figure 4.3 Bed deformations at various times in Run 1.
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Figure 4.4 Alternate bar patterns in the flow domain of thenko River.
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4.4 Sandbar Formation in the mmediate Downstream A Step

4.4.1 Experimental Results

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

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

Table 4.2 Hydraulic conditions of the experiment.

L (cm)

B (cm)

Q (cri's)

h, (cm)

hy (cm)

T (°C)

250

91

4051

3.4

1.8

16.5

where L: length of flow domain; B: channel width; @scharge; §) hy: upstream and

downstream water level respectively; T: water terapee.

In order to study the sediment transport over &Wwaod-facing step, a volume
of dimensions (92.5cm x 91cm x 1cm) was filled wsdnd into the upstream end of
the channel (Figure 4.5). The particle size of samgied from 0.36 to 0.74 mm (mean
diameter is 0.5274 mm). A schematic view of theesipental setup is shown in
Figure 4.6.

In the laboratory test, both flow and sediment meaments were carried out.
The sediment measurements were conducted for 1@pheight. Temporal variation
in sand deposit was measured by taking photogregid,the depth of sand was
measured using point gauge instrument.

During the experiment, the sediments are erodetidwnccelerated flow at the
upstream of the channel and transported over #dpe 8t the downstream of the step,
the sediment tends to deposit due to reduce vglaad shear stress, forming as so-
called point-bar. This sediment is found to be &#pd near about middle of the
channel and along the way of shockwaves which gée@rdue the sudden abrupt
expansion in the downstream of the step, as showigure 4.7 and Figure 4.8.
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Figure 4.5 Setting of sand transport experiment at the uastref the step
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Figure 4.6 Schematic view of the experimental installatiorsefliment transport over

a backward-facing step.
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Figure 4.7 Deposition of sand downstream the step.
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Figure 4.8 Sand deposition downstream the step of laborawpgriment results.

58



SANDBAR FORMATION AND ITS ECOLOGICAL EFFECTS IN THEKAMO RIVER
CHAPTER 4

4.4.2 Numerical Results

The depth-averaged two-dimensional (2D) numericadiehis also applied to
simulate the sediment transport over a backwarihdagtep by giving an attention to
the deposition of sand downstream the step. Theemedcarried out under actual
flow condition of the Kamo River (Run 2, Table 4.13nd under laboratory
experiment condition (Run 3, Table 4.1). In botlsess sudden expansion occurs
immediately downstream the step. The experimenti®dcted in Run 3, where bed
erosion couldn’'t be occurred, while bed erosion wesurred while simulating the
Kamo River flow conditions.

Numerical simulation results for both cases arevshim Figure 4.9 and 4.10.
In the figures, sands tend to be deposited aintimeeidiate downstream of the step as a
result of the reduction of the tractive force calubg the location of the backward-
facing step. The results in Figure 4.9 illustratattthe major deposition occurred
along the shockwave flow patterns with some mirgpagition at the middle of the
channels. Erosion occurred at the far downstreatheoktep as well as upstream the
step. This results can give a roughly reproductibthe deposition downstream the
backward-facing step structure in the Kamo Rivar.tfe other hand, the numerical
simulation which conducted under experimental comols (Run 3) failed to
reproduce the phenomenon of sand deposition altngks/aves flow patterns
downstream the step. However, the model can repeodiearly the triangular
sandbar at the middle of the channel downstreamstap. It has a quite good

agreement with the observed results.

59



SANDBAR FORMATION AND ITS ECOLOGICAL EFFECTS IN THEKAMO RIVER
CHAPTER 4

y(m)

y(m)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
X(m)
(@) t = Ohr
80 B .
—'~‘»”%‘3‘:53335333333333333333333333
60 SESziiasasstecisassesses
40—
eSSy S 7232733 IE33333IIITIRIIIIII
20 a2
I I I I I I I I I I I I I I |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
x(m)
(b) t = 25hr

zh (m)

16
12
0.8

0.4
0.0

04

-0:8-

10.0 (m/s)

zb (m)

16
12
0.8

0.4
0.0

0.4

-

60



SANDBAR FORMATION AND ITS ECOLOGICAL EFFECTS IN THEKAMO RIVER

CHAPTER 4

(2PN
80 :"‘"‘; L
oS ‘_,:.‘,.' I e s e s
e 2333 IIIIZIIZIIZIZIZIIIIIIZISIIIZIISS
et = :
T =y
60_ s = o
—_ e S o S S S
g
~
-
40
> 2557
T
—*,":‘:5‘...—',-0-0-»-»-0—0-»-0-»—0-»-»-»-0 ﬁﬁﬁﬁﬁ
S “ :t: : P e e e e i i e e e At
20 3o
[ [ [ [ [ [ [ [ [ [ [ [ [ [ |

0 20 40 60 80 100 120 140( )160 180 200 220 240 260 280 300
x(m

(c) t=3hr

y(m)

I I I I I I I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

X(m)

(d) t = 35hr

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 imgnoent works for the
mitigation of flood disasters have occurred in amall the Japanese Rivers with
severe damage on rich river nature. The Kamo Rwane of these rivers where
some of flood mitigation projects such as backwiaming steps, as mentioned before,
were constructed. These works, beside their adgastan flood protection, they
affected destructively in the ecosystem of the Katneer. These effects are reflected
in the decrease of the number of endangered pdawatbirds.

In this chapter, we are dealing with the habitaanfendangered bird called
Kamogawa-Chidori (Charadrius placidus). This bisdcategorized as “Vulnerable”
and its number has been decreased rapidly for @ledecades. The widening of the
main channel and the installation of the seriedatkward-facing step structures
decreased the tractive force to transport the ssuisnof riverbed. The reduction in
tractive force has decreased the area of the falmhabitat (i.e. bare sandbar without
vegetation) of this Chidori. Firstly, frequent ¥swere made to the Kamo River in
order to assess the recent situation of the lif&anhogawa-chidori through a year.
We revealed that only a few birds live on smalbave the bare bars due to the latest
deposition in the immediate downstream of backwaoiig step structures with
small abrupt expansion at a few locations of thierrcourse.

As we focusing on Kamogawa Chidori, its number Ibesn decreased rapidly
for several decades. In an observation made byudhitsia et al. (2007) in the period
of 10" June 2006 to 27May 2007, for the area between Kamo Bridge andoSan
Bridge. The total number of Chidori bird is arouhd

The habitat of the Chidori birds is the bare barfames (Figure 4.11).
However, some temporal changes occur in the beitieofiver. Examples of these
changes are the creation of the alternate barg dlwa river course. Additionally,
there are some sandbars that have triangular slexpsted at the downstream of the
backward-facing step structures, as mentioned alfweh of these sandbars allowed
the vegetation to grow which decreased the barlaces areas where the Chidori

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

Figure4.11 The bare surfaces are the favorite habitat ofarhid
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4.6 Summary

In this chapter, the ecological effects of sandbamnation in the Kamo River
are studied. The study focuses on studying thetioaldbetween the habitat of
Kamogawa Chidori and the existence of the sandiiaise immediate downstream of
backward-facing steps structures with small abexpiansion at a few locations of the
river course. Due to the widening of the main clehramd the installation of series of
backward-facing steps, the tractive force to transgediment of riverbed has
decreased. As a result, the bare bar without vegethas also decreased. Therefore,
the number of chidori birds has been decreasedlyaipi the Kamo River.

A two-dimensional numerical model for unsteady opdEvannel flow is
applied in curvilinear coordinates to simulate bath water flow and sediment
transport. The model is used to simulate the atersandbar patterns in the Kamo
River. From the results, it can be concluded ttha¢ to the meandering of the channel
and the temporal changes in the distribution oftiva forces, alternate point-bars
existed at the meander bends of the channel. Thielnadso carried out to study the
sediment transport over a backward-facing stepobyding on the deposition of sand
downstream the step. The results can give an appabe reproduction of the sand

deposition downstream the backward-facing stegstres in the Kamo River.
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Chapter 5

FREE SURFACE OPEN CHANNEL FLOW DOWN-
STREAM OF SIDE DISTURBANCE

5.1 Preiminaries

In this chapter, we deal with the spatial variasiasf steady open channel
flows downstream of an obstacle attached on thewsil of a flume. It is shown
theoretically that using the linearlized equatiaistwo-dimensional (2-D) shallow
flows, periodic wavy patterns exist for supercatiélows (Froude number >1), but
the amplitude of periodic wavy patterns alwaysrat&ges in the downstream direction.
Standing waves can exist only in the case theidrictoefficient is zero. It is also
pointed out that the attenuation rate increasel thié increase of Froude number.
These results are verified by means of hydraulpeerents carried out in this study.
Using shallow flow equations, the numerical analyisi also carried out under the
hydraulic conditions of experiments to consider theoretical and experimental
results.

The spatial amplification of the sandbars generdtegnstream of a point-bar
along a river bend is well known as the over-degmephenomenon of sandbars. As
a comprehensive definition of over-deepening phesram, Zolezzi et al. (2005)
define it as “spatial transient whereby the scossoaiated with the point-bar
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configuration establishes in a bend of constanvature downstream of a straight
reach”. The point-bar mentioned in the above dedfiniis found usually in a crescent
shape on the inside of a stream bend of a meamgdstieam. Struiksma et al. (1985)
formulated over-deepening phenomenon mathematjcaltyl derived the critical
conditions for the spatial amplification of sandbdBlondeaux and Seminara (1985)
derived the analytical solutions on the temporange of point-bars in a sinuous
meandering channel. The resonance relation betweemus channel and bars is
included in the solutions. It is well known nowaddiat the condition of the spatial
amplification of bars by Struiksma et al. (1985)cwmincident with the resonance
relation by Blondeaux and Seminara (1985).

Hosoda and Nishihama (2006) studied the responseatdér surface to a
sinuous open channel and the flow behavior neardsenance condition. Although
there is no resonance condition in the case studithds paper, it is pointed out that if
the bottom variations with the standing wave caaditare given, the flow resonates
to the bottom variations.

Based on these results, this study doesn’t dehlthé spatial amplification of
sandbars, but it examines the response of theaspatiiations of water surface in
steady open channel flows downstream of an obstdtdehed on the sidewall of a
flume.

It is firstly shown theoretically that using thendarlized equations of 2-D
shallow flows, the periodic wavy patterns can eXwt the supercritical flows
condition, but the amplitude of periodic wavy patgealways attenuate downstream
direction. The standing waves without attenuatian exist only for the case of zero
friction factors. It is also shown that the attethora rates of periodic wavy patterns
increase with the increase of Froude number.

Hydraulic experiments and numerical simulationsceied out to verify the
theoretical findings, by changing the hydraulic diions such as depth, bottom slope,

etc.

68



FREE SURFACE OPEN CHANNEL FLOW DOWNSTEAM OF SIDESTURBANCE
CHAPTER 5

5.2 Theoretical Consider ations

Referring to the coordinate system shown in Figufe common plane 2-D
shallow flow equations are given by Egs. (5.1)2)%nd (5.3).
ouh . ovh

x oy 0 G-
ou  du_ _oh : f

U—+v—+g—=gsingd-—=
x ay g Ix g oh (5.2)
ov,6 ov.  dh Ty

u—+Vv—+qg—= - 53
ox oy g oy oh (®-3)

where(x,y) : Cartesian coordinate§y,v) : (x,y) components of depth-averaged
velocity vectors;h: depth; 6 : bottom slope; anc(rbx,rby): (x,y) components of

bottom shear stress vectors.
For simplicity, the following formula with frictiorfactor c¢; is applied to

evaluate bottom shear stress vectors.

T, I
ﬂ:cfx/u2+v2u,%=cf\/u2+v2v (5.4)

Yo,

X

Figure 5.1 Coordinate system and explanation of symbols.
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Considering the deviation of depth and velocityrirthe uniform depth and
uniform velocity, we can derive the common lineaati equations. The uniform depth

and uniform velocity in thex-direction are given by the following equations:
gh,siné=c,U,’, hU, =q (5.5)

whereh, : uniform depth;U,: uniform velocity; andqg : unit width discharge.

Using the following non-dimensional variables wphme, Eqgs.(5.1), (5.2)
and (5.3) can be transformed into the linearlizguadions, Eqgs.(5.6), (5.7) and (5.8).
x=Lx', y=(B/2)y
h=hy@+d), u=Uy@L+du), v=U,o"

o'  adn' oo
+ + =0
axl axl ﬂ ayl (5'6)
Jau 1 ddn f
=" (2dr-av
oV B 0 Cs
==
oX'  Fry? oy A (5.8)

where the non-dimensional parametegfsj, Fr, are defined as follow:

L h U
=—— A=2 Fr, = 0
P81 L™ % Joh
whereB : width of channelt.: wave length
From here, primes indicating non-dimensional vdesbare omitted for
simplicity. Periodic standing wave solutions for aindisturbances of depth and

velocity componentgh, du,dv can be written as:

dh=a sin(g yj cod27x) (5.9)
(T

Ai=a, sm(a yj cod27x + @) (5.10)
T

d/zavco{E y)cos(2775<+¢(,) (5.11)

Wheredh, du, dv are small increment ih,u,v.
Substituting equations (5.9)-(5.11) into (5.6)-§5¢klds:

2m, sing, + B(rr/2)a, cosg, =0 (5.12a)
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-2, cosy, — 2y, + B(1r/2)a, sing, =0 (5.12b)
-2, sing, = -2(c, / A)a, cosg, + (¢, / A)a, (5.13a)
-2, cosg, — (1/ Fr,)2rm, = 2(c, / A)a, sing, (5.13b)
-2, sing, +(B/ Fr,2)(r/2)a, = —(c, / A)a, cosg, (5.14a)
—2rmm,cosg, =(c; /A)a,sing, (5.14b)

It can be shown easily that Egs.(5.12)-(5.14) hselkitions with physical

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

(5.17).
) 3 gy
a, sing, =0, a, cosg, =-— (5.15)
Fro
, pa,
sin@g = , a, Cco =0 5.16
a, sing, 4Fr02 a, Cosg, ( )
2 i 5.17
Fr-=1+"— .
0 16 (5.17)

Eq.(5.17) shows the relation between Froude nurabf#fow and wave length
of standing waves. Eq.(5.17) indicates that thendstey waves exist under the
condition of supercritical flow.

Introducing the spatial functions of amplitudesy, (x),a,(x),a,(x) In
Eqgs.(5.18), (5.19) and (5.20), the equationsap(x),a, (x),a,(x) can be derived as
Egs.(5.214a,b), (5.22a,b) and (5.23a,b).

ch=a, (x)sin(’—ZT yj cog27x) (5.18)

d=a, (x)sin(i—zT yj co2mx+q,) (5.19)

&= 3, ko 7y |codem+ q) (5.20)

%cos% - 278, Sing, +%—ﬁga,cos¢(, =0 (5.21a)
da,

—asinq{, - 278, COSyY, — 27A, +,8§a,sin¢¢ =0 (5.21b)
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da, . 1 da, Cs Cs
—u -2 + —_—N =2 +—
y cosg, — 27\, sing, Fr? dx 3 a, cosg, /1 a, (5.22a)

da, _. 1 C :
_ 2 -2 + 2, = —2—

y sing, — 27\, cosg, Fr02 B, g a,sing, (5.22b)
%cosg—vasin@+ F'rgozahgz —(;—favcosqg (5.23a)
—%’sin@ - 278, COSY, =C)I—favsin¢¢ (5.23b)

Substituting the following functions given by Eq48) asa,(x), a,(x) and
a,(x) into Egs. (5.21), (5.22) and (5.23), the relatimn the spatial

amplification/attenuation rate of disturbances,and phase lag between depth
variations and velocities can be derived as E@b}5(5.26), (5.27) and (5.28).

a,(x) = A exp@x),a,(x) = A,exp@ax),a,(x) = A exp@ax) (5.24)

cosy, = Fooom ,sing, =@, (5.25)
cosqu QSi“¢U

cosg, :Pcﬂ,sinqq, _ Fsingr (5.26)
cosg/ Qsinw

B C; 1 C | 4r
R:osgu - (aph +27AJJ[ FI‘02 O'Ah + 1 Ah] Fr02 A\Jph

2
Quos {aﬂu +2C7WJ ~arA

1 Cs
an, +— -

27T
Fr,?

Progs = —zmh{— - A{aﬂh 25" An)

Qcos¢u = Qsin(;u

Peosr = £ [aA/+C7fA/j

Fry? 2

I:)sinw :%ﬂzp‘h&

0

2
Qeos = Qsingy :(apv +C7f'°vj +4m2A?
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cr+20—f - az+c—f —47722 2nc—f+2n 2 &
AN Fr2 A ) Fry A Fr,” A
2 +271 2
[a+zj) +477 [a+2(;fj +4717°
(5.27)
1(a+cfj
+O’+,32(LT)2 Fro2 A -0
2 C; 2
a+- | +4r
A
- C)/2+C—f + 12 a+2c—f af+2C—f - a2+c—f +47722
Fr,” A ) Fr, A A Fr,” A ) Fr,
a 7 -a e -
£a+2fj +4r7 (a+2fj + 417
A A (5.28)
2 (1) 1
) T
° (a+/{j + 477

Substituting the following functional form, EqsZ9) and (5.30) witrc; /A

to derive the approximate solution, the coeffickenh these equations can be

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

Ct
doag+ a1(7J (5.29)
B? =16(Fr02 —1)+ bl[%fj (5.30)
_ _1Fr?+1
ap=0 g = - Fr2 -1 (5.31)
b, =0 (5.32)

Eq. (5.31) indicates that the spatial disturbanakgays attenuate in the
downstream direction of supercritical flows, ane tittenuation rate decreases with
the increase of Froude number. Eq. (5.32) indicdiasperiodic disturbances can not
exist in subcritical flows.

The propagation of space variations in supercfifloas can be considered as
the propagation of skew shockwave or cross-wavehvlppears on side in alternate

shifts by the transverse variations of water degtich occur at upstream.
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The angle of the propagation of skew shockwaveaigble and is changed by
extent of discontinuity. So we consider the propagaof the characteristic line
which is obtained by liner equations in order tdked simple.

Characteristic lines are defined as lines on wiiiahsverse derivative of the
value can not be established. The discontinuitydefivative of the value is
transmitted up to these lines. It indicates that discontinuity of derivative of the
water depth with respect to space is transmittedraflected at right side as shown in
Figure 5.2, when the disturbance is given at lefé.sThe oblique line in the figure
presents the flow streamline.

Propagation of
a characteristic line

le

A

\ \V4
? A

Y v hy

Figure 5.2 Propagation of cross-waves along a characteliséc
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The angel¢ of propagation is derived as Eq. (5.33). It indésatthat

wavelength to the direction of flow in the periodigace variation which is given by
Egs. (5.9), (5.10), (5.11) equals to wavelengtbrofs-wave.
ta”¢=+ (5.33)
Fro” -1

This analysis of the periodic space variation bpgi€gs. (5.9), (5.10), (5.11)
has the relation to the analysis in which the omlgin terms given by Fourier
transform of the cross-wave formation are consilel&¥e can explain that basic
features of cross-wave to some extend by the acalymethod as it is indicated
above. Moreover, this analysis of the periodic spaariation is easy and useful in the

phenomena which it is difficult to deal with as ssewave.

5.3 Hydraulic Experiments

The laboratory tests were carried out to verify tesults obtained by
theoretical considerations. A schematic illustmatid the experimental setup is shown
in Figure 5.3.

As shown in the figure, an obstacle with the Gasshape of the function,

y = Aexp(-Bx?), is attached at 350 cm from the upstream enldealeft sidewall of

the flume. A plot of the obstacle shape is showrFigure 5.4. The shape of the
obstacle is chosen in this shape to represent =ippaitely the flow around bridge
piers in a river with a steep slope. The obstattkched at the sidewall with a curved
shape in the flume can act as a half of the brjglgg and the flow patterns can be a
symbol of the flow around one side of the pier.

The hydraulic experiments were conducted to exarthieeamplification or
attenuation of water surface variations in the dstveam of the obstacle.
Measurement of water depths was carried out bygysdmt-gauge instrument.

Ten cases were performed under different hydrawdieditions. Nine cases
were carried out under supercritical flow conditiand one case under subcritical

flow condition. The hydraulic variables for the ¢abtory tests are listed in Table 5.1.
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Figure 5.5 shows photographs of flows in Run 1 4nahile the contour maps
of depth are shown in Figure 5.6.

20 cm

V

Scm

30 cm

800 cm

Figure 5.3 Schematic illustration of the flume.

y(cm)
N}

0 5 10 15 20
x(cm)

Figure 5.4 Shape function of an obstacle.
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Table 5.1 Hydraulic variables in the laboratory tests.
Run Dlscgarge Initial Initial Froude Bed Water
number (cm’/s) water | average | number at| slope | Temperature
depth | velocit upstream C
(cm) (cm/s
1 6,400 1.74 122.6 2.97 1/34 19.0
2 10,900 2.73 133.1 2.57 1/34 135
3 5,950 1.45 136.8 3.63 1/13 19.2
4 7,230 3.15 76.5 1.38 1/156 18.6
5 11,410 3.88 98.0 1.59 1/156 13.2
6 6,620 2.08 106.1 2.35 1/49 13.6
7 11,110 2.96 125.1 2.32 1/49 13.6
8 6,200 2.33 88.7 1.89 1/67 13.2
9 11,200 3.28 113.8 2.01 1/67 13.2
10 7,200 4.46 53.8 0.814 1/326 12.9
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(@ Run1

(b) Run 4

Figure5.5 Water surface variation downstream the obstacle.
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Figure 5.6 Contour maps of water depth.
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The water surface variations along the both sideveaie shown in Figure 5.7.
It is pointed out that the amplitudes of depth atons attenuate downstream
direction for both cases as predicted theoretidallthe former section, while we can
not identify the magnitude of attenuation rateshibuld be noted that since the depth
distribution is anti-symmetric, it is necessaryctmsider the nonlinear effects in the
theoretical analysis.

Figure 5.8 shows the relation between wavelengthFanude number for all
cases. The solid line in Figure 5.8 is the lineheoty given by Eg. (5.17).
Experimental data are in a good agreement withhteeretical curve based on linear

analysis, although the nonlinear effect seems tdoeinant.

5.4 Numerical Results

The numerical calculations are executed under @beratory conditions of
Run 1 and Run 4 and compared with the experimeesailts. Finite volume method
with generalized coordinate is used in the calautst However, TVD-MUSCL
method was applied for discretizing the convectierm. The numerical grid of the
numerical calculations is illustrated in Figure.5The grid size used is 1 cm in each
direction carried in around 2.5 m of the waterwagiuded in the calculation domain.

The calculated results of Run 1 and Run 4 aretifitesd in surface-contour
forms as shown in Figure 5.10. From the resultgait be seen that the numerical
model is capable to reproduce water surface vana#iround disturbance without
numerical oscillation.

A comparison of the depth of water distributiontle right and left bank of
the channel is shown in Figure 5.11. Run 1 is edraut under high Froude number,
while Run 4 is performed under low Froude numbde €alculated results almost fit
with experiments especially in terms of the wavgtanand the amplitude of water
surface variation. The depth of water distributtbat studied experimentally can be

reproduced numerically by using this model.
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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.
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Figure 5.10 Contour map of depth for numerical simulation.
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Figure 5.11 Comparisons of depth distributions between nuraerresults and
experiments.
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5.5 Summary

This chapter describes the spatial variations otfvfidepth in steady open
channel flows downstream of an obstacle attachethersidewall of a flume. It is
shown theoretically that using the linearized eiguist of 2-D shallow flows, periodic
wavy patterns exist for supercritical flows (Froudember >1), but the amplitude of
periodic wavy patterns always attenuates downstmiaaction. The attenuation rate
increases with the increase of Froude number.

These results are verified by hydraulic experimemisied out in this study.
Since the measured depth distributions show vetiysgmmetric feature, the further
investigation including the non-linear effects iscassary to clarify the generation
mechanism of anti-symmetric depth distributions.

The two-dimensional numerical model is executedeurttie conditions of
hydraulic experiments. The numerical calculatediltesalmost fit with the observed
one in terms of amplitude of hydraulic wavelength.

Based on results of this study, further researd@es be carried to study
further the amplification of continuous water sgdavariations (over-deepening
phenomena) by concerning the attenuation proceBsethermore, we would like to
expand the theoretical analysis by studying the-lm@ar theory. Also, we would

improve the numerical model further by considetimg vertical acceleration.
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Chapter 6

POSSIBILITY OF REPRODUCING FLASH FLOODS
USING ONE WATER HYDROGRAPH AT ONE SITE

6.1 Prdiminaries

This study is concerned with the reproduction asHi floods with a high
Froude number. In order to reproduce unsteady stpeal flows, it is common to
give two hydrographs of depth and discharge baseith® method of characteristics.
Since we pointed out recently the possibility am@ ttomputational method to
reproduce flood flows for subcritical flows usingeodepth hydrograph, the theory
and method are extended to unsteady supercritmasfin this chapter. Nonlinear
analytical solutions with boundary hydrographshat aipstream end are firstly derived.
Then, it is proved that the boundary hydrographsthat upstream end can be
reproduced inversely, using the solution of onetldégdrograph at one site.

Flash floods are usually caused by heavy or exeesainfall in a short period
of time. They are extremely dangerous because @f $udden nature. They are
considered as one of the most dangerous weatlaedehatural disasters in the
world, and can create hazardous situations for lpempd cause extensive damage to
property. Flash flood waters move at very fast dpeand can kill people, roll
boulders, tear out trees, destroy buildings, otateebridges and increase the potential
of landslides and mudslides (Lin, 1999).
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Measures to mitigate and prepare for flash floods therefore of primary
importance for urban planning and agricultural laledelopment projects within the
flash flood prone areas. Low infiltration capacisythe most important factor for
overland flow development (Smith and Ward, 1998)joclv makes Overland flow,
tends to play the dominant role in flash flood fatran.

Flash floods in arid environments are in fact compiaut their occurrence is
also poorly understood. Rainfall-runoff modelingaiprimary tool used in flash flood
studies; however, the literature has shown thasetheodels are inadequate for
prediction, mitigation or management.

Physical and numerical models are useful in anatyZloods especially in
catchments where data is not available for simgagxtreme storms. The use of
these models is necessary in the urban watershachigh variability of land surface
parameters, and absence of calibration data. Oothee hand, uncertainty should be

taken in account in analyzing the results in swases.

6.2 Theoretical Consider ations

In order to reproduce unsteady supercritical floivgs common to give two
hydrographs of depth and discharge based on theochef characteristics. This study
is concerned with the reproduction of flash flomd¢h a high Froude number. And
we prove that such flows can be reproduced, usiegdepth hydrograph at one site.

Hosoda et al. (2010) pointed out the possibilityéproduce flood flows for
subcritical flows using one depth hydrograph at mngdle site between upstream and
downstream boundaries and proposed the computhtioeitod to reproduce flood
flows, considering only one depth hydrograph at iongdle site.

This method is extended to unsteady supercritit@d in this chapter.
Nonlinear analytical solutions with boundary hydighs at the upstream end are
firstly derived. Then, it is proved that the boundhydrographs at the upstream end

can be reproduced inversely, using the solutioonef depth hydrograph at one site.
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Referring to the coordinate system shown in Figufie we assume the flow

for supercritical flows in the section measudes length, h,in depth andu,in

velocity.

0 X

L

Figure 6.1 Coordinate system and explanation of symbols.

Firstly, the perturbation method is applied to Elvalwater equations and we
develop the expression for the first order and seéaarder perturbation solutions of
depth and velocity, when two hydrographs of depith discharge at upstream end are
given.

In the case that both hydrographs of depth andcitglare linear functions of
time, it is shown that the hydrograph of depth amdbcity at upstream can be
reproduced by using the obtained first order pbgtion solution of depth, if the
hydrograph of depth and the derivative of deptthweéspect to time at one site are
given.

Furthermore, we suggest the possibility that thenbdary conditions at
upstream can be reproduced by taking nonlineanitgdcount, i.e. by using second
order perturbation solution of depth, when theycradratic functions of time.

One-dimensional (1-D) shallow flow equations givey Eq. (6.1) and Eq.

(6.2) are used as basic equations, which are thesichielow.

oh , dhu _

—+— 6.1
ot  ox (6.1)
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ou ou oh

—+u—+g—=0 2
ot 1) g 1) (6.2)

wherex : Cartesian coordinates;: depth-averaged velocityy: water deptht: time;
g: gravity acceleration.

By using the following non-dimensional variableghwprime, Eqgs. (6.1) and
(6.2) can be transformed into the linearlized eignat Egs. (6.3) and (6.4).

x'=x/h,, u'=u/u,, t'=tu,/h,, h'=h/h,

o, oy _ 6.3)
o' ox
ou, ou 1 oh'_ : (6.4)

_ u —_— _=
ot ox  Frf ox

where the non-dimensional parameter, are defined as follow:

FrO:—uO

Vo

From here, primes indicating non-dimensional vdeabare omitted for
simplicity.

Non-dimensionalized depth and depth-averaged iglace expanded below

by using perturbation method.
h=1+&h +&°h, (6.5)

u=1+au +£%, (6.6)

where the parameter for perturbatiecan be defined as:

hy

=2
L

Substituting Eq. (6.5) and Eq. (6.6) in Eq. (6.8) &q. (6.4), we obtained the

respective relational expressionsofnds® below.

oh,  oh  ou

— 1414 -1=0 .
ot ox  ox (6.72)
6u1+6u1+ 1 ahl:O (6.7b)

ot  ox Fr,” ox
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g% oh, + on, + ou, __ oy, (6.8a)
ot odx  ox ox
u, du, 0w 1 oh, (6.80)

ot  ox " ax FrS ox

By applying the theory of the method of charactmssto Eq. (6. 7), the
relational expression on the characteristics |ene loe obtained.

dx _ 1 (6.9)
p —liF—rO . h £ Fryu, =const.

There are two areas; Aréa~ Il and Aredl ~ as shown in Figure 6.2. Area
I ~1I is the area which is influenced by initial conditias represented by M. Area
Il ~ is the area which is influenced only by boundaopndition at upstream as

represented by N. So we consider respective pofritdand N.

1 I
|
|

e
P (xp.te) M (o)

N(xN,tN) | I
|
A(ObtA) |
B(0,t5) :
E (xetc) |

0 D (xp.,0) £ x

Figure 6.2 Derivation of the perturbation solution based dre tmethod of
characteristics.

The first order perturbation solutions of depth amdocity are derived by
assuming the boundary conditions as below.
h =at+a,t? (6.10a)

u, = Bt+Bt* (6.10b)

where,a,, a,, B, B, : coefficients.
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Then, using the relations on the characteristigssliof A~M and D—M, u,,,

andh,, are derived as follow.

1 Y 1 % )

Uy _ZFrO(al+Fro,31)(tM 1+(]/Fr0)j+2Fr0 (@ + FrO'BZ)(tM 1+(]/FrO)J (6.11a)
1 NS VIR I N

O A R ol (6:11b)

Similarly using the relations on the charactersstioes of A~N and B—N,

u,, andh, are derived as below.

1 X 1 X
Uy = 2Fr (al + Froﬂl)(tN _1+ 1 j_ (al - Froﬂl)(t T a_ 1 j

0 (VFr,)) 2Fr, " 1-(UFr) (6.12a)
1 Xy ’ 1 a Xy ’
+ oFr, (az + Froﬂz)(tm 1+ (]/FFO)J oFr, (0’2 Froﬂz)(tm 1- (VFFO)J
L. A +1, - A
= e e - | e -ena) - 6120
1 Xy ’ +} : Xy ’
+§(az + Fro:gz)(tN _].'"(ZI/FI’O)J 2 (0’2 Fro:gz)[tN 1- (]/FFO)J

When the boundary conditions are linear functiohdiroe, i.e.a, =0 and
B, =0. By substituting respectively Eq. (6.11b) and fql2b) in Eq. (6.5), the depth
and the derivative of depth with respect to timavetand N are expressed in the

following equations.

1 X
h, =1+55(a1 + Froﬁl)[tM 7 J

1+ (UFr) (6.13a)
oh 1

= =Zela,+Fr,B)

il =2 (6.13b)
= 1+zf{(“1 ' F”’"’l)[“ 1+ (m)j* @ Fr°"’l{t“ 1- (m)]} (6.142)
oh| _

—| =e&a;

il (6.14b)

Eqg. (6.13) indicates that even the left hand sdenbwn,a, and g, can not be

obtained. However, Eq. (6.14) indicates that leftdiside is knowng, and g, can be
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solved. That is to say, two hydrographs can beodkpred, when the hydrograph of
depth at one site is given.

But when the boundary conditions are quadratictfanaf time, both M and
N can not be solved as shown by Eq. (6.11) and@&g2).

Next, we solve Eq. (6.8) and develop the express$mmsecond order

perturbation solution of depth and velocity. Eaelation of h, and ofu, on the

characteristics lines are expressed as below.
D
a(hz * Frouz)

:%4- 1ii %il:ro %4— 1ii % :-Mil:rou].%
ot Fry, ) ox ot Fry ) Ox 0X 0x

(6.15)

Then, as shown in Figure 6.3, by using the rela@mpressions on the
characteristic lines which are-AM, A’—M’, D—M and D'—M’ and the relation of
At and Ax.

Ax, ={1+ (VFr, )at,

The right hand side of Eq. (6.15) is expressed,andh,_at M.

In similar way, as shown by the Figure 6.4, by gdime relation expressions
on the characteristic lines which are=™N, A'—N’, B—N and B—N’ and the
relation of At and Ax.

Ax, ={1+ [ Fr A, Ax, ={1-(YFr,)jat,
The right hand side of Eq. (6.15) is expressed,gndh, at N.

Aty | |

O pDp’ Xpr XartAxy, & X

Figure 6.3 Derivation of the & order perturbation solution of point M.
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l, |
|
il
Aty p 1C
|
Aty ’ |
N N I
|
A | |
A I !
| | |
B | |
] | |
B | | [
o XN xN+AxN & X

Figure 6.4 Derivation of the 2 order perturbation solution of point N.

Then, by substituting the first order perturbatsmtution as noted above into
andh at M, the relation expressions on the charactetfises which are PM and D

—M are described as below.

D
a (hz + FrOUZ)PaM

3
= Fip (2x22t;’; +3X, X2 + xftA)

(6.16a)

D
a(hz - Frouz)o oM

3 2
s e g oA
4\ Fryp Frop Frop p (6.16b)
2
1 2 X X 2
+ X—6 =2 (XX, +6 2| Xt
Z(Fropj{ ' G(pj v G[F) 2}
X X5 ) Xs )
(o3
{ (pj 1 p 1772 p 2

In a similar way, respective relational expressiohsA—N and B—N are

described as below.
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D
a(hz + FrOUZ)AaN
1( 1 1 Y/ p)
-3 o (2w
4\ Fr,p Fr,p q
1 2 p 2 p 4
+ == XY, =3 = | Yt
(Fropj [8{ (qJ S {QJ Z}A
p) p)’ 1 p) p)’
+4-| 2 xy, -3 |vy L2+ — 12(—] XY+(—JY2 t2
4{ (qj " g(qj “H (Frop]{ {q la) P (ea79)
p p) pY
+4{ q XY, +2(a] X.Y, +3(a] Yle}tA
p pY p) p)’
+2{ q xm{a) YleHt +H3x22 —2&} X,Y, —(aj Yj}ti
p p) p)’
+3AX X, - 2 Ixy -] B xv, - 2] vy 2
%12 (qj 1'1 (qj 172 (qj lZ}A
p p)
+{3x12 - Z(ijm —(aj Yf}tﬁl
D
a(hz - FrOUZ)BaN
1( 1 1Y 1Y ?
oot g
4\ Fryp Frop Frop q p
p 1 pY q)
+ AL{GIXIX2 +(EJX2Y1Ht2 J{Fro pj[lz{xzz +(EJ XZYZ}(BJ tg
p pY’ q p
+ 4{3x1x2 + Z(EJXZYl +(a XIYZ}(B}B + {xf +(Hjlel}t
p) p)'val(a)
+Hx§+2(aj XZYZ_{E Y;}(Bj ts
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oS (B3
{31

where,t,, t;: time in A and B.X,,Y;,X,.,Y,,p,q are expressed by following

(6.17b)

equations.
X,=ay tFrof, y=a,—FrB, X, =a, +Frf5,, Y, =a, —Fryf5,
p=1+ (]/Fro)' p=1+ (]/Fro)* q :1_(]/Fro)

The right hand side of Eq.(6.16a), Eq.(6.16b), &4{a) and Eq.(6.17b) are
respectively replaced by following equations.

EQL6a) = & ta + &iota + Eiata (6.18a)
EQELED) =t + oo t* + ¢ 0t +if, (6.18b)

Eq@L7a) = g,ot° + (@t + @ )12
Hpratr e t+a s +al +adt.) (6.18¢)

EQQ70) = Yyt + (Vats + Voo )2
+ (y22tl_§> + y2,ltB + yZ,O)t + (y13tl§ + yl,Zté + yl.ltB) (618d)

The following equation is obtained, integrating E816a) from P to M when
t, Is fixed.

hoy + Frolzy —hpp = Frole = (Elsti + gizti + 5thA)(tM _tP) (6.19a)

Similarly Eqg. (6.19b) is obtained, integrating E61.16b) from D to M.

J+¢3,o[§—t§J+w4’o(tg_t;Eij (6.19b)

te t2

hZM _Frouzm :l//l.o(tM _tE)+w2,0[2 EE
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u,, andh,, are expressed as below by using the relation erchiaracteristic
line from A to P.
hyp + Frolye = (ﬂstf\ + ﬂztf\ + ﬂltA)(tP _tA)

t2 3 t2 ¢ 4 ¢ 6.20
A R G b o2

where,t, is described as follow.

t, = P t, = P t., — Xy (621)
©o@F) "t [@F) " (2R

In a similar way, the following equation is obtainentegrating Eq. (6.17a)

from Ato N whent, is fixed.

th + FrouzN = (Qati + ﬂzti + @..ltA)(tN _tA)

by s W), (Wt 6.22a
tlnstvasscal §- 5 bl §-5) al 3 o229

Similarly, the following equation is obtained, bytegrating Eq. (6.17b) from
B to N whent, is fixed.
oy = Frol,y = (yl,3tg + yl,Zté + yl,ltB)(tN _tB)

bt G, (W G 6.22b
+(y2’2t§+y2~1t5+y2~0 - +(y3,ltB+y3,0 =T [ Vao ( )

u, andh,, are described the following equations by usingettpgation which

are obtained, substituting respectively Eq. (6&@) Eq. (6.21) for Eq. (6.19a) and Eq.
(6.19b).
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NEY R S S (6.233)
{3{(2/90] 1}%’0 2{2/90] 1}(”2'1

2r, jf” E(zy—ijw

) Z/EfoT(Z/X'groj%”_g(z/irojz(z/xr?roI‘”“"]t’z*
' (Z/Ff }z“ (Z/Fr jw“’ (2/;0}(2/)(;%}”20
e
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' E{( 2/ Ero T ‘1}% +%{( ZE%T —1}@’1
oo (ae )

+ 1(2/ K j P (2/%0}3(% }”} A
' %{ 2 E] _1}% {( 1 H‘%
i jflz (Z/F jt/lzo
() e 3ot ) (32 ‘””}tz
+_(2/ Fr jf“ (Z/Fr j‘/’w (Z/Ero j(z/Fr j‘/lzo
O B P o ]w] >

where,t, is expressed by, as below.

th= 2Fry ty o
p

(6.23b)

(6.24)
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In a similar way, from Eq. (6.22a) and Eq. (6.22), and h,, are described

as below.

u2N

1 |x
g {—S((/‘ls 00t Bt B

X
_FN(yl,s VootV t }/4,0)[;

1%, Xy 3 Xy 2
t— ﬂ,z + ¢2,1 + %,0 + E?%z +?%,1 +§?¢4,o tA

1x X 3 X
(yLz + y2,1 + y3,o +_FNVZ,2 +_Ny3,1 +_FNV4,ojté
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h2N

1| x
= E{_S(%a + (02,2 + (03,1 + (04,0){2

X
- (Vis + Voo * Var * Vao XS

Xy 1 Xy X
+? ot Qo T Po T — Py +—

3X
2 D . 3403,1"'5_3(04,0}/24

Xy 1 X, Xy 3 Xy 2
+ = + + + - +—y,, +t—— t

q [yl,Z y2,l y3,0 2 q y2,2 q y3,l 2 q y4,0j B
% g 4 1%, (6.25b)
_p Gt P 2 p

2 2
Xy 1( Xy Xy
+ @, = — +| — t
p (03,0 3( p ] (03,1 ( p j (04,0} A

N

Xy 1x
+F ViutVoot-— Vo

+

2q

2 2
X 1( x X
+FNV3,0+§(FN] y3,1+(FN] y4,0}t5
2 3 4
1( x 1( x 1( x
+{E(_SJ ¢2,0 +§(_gj %,o +Z(_SJ @1,0}
1( X ? 1( x : 1( X ¢
+{E(FNJ y2,0+§(?NJ V3o +Z(FNJ y4,o}]

wheret, andt, are expressed hy, as below.

Xy (6.26)

As shown by Eq. (6.23b) and Eq. (6.25b), seconéroperturbation solutions
of depth are respectively described by the thidkepexpression of time at N and by
the fourth order expression of time at M. By suhbstig the first order and second
order perturbation solutions of depth into Eq. Y6depth, first order, second order
and third order derivatives of depth with respectiine are obtained at each point.

Those obtained equations are related with fourecfit types. Hence, when the
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hydrograph of depth at one site is known, i.e. ldefntst order, second order and third
order derivatives of depth with respect to time &r®wn, four coefficients are

obtained by these values and those obtained eqgafitat is to say, this indicates a
potential of one hydrograph at one site enablesitiaty conditions to be reproduced
by nonlinearity taken in account, when the boundamyditions are quadric functions

of time.

6.3 Summary

This chapter is concerned with the reproductiorflagh floods with a high
Froude number. The possibility of reproducing sudldws by using one depth
hydrograph at one site is considered. The mainirfged of this study are listed as
follows.

1. The boundary conditions at upstream can be repestlbg using only first
order perturbation solution of depth which is obéal by applying the perturbation
method, when they are linear functions of time. Bty cannot be reproduced incase
of quadratic functions of time.

2. The boundary conditions at upstream can be repestiuny taking
nonlinearity in account, i.e. by using second orgerturbation solution of depth,
when they are quadratic functions of time.

In this chapter, we analyzed theoretically the oty of reproducing flash
floods with high Froude number in a horizontal ftdtannel, as a first step in this
issue. Conducting numerical processes includingdbege and bed shear stress will
be the next step. We believed that, getting goosult® from the numerical
simulations will be very helpful for prediction @bods with high velocity and steep
slopes, if the discharge and depth hydrographdamtified at the upstream end.
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Chapter 7

NUMERICAL MODELING OF UNSTEADY FLOW
AROUND A BOX CULVERT AND ITSVERIFICATION

7.1 Preiminaries

This chapter deals with a numerical model to siteuffow through a box
culvert, which represents flow during flash floodsder highways in Oman. We
firstly show the typical flow patterns with the misation from free surface flows to
pressurized flows and overflows over a culvertgblasn hydraulic experiments. Then,
a numerical model applicable to the full/partiall foressurized flows is tested to
simulate the typical flow patterns under the cdondg of experiments.

It is pointed out that although the numerical magstd here can simulate the
simple flow patterns to some extents, the modellkshbe improved further to get
better results.

Oman is one of the arid countries subjected tdhffeods. Records show that
major flash floods occurred in Oman in 1989, 198102, 2003, 2005, 2007 and 2010.
Such floods run in wadies “valleys or dry riversiged in the mountains and remain
dry except during infrequent heavy rains” are ppamderstood. Commonly, wadi
basins are suffering from drought conditions albryexcept during and after a
rainstorm as shown in Figure (7.1). They are affédty infrequent rainfall events in a
short period of time. Depending on the intensityadffall, flow can be in the form of
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flash flood, if the rainfall is heavy. If the intgity of rainfall is low, surface flow will
be consequently low.

The materials of the wadi-bed are varies from nedmregion depending on
the topography. Near the mountains, the bed canefsstone and gravel with high
slope, which makes the flow runs with high veloaiyd low transmission loss. On
the other hand, sands with scarce vegetations amd dlope are the major
characteristics of the wadi-beds in the desertsar€ae main wadi channel near the
mountain areas far way from the cities has a wadigr 100 m (it can reach to around
400 m in the major wadies). However, due to thédragrease in the population that
lives in the major cities and the urbanizationsideeghe channels, the width is
decreased to about less than half its originaltwidt

The literature has shown that the modeling in flisbds in arid regions is
inadequate for prediction, mitigation or managemdimterefore, numerical models
are useful tools to improve flash floods predictlmnproviding better understanding
of the hydrological processes governing flash floodarid regions.

A culvert is a covered channel of relatively sHertgth designed to pass water
through an embankment (e.g. highway and railro&@thaQson, 2000). They are very
common, often being constructed to allow riverp&ss under highways or railway
embankment. Flow through culverts is controlled agny factors such as size,
roughness, slope, inlet geometry, and tailwateditmms. Variety of flow types could
take place through culverts. It can be full or lyafll. In order to determine the exact
type of flow, laboratory or field investigationseaneeded.

Due to its proximity to the commercial and busindssrict of Muscat City,
the Capital of Oman, wadies intersect with a nundfestreets, where culverts and
bridges have been constructed to provide road floodection. Culverts were very
common used to allow water to pass under highwayshawn in Figure 7.2. They
had also been used to carry watercourses undéfupudreas. In many cases the city
is flooded because the culverts capacity was icseifit to carry large flood flows.
Figure 7.3 shows water flow through box culvertsmyflood seasons.
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(a) Dry wadi channel

(b) Wadi channel in full flow

Figure 7.1 Flash flood in a wadi channel.

105



NUMERICAL MODELING OF UNSTEADY FLOW AROUND A BOX CWVERT AND ITS
VERIFICATION CHAPTER 7

Figure 7.3 Flow through culverts during flood seasons.
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In this study, we analyzed the typical featuresfloiv through and over
culverts by fundamental hydraulic experiments antumerical model, considering
the interaction between free surface flow and pnéssd flow. The numerical model
is verified by carrying out hydraulic experiments.

It was shown that the hydraulic transients of th&eriaction between open
channel flow and pressurized pipe flow inside thklvert could be produced by using

a numerical model.

7.2 Hydraulic Experiments

The hydraulic experiments were conducted using azdwtal rectangular
flume 140 cm long, 50 cm wide and 30 cm high asvshim Figure 7.4. The flume is
equipped with a tailgate to control the tailwatepth. In order to generate submerged
flow over the culvert, the width of the flume idteed in Run 3 and Run 4 to be
equal to the width of the culvert. Above the cutyé@mn Run 1 and Run 2, there is an
embankment to prevent overflow. On the other hémd,embankment is removed in
Run 3 and Run 4 to let overflow to take place.

Constant discharge is supplied at the upstream(iahet) into the dry bed
flume. After sometime, the unsteady flow reaches steady state. The hydraulic
variables in the steady sate are listed in Taldle 7.

Figure 7.5 shows the typical flow patterns appearedhe steady state
adjusting the height of the tailgate. These flowgras are summarized as follows:

(a) Run 1: Partly-full pipe flow (submerged outtetly, without overflow).

(b) Run 2: Classic full pipe flow (submerged irdetd outlet, without overflow).
(c) Run 3: Free surface open channel flow (subneenget only, with overflow).
(d) Run 4: Partly-full pipe flow (submerged inletchoutlet, with overflow).

The water surface profiles in the steady stategatba centerline are shown in
Figure 7.6. Different types of flow through cuh&dre taken places depending on the

outlets and inlets conditions.
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Figure 7.4 Schematic illustration of experimental setup.
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Table 7.1 Laboratory tests variables.

Run Q B Bc |—c |'|c hu/s hd/s S0
(cm*s) | (cm) | (cm) | (cm) | (cm) | (cm) | (cm)

465.6 | 50 10 40 | 32 | 2.04 | 3.44 | 1/443
465.5 | 50 10 40 | 32 | 5.15 | 6.25 | 1/443
1946 | 50 10 40 | 32 | 5.05 | 2.61 | 1/26
1232 50 10 40 3.2| 582 | 591| 1/271

BN

where Q = flow rate; B = Width of channel; B Width of culvert; I = Length of
culvert; H= Height of culvert; = Water depth upstream culverty+ Water depth

downstream culvert;¢S= Slope.

The outlet is submerged in Run 1 as shown in Figuséa) and Figure 7.6(a),
which generate the transition from free surfacavfto pressurized flow in the barrel
of the culvert.

A type of outlet control occurred in Run (2) as whoin Figure 7.5(b)and
Figure 7.6(b), in which fully-pressurized flow oesuhrough the barrel of the culvert.
The full-pressurized flow was caused by increadimg tailwater depth, which let
backwater to take place. The flow changed gradulatijn open channel flow to
pressurized pipe flow as shown in Figure 7.7.

Over flow was observed in Run 3 and Run 4 as shiowfigure 7.5(c) and
Figure 7.5(d), respectively. In Run 3 with submergdet, the flow with free stream
line is observed inside the culvert. In this cdseth flows through and over the
culvert are free water surface flows. A clear tgb@utlet control is shown in Figure
7.5(d) and Figure 7.6(dyvhere both inlet and outlet are submerged. It oecuby
increasing the outlet depth. The transition froeefsurface flow to pressurized flow

occurs through hydraulic jump in the culvert.
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Figure 7.6 Surface water variations along centerline for expents: (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 Modd

The numerical simulations of the hydraulic expentsementioned above
were carried out by using a numerical model dewedopy Hosoda et al. (1993),
which can be used to reproduce the transition fima surface flow to pressurized
flow in a plane 2-D system.

The numerical model is composed of the continuily nomentum equations
of the plane two-dimensional flows of open charfleelis and pressurized pipe flows
and the momentum equation of an interface betweth thows. The fundamental

equations are given as follows:

[Free surface open channel flow]

@+0_M+0_N:O 7.1
ot ox oy o
T
OM ,0UM  OWM __ . o(h+2,) Ty (7.2)
ot ox ay (4 Y
7
ON , OUN  OWN :_gha(h+2b)_iy (7.3)
ot  ox  dy oy P

[Pressurized pipe flow]

oUD 9VD
—— +——=0
20,2 (7.4)
2 T
0UD , 9DV’  0DUV __DOR, _ ,(D+2) o7 (7.5)
ot X ay p 0x 0x P
2 7
ovD , dDUV  9DV? _ DR, _gDa(D+Zb)_2ﬂ (7.6)
ot ox ay p oy oy P

where h :depth, (U,V) :depth-averaged velocity(M,N :YHischarge flux
vector defined asM =Uh,N =Vh , D :diameter, P :pressure at a top of pipe,

(7,7, ) :wall shear stress vectors.
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Following the procedure of numerical simulation aédsed in literature
(Hosoda et al., 1993), the flow area is divided ithree parts: free surface open
channel flow, pressurized pipe flow, and the irgteef of both flows as shown in
Figure 7.8. The arrangement of hydraulic varialddeapply finite volume method is
demonstrated in Figure 7.9.

For the free surface open channel flow region,dabemon method (Inoue,
1986) of flood invasion analysis in flood plainsused for the time integral of Eq.
(7.1) ~ (7.3). The overflow from box culvert is citered as free surface open
channel flow, considering the unit discharge atjtimetion between the channel and
the culvert using the weir formula, the criticabvil conditions, etc. Eq. (7.4) ~ (7.6)
are applied to the pressurized flow region to dateuvelocities and pressure. The
common numerical method to calculate incompresdlblds is used for this region
with the interaction procedures of pressure catmnain SMAC method (Hirt and
Cook, 1972). The side view along the x-axis in Fggud.8 is shown in Figure 7.10.

The momentum equation at the interface is derivedE@ (7.7) by integrating Eq.

(7.2) and (7.5) fromx _, 10Xy, -

M_n‘_i“l — M_n_
Litt2  TLIMZ Ay 4 (UM) = (UM)
At i+121j+32 i-127j+12 (77)
N (VM) joa = (VM) AX =
Ay
h? P gD2 b,y 38X
- 9(7)i+12'j+1/2 * (Dz +T)“12’1+1/2 B gD(Zb'”‘Z'j”/Z - Zbi_iz’jH/Z) _( P )i T

The common flood invasion analysis mentioned abigvérstly applied to
reproduce the flow in the steady state from theiainidry bed flume under the
experimental conditions.

The constant discharge is given as the inlet bayndandition, and the
discharge at the outlet is calculated using thaticel between depth and discharge at

the tailgate (outlet).
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Since transition from free surface flow to pressedi flow occurs inside the
culvert by the increase of downstream depth, rieisessary to apply the procedures of
interface tracking as follows:

The position of an interface and the depttatt = (n—2/2)At and M, N at
t = nAt are known. The depth att =(n+1/2)At of both the free surface region and
the control volume bordering an interface (Figur®) 7s calculated by Eq. (7.1). If
h™¥2 of the free surface region is greater tBgnthe control volume is regarded as
the volume of the pressurized flow region. hf*? of the volume bordering an
interface is smaller thad, the volume becomes the free surface region amahév
position of an interface is determined.

Incase that the inlet of culvert is submerged &un 3 and Run 4, a model of
free surface flow or pressurized flow is selecteabprly according to the situation of

the cell at the inlet of the culvert.

Box Culvert
I :

. Cell bordering interface
|:| Pressurized flow region

v

|:| Free surface flow region

Figure 7.8 Classification of flow domain.
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Figure 7.9 Arrangement of hydraulic variables.
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7.4 Verification of Results

The fundamental two-dimensional simulation modelagplied under the
experimental conditions. Figure 7.11 shows the watepths variations at the
centerline after the calculated flow results rethehsteady state.

There is a good agreement between the experimemdaihe numerical results
especially in Run 1 and Run 2 as shown in Figuté(d) and Figure 7.11(b). In Run
3 and Run 4, where overflow and air-cavity occurrbe calculated results for the
flow through culverts are not matching with obsenféow, as shown in Figure
7.11(c) and Figure 7.11(d). These are because theelmassuming hydrostatics
pressure is not applicable to rapid varied flowghair-cavity inside the culvert.

Using calculated results for Run 1 and Run 2, whintlude a partially-
pressurized flow or fully-pressurized flow in thel\ert, respectively, we showed the
temporal transition processes from free surfacer flo pressurized flow in Figure
7.12 and Figure 7.13. Although we can’'t compare ¢hkeulated results with the
experimental ones, the simulation model can remedthe transition process

reasonably for both cases.
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Figure 7.11 A verification of water depth along the centerlioe both experimental
and numerical results.
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channel flow and pressurized flow in Run 2.
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7.5 Summary

Some of the typical features of flow through an@roeulverts are studied by
fundamental hydraulic experiment, which can repredtow during flash floods
under highways in Oman. A two-dimensional numerstadulation model is proposed
and applied under the experimental conditions, idensig the interaction between
open channel free surface flow and pressurized. file focus on testing the typical
flow patterns in the full/partial full pressurizetbw. As a comparison between
observed and calculated results, good agreementswand between them. The model
can be improved further to get better results antle applicable to simulate flows

around actual box culverts during flash floods.
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Chapter 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

This study focuses on some practical analysiswar rilows around selected
hydraulic structures. Theoretical, experimental ancherical analysis are applied in
studying the water flow behavior around these stines.

Firstly, a one-dimensional numerical model is aggplio study the formation
of the hydraulic jumps downstream steps in a nindtkward-facing steps flume. The
model is carried out under experimental conditimmshree cases: water-free-fall step,
partially-submerged step and fully-submerged dbefferent grid sizes were tested in
this model in order to avoid the numerical osdilatat the immediate downstream of
the step and also to improve the reproduction efftidraulic jump. The calculated
results were compared with experimental resultenEthe matching between the
results is not so accurate, but this numerical mbds the ability to represent the
hydraulic jumps clearly especially when the smalied size is used.

By continuing the study of the flow over the backe#acing steps, two-
dimensional physical experiments were implemented wooden flume including a
single step with a sudden expansion immediatelyndtrgam the step. More attention
was given to the generation of the oblique shockesadownstream the steps due to

the abrupt expansion in the geometry of the chanAeldepth-averaged two-
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dimensional numerical model is established underoltserved conditions, using the
finite volume method on a curvilinear grid. Theuks were plotted in the form of

surface contour with velocity vectors, which caegemt the formation of the oblique
shockwaves clearly. The backwater effect due toinbeease of water depth at the
downstream end is also considered. The results weréed with the measured

results in the form of the water variation along tenterline, in which it has a good
matching for the fully-submerged step condition.wdger, due to the numerical
oscillation that occurred downstream the step,ctileulated results for the partially-
submerged case don’t represent properly the mehsaee

The ecological changes on the ecosystem of the KRiver also presented in
this research by studying the relation betweerh#istat of an endangered bird called
Kamogawa-Chidori and the sandbar formation in therrcourse. A two-dimensional
open channel flow numerical model is executed toutate both of water flow and
sediment transport. It is used to simulate alternsdndbars, in addition to the
deposition of sediment downstream the backwardypsteps structures. The model
can represent efficiently the scenario of the sanfitrmation in the Kamo River. By
comparing and analyzing the observed and calculasults, we can conclude that,
due to the widening of the main channel and thellagion of series of backward-
facing steps, the tractive force to transport sedinof riverbed has decreased. As a
result, the bare sandbars without vegetation hdse decreased. Therefore, the
number of chidori birds has been decreased rapidlye Kamo River.

A part of this thesis contains some descriptiothefspatial variations of flow
depth in steady open channel flows downstreamd$tarbance attached at one side
wall of a flume. The theoretical analysis showd thausing the linearlized equations
of two-dimensional shallow flows, periodic wavy feaihs exist for supercritical flows
(Froude number >1), but the amplitude of periodavy patterns always attenuates
downstream direction. We noted also that by inéngashe Froude number, the
attenuation rate also increases. These theoretsalts are verified by hydraulic
experiments and a two-dimensional numerical modaichvis executed under the
conditions of hydraulic experiments. The numertatulated results almost fit with

the observed one in term of the amplitude of theréwlic wave length.

124



CONCLUSIONS AND RECOMENDATIONS CHAER 8

Some trials to analyze flash floods especiallynd area in order to propose
some mitigations for floods in future researchesdescribed at the last two chapters
of this research (Chapter 6 and Chapter 7). In @&hap, a theoretical analysis is
carried out to investigate the possibility of reguwoing flash floods with a high
Froude number by using one depth hydrograph atsdee The main output of this
theory can be listed as follows. Linear analytisalution can be derived when the
boundary conditions at upstream are linear functadntime. If the boundary
conditions at upstream are quadratic function raktinonlinearity should be taken in
account.

This thesis is ended with a two-dimensional nunaricmodel which is
proposed to represent flow during flash floods uridghways in Oman. It is applied
under observed conditions, considering the intemacbetween open channel free
surface flow and pressurized flow. The typical flpatterns in the full/partial full
pressurized flow were considered. Although we thile make a good comparison
between the calculated results and the experimen&s in some cases, the simulation

model can reproduce the transition process reagof@alsome other cases.

8.2 Recommendations

The work in the analysis of the spatial variatiavfsflow depth in open
channel flow around disturbance can be extended Wtther studies. Since the
measured depth distributions show very anti-symmeteature, the further
investigation including the nonlinear effects iscegsary to clarify the generation
mechanism of anti-symmetric depth distributionse Ttumerical model needs to be
improved to give better results, by considering ikeical acceleration in the future
studies.

Since there is a lack in the studies in flash fkodarid areas, physical and
numerical models needs to be extended for simgjakireme storms. Therefore, the
numerical model which is used in simulating watkwf through and over box
culverts can be improved further to get better Itesand to represent flow during

flash floods through box culverts.
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