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Abstract

The research problem addressed in this study is the limited use of
theoretical models that incorporate a two-phase flow consisting of water, and
sand to simulate and analyze erosion around hydraulic structures. This
limitation suggests that there is a need for further investigation into this area.
To address this research gap, the present research conducted laboratory
experiments and utilized a Computational Fluid Dynamics (CFD) model to
investigate the flow properties and scour patterns downstream of a hydraulic
structure. Specifically, the study investigated the use of four basic shapes of
submerged deflectors (single perforated triangle, double solid triangle, single
perforated semi-circle, and double solid semi-circle) with various angles and
positions along the flow direction. The aim of the study was to compare the
effectiveness of these deflectors in reducing scouring under different flow
conditions and to compare them to the case where no deflector was installed.
By addressing this research gap, the study aims to contribute to the field of
hydraulic engineering and provide insights into the erosion around hydraulic
structures.

In this study, Computational Fluid Dynamics (CFD) modeling was
used to examine how the location, apex angle of flow deflectors, and
passageway percentage influenced the depth of scour across various flow
conditions. Four types of deflectors were used, including two single
perforated deflectors (semicircular and triangular) and two double solid
deflectors (semicircular and triangular). The Navier-Stokes and continuity
equations were discretized using a finite volume and finite difference
approach to solve fluid motions, while the RNG «-¢ turbulence model was
adopted to model turbulence. The excess bed shear stress resulting from the
flowing water was used to determine the bed load model, and the VVolume of
Fluid (VOF) technique was used to model free surfaces. Results indicated

that the single semicircular perforated deflector was the most effective in
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reducing the maximum local scour depth. This deflector reduced maximum
scour depth by about 76.8%, while the double semicircular solid deflector
reduced maximum scour depth by about 75.7%. The triangular perforated
deflector and double triangular solid deflector reduced maximum scour
depth by about 22% and 71.1%, respectively, when compared to the stilling
basin without the deflector. These findings recommend that the single
semicircular perforated deflector is the optimal choice for reducing
maximum local scour depth.

The problem is characterized as a multi-optimization problem,
which requires the need to optimize multiple factors simultaneously in order
to achieve a reliable solution. The optimization solution results facilitated
the estimation of scour depth and the determination of optimal design
dimensions for flow deflectors, taking into account conditions similar to

those used in this study.
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Chapter One

Introduction

1.1 General

The hydraulic structures, such as spillways, weirs, and sluice gates,
are installed in waterways for a variety of purposes, including raising the
upstream level of water, measuring flow, decreasing flow velocity, and so
on, where they are subjected to the effects of high variability water flows.
As a result a local scour surrounding the hydraulic structure may occur,
which might eventually lead to structural failure (Bajkowski, 2007),
Therefore, it is highly recommended to prevent scouring the
downstream bed of the waterway if possible or to reduce the dimensions of
the scour hole and force it to form away from the end of the stilling basin to
maximize the structure's safety.

Scour is the process by which bed material is eroded and transported
from the bed of a river or stream. Downstream flow deflectors are designed
to redirect the flow of water and can have an impact on scour depth. When
water flows around a flow deflector, it creates a local scour hole downstream
of the structure. The scour depth is affected by a variety of factors including
the velocity and turbulence of the water, the bed material and shape, and the
geometry of the hydraulic structure.

The process of scour can be explained as follows: as water flows
around the downstream flow deflector, it creates a region of high velocity
downstream of the structure. The high velocity water creates a low-pressure
zone, which can cause bed material to be eroded from the bed of the river or
stream. As the bed material is eroded, it is carried away by the flow of water,

deepening the scour hole downstream of the structure (Akan, 2006).
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The geometry of the hydraulic structure can also play a role in the

depth of scour. A narrow structure will create a deeper scour hole than a
wider structure, all else being equal. Similarly, a structure with a more acute
angle of deflection will create a deeper scour hole than a structure with a less
acute angle.

Many researchers have been studying the local scour downstream of
hydraulic structures for several decades to determine the main variables that
influence the local scour downstream of structures and to find solutions. It
was found that one of the methods for the amount of scouring downstream
of a hydraulic structure is to use an appropriate energy dissipator, such as
baffle blocks, sills, etc. For many years, several models of energy dissipators
have been studied to reduce the scouring phenomena (Blaisdell, 1948,
Dardeer, 2022). Even if they are not required to produce a stable hydraulic

jump, baffle blocks should be installed in the stilling basin.

1.2 Research Aim and Objectives:

The aim of the present research is to investigate the use of flow
deflectors as a means of protecting downstream waterway beds from
excessive scouring caused by high-velocity flows. Specifically, the research
aims to develop an optimal design for flow deflectors downstream of a multi-
vent regulator that will effectively dissipate the energy of hydraulic jumps

and stabilize the flow to prevent scouring.
In order to achieve this aim, the following objectives will be pursued:

1) Collecting data on the hydraulic characteristics of the multi-vent regulator
and the downstream waterway bed to identify the potential for scouring.

2) Conducting laboratory tests on the use of flow deflectors and consequent
scour depth downstream waterway beds and the design principles for

multi-vent regulators.
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3) Developing numerical models to simulate the hydraulic behavior of the
flow deflectors downstream of the multi-vent regulator, including the
scouring patterns.

4) Analyzing the effect of different flow deflector designs on the hydraulic
behavior of the flow downstream of the multi-vent regulator, with a focus
on energy dissipation and scour prevention.

5) Optimizing the flow deflector design based on the results of the numerical
modeling and analysis. In addition, validating the optimized design

through physical modeling and field testing.

1.3 Organization of the Thesis
The following is a summary of the five chapters that introduce the research
outlines and results.

In Chapter Two, a literature review is presented which covers the
fundamental concepts of scour, theoretical and experimental research related
to predicting scour depth, as well as scour under submerged flow conditions
beyond the deflectors.

Chapter Three focuses on the methodology employed in the present
research, including details on the experimental equipment, models, and
procedures.

In Chapter Four, the results of laboratory and numerical analysis run
for various types of deflectors and flow conditions are presented along with
a comprehensive discussion. In addition, the chapter provides a detailed
explanation of how the optimization problem for designing optimal flow
deflectors is formulated, solved, and verified.

Chapter Five, the key conclusions from this research are summarized,

and recommendations for future studies are presented.



Chapter Two

Theoretical Aspects And Review Of Literature

2.1 General

The hydraulic structure's stability is influenced by scour
downstream of the stilling basin. This is because the scour can lead to erosion
of the soil and bed material around the foundation, which weakens the
structure's support and stability. Scouring can be caused by various factors,
such as high velocity flows, bed material transport, and changes in water
levels. Due to the complicated nature of the flow and the interaction
between the flow and the bed material downstream of the stilling basin, the
approach has mainly been empirical in estimating the scour hole's
characteristic features, such as maximum depth, distance from the end of a
rigid apron, scour hole extent, maximum height of the dune, and so on
(Aamir and Ahmad, 2016) . The phenomenon of scour near the hydraulic
structures has taken the attention of several studies because of its
importance in ensuring the safety of these structures.

An overview of the theoretical aspects of the bed scours
phenomenon with an intensive but brief review of relevant studies that cover
such phenomenon will be presented in this chapter.

2.2 Hydraulic Jump

A hydraulic jump is a sudden change in water flow characteristics
within a channel. It occurs in short channel segments where friction is
negligible compared to other forces. Hydraulic jumps are marked by high
velocity and momentum coefficients, resulting in complex flow patterns.
They transition the flow from supercritical to subcritical, leading to a
discontinuous surface profile with turbulence and energy loss. The behavior
of hydraulic jumps is categorized based on the Froude number as shown in

Figure (2.1), with ranges from impossible jumps to stable, well-balanced
4
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ones. These jumps have different characteristics and energy dissipation

levels as shown in Figure (2.2).
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(b) Fr=1.7to2.5: weak jump;
(c) Fr=2.5t04.5: oscillating jump;

(d) Fr=4.5109.0: steadyjump
(e) Fr =9.0 : Strong jump

Figure (2.1): Types of hydraulic jumps.
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Figure (2.2): Simple hydraulic jump on horizontal bed.
E;: Specific energy before jump. V1, V2: mean velocity of water at section 1 and 2
E»: Specific energy after jump. respectively.
AE: The energy loss. . CFr=—Yl . Fr=_"2
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y1, Yo: depth of water at section 1 and 2
) L; The length of a hydraulic jump=k(y2 -y1)
respectively.

h; is the height of the jump = (y2 -y1)
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2.3 Fundamental Concepts of the Scour Phenomenon

The scour phenomenon refers to the erosion of bed material around
structures such as bridge piers, culverts, or offshore foundations, caused by
the flow of water as shown in Figure (2.3). The fundamental concept behind
scour is that the flow of water around a structure creates pressure differences
and turbulence, which can cause the bed material to be eroded and removed
from around the structure (Pizarro et al., 2020).
Among many different types of scours, the local scour was occurring because
of the concentration of turbulence generated by structures, which block and
separated the flow such as bridge piers, abutments, and flow deflectors. It
arises due to the limited extent of their influence on the flow of the river. The
key factors that affect scour include the velocity of the water, the geometry
of the structure, the type of bed material around the structure, and the

duration of the flow.

Recirculation

Figure (2.3): Bed material scouring process (Padhi, 2022).

In order to predict scour at positions with the complicated three-
dimensional flow, physical models are used in combination with the
computational results of horizontal (depth-averaged, two-dimensional)
numerical models. Breusers (1966) stated that the turbulence level at the
boundary between both erodible and the fixed beds and the flow rate
determine how the scouring process develops. By using this idea, the scour

prediction can be constrained to a single computation.
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When dealing with concerns related to local scour, only the scour
that has the maximum depth in the equilibrium phase is essential
(Hoffmans and Verheij, 2022). This is especially valid for stationary
hydraulic structures that are isolated, such as spur dikes, bridge piers, and
other permanent structures (weirs, final closure works, and sills).

However, there are situations in which the passage of time is crucial, such
as when water body branches must be closed.

Zanke (1978) identified four phases in the formation of a scour
hole, as shown in Figure (2.4), according to clear-water scour laboratory
tests, that is, no upstream sediment transport, using small Froude numbers
with scale models (Breusers, 1966). These phases are the initial phase, the
development phase, the stabilization phase, and the equilibrium phase.

h(y,ifho)
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/ ' !
! '
_ ]
0 [‘ r= tl ' E
/ ' !
/ y=04 E :
! |
/ ' !
X )
/ ! :
' :
7/ ‘ ' I
Z : i In(t/t)
] T | >
Initiation | Development | Stabilization ; Equilibrium
P phase S phase J, phase 1 phase N
T /i\ /'\ /:'\ ”~

Figure (2.4): Development of the scour process (Park et al., 2019).

v: Coefficient, y = 0.4-0.8 ho =Initial or average flow depth
t=Time ti=Characteristic time at which the
Ym= Maximum scour depth maximum scour depth equals ho
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In the initial phase, the flow in the longitudinal direction of the
scour hole is nearly uniform. The most severe erosion capacity is present
during this phase of the scouring process, which can be described as this
phase. Numerous investigations, which utilized fine bed material (e.g.,
Breusers' study in 1966), revealed that some bed material close to the
upstream scouring slope went into suspension at the start of the scouring
process. Because of the internal balance between the downward flux caused
by gravity and the upward diffusive flux, the majority of the suspended
particles stay in suspension within the main flow by following convectional
paths. Due to the intense turbulent flow close to the bed, some of the particles
will settle and be re-suspended. Other particles are transported as bed loads
If they jJump below a specified saltation or reference height.

During the development phase, the depth of the scour increases
significantly while the scour hole's shape remains relatively unchanged. In
this stage, there is a fairly constant relationship between the maximum local
scour depth and the distance between the end of the stilling basin and the
maximum local scour depth. Hoffmans (1990) conducted measurements that
revealed the upper portion of the upstream scour slope is in equilibrium
while the lower portion is still forming. In comparison to the situation in the
initial phase, the suspended load close to the bed significantly decreases.
Despite an increase in turbulent energy, the main cause of this is the gradual
decline in flow velocities close to the bed. Even though the flow picks up
and carries bed particles, the instantaneous velocities in the upstream and
downstream directions produce roughly equal contributions to bed material
transport, making the value of bed material transport time-averaged at the
upstream scour slope's upper part negligible.

In the stabilization phase, the maximum scour depth development
rate slows down. Due to the fact that the scour hole's deepest portion has a

lower erosion capacity than the region downstream of the point of
8
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reattachment, the scour hole's dimensions increase more longitudinally than
vertically. The flow velocities above the lower portion of the upstream
scouring slope decrease as the scouring process progresses. The equilibrium
condition for the maximum scour depth and the upstream scour slope is
almost attained during the stabilization phase. The phase in which there are
no notable changes to the scour hole's dimensions is known as the
equilibrium phase.

Van der meulen and Vinjé (1975) investigated the downstream
three-dimensional scour process of a partial waterway constriction
(according to more than a hundred tests with bed protections that are
hydraulically smooth, medium, or rough). He found that the scour hole's

shape is unaffected by bed material or flow velocity.
2.4 Prediction of Scour Depth

Prediction of scour depth is a process that aims to estimate the
amount of erosion that may occur around a structure due to the movement of
water. This involves the analysis of many factors such as flow velocity, bed
material type, and water depth to determine the likelihood and extent of
scour. These findings are then used to design appropriate measures to
mitigate the potential risks associated with scouring. This section provides a
concise overview of previous research concerning the use or not of flow

deflectors in stilling basins.
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2.5 The stilling basin.

During the period from the 1940 to the 1960, a diverse range of
standard stilling basin designs was developed and extensively tested using
models and prototypes under various flow conditions. As a result of these
comprehensive tests, the performance characteristics of these prototypes
have been thoroughly understood.

The accumulation of extensive observations, practical experience,
and model studies has led to the establishment of several standard designs
for stilling basins. Figure (2.5) in the report by the US Bureau of Reclamation
(1987) displays three common types of stilling basins. These designs
incorporate chute blocks at the entrance to not only stabilize but also shorten
the length of the jJump. Moreover, the addition of solid or dented end sills at
the basin's end further aids in reducing the jump length. Baffle piers
strategically positioned at intermediate locations within the stilling basin
facilitate energy dissipation through impact. The choice of the appropriate
stilling basin type depends on the upstream Froude number, as different flow
conditions require specific designs for optimal performance. It is crucial to
note that when referencing the findings or information from this report,

proper citation and acknowledgment of the original source are necessary.
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Figure (2.5): Standard designs for stilling basins after the US Bureau of
Reclamation (1987).

11



Chapter Two Theoretical Aspects And
Review Of Literature

2.5.1 Hydraulic Design of Standard Stilling Basin
For Froude numbers falling within the range of 2.5 to 4.5, it is

recommended to use Type IV basins. In specific situations, the inclusion of
auxiliary wave dampeners or wave suppressors becomes necessary to
maintain a uniform flow downstream. To control the spread of the hydraulic
jump and aid in wave suppression, it is essential to maintain water depths in
the basin that are approximately 10% greater than the calculated conjugate
depth. In simpler terms, the basin depth (y;) should be designed to be 1.1
times greater than the conjugate depth (y2). To determine the appropriate
length of the basin, refer to Figure (2.6), (Akan, 2006).

6 =TT T 1
Type IV
/
/
5 /
'/ Type Il
= LT
x4 P
pd
3 Type lll
-
| o]
]
2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fr
Figure (2.6): Length of the stilling basin after the US Bureau of
Reclamation (1987).

For Froude numbers above 4.5 and incoming velocities (V1) below
20 m/sec, Type Il basins are used. These basins utilize chute blocks, impact
baffle blocks, and an end sill to reduce the jump length and dissipate high-
velocity flow within the basin. In Figure (2.5), the height of the chute blocks
(h1) equals y1 (Akan, 2006).
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The height of the baffle blocks (hs) can be calculated using a specific
formula:
h;=y4[(1.30+0.164(Fr;-4.0))]
The height of the end sill (h4) is given by Roberson et al. (1998):
h,=y1[(1.25+0.056(Fr;-4.0))]

The length of the basin can be determined from the Figure (2.6).
If the Froude numbers exceed 4.5 and the inflow velocities go beyond 20
m/sec, or if impact baffle blocks are not employed, the type Il basin becomes
a suitable option. Dissipation in this type of basin mainly depends on
hydraulic jump action, resulting in a longer basin compared to the type IlI
basin. However, the inclusion of chute blocks and end sill remain effectively
reduces the overall length.
For adequate dissipation, maintain the tail-water depth in the basin at around
5% higher than the calculated conjugate depth (yr) (Chanson, 2015):
yr=1.05y

The floor elevation for stilling basins must be chosen carefully,
considering the tail-water. The design's critical aim is to prevent the
hydraulic jump from extending beyond the basins into the natural stream
channel, regardless of the discharge over the spillway. This is achieved by
comparing calculated conjugate depths with tail-water depths for various
discharges. For an efficient design, the tail-water depths should be slightly
greater than the conjugate depths. If the conjugate depth exceeds the tail-
water depth, there is a risk of the hydraulic jump escaping into the natural
stream. Conversely, if the conjugate depth is much smaller, the hydraulic

jump will be fully submerged and ineffective.
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2.5.2 Stilling Basin without Flow Deflectors
Several researchers conducted experimental investigations that

resulted in various scour prediction models, a summary of these studies were
presented in Table (2.1).

Ali et al. (2014) conducted an experimental study to investigate
the impact of different spaced corrugated aprons on downstream local scour
caused by submerged jumps. The study involved sixty runs in a horizontal
rectangular flume, aiming to identify the most effective corrugation
wavelength for minimizing scour. It was used two types of non-cohesive soil
and conducted experiments under various Froude numbers. The results
indicated that using spaced triangular corrugated aprons resulted in
substantial reductions in scour depth and length for both fine and coarse
sand. Specifically, the reductions averaged 63.4% and 30.2% for fine sand
and 44.2% and 20.6% for coarse sand, as compared to classical jumps.
Additionally, the research highlighted that scour depth and length displayed
an inverse relationship with the mean diameter of grain size particles.

Helal (2014) carried out an extensive study, running 117
experiments, to explore how a single row of floor water jets affects scour
hole characteristics downstream of a control structure. They tested different
jet discharges, positions, and tailwater depths. The results showed that using
these floor water jets significantly reduced the maximum scour depth (by
50% to 90%) and the length of the scour hole (by 42% to 85%) compared to
scenarios without the jets. Furthermore, this system effectively moved the
maximum scour depth closer to the floor. The most effective location for the
water jets was found to be 40% of the floor length away from the weir toe.
When jet discharge values were increased, it led to higher maximum scour
depth, a longer scour hole, and a shift in the location of maximum scour

depth away from the floor end.
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Table (2.1): Prediction equations of local scour depth under submerged

wall jets proposed by different investigators (Aamir and Ahmad, 2016).

Investigator Equation
Eggenberger and Ah" *q“

Mueller (1944) d+ d=o, ; where e = a coefficient
Valentin (1967) log(—)— 4 - 2 0.5510 (ﬁ)
Altinbilek and $_ Yy 00
Basmaci (1973) (5,0 Fu

0.5 0.375
d.+ d=23F}" ( m) (%) -1.19 ; where o=sediment fall velocity ; R'=
hydraulic radius of the jet, defined as (a) R'=for a deeply submerged 2D jet issuing

Ali fgg;im from sluice opining with a well-rounded lip; (b) R'= a1 for a deeply submerged 2D
( ) jetissuing from sharp sluice gate ;and ; (c) R'= the ratio of jet area to its
parameter for 2D and 3D jets with shallow tailwater depth; where oz= thickness of
jet at vena contracta.
Breusers and ds _ V12, - .
Raudkivi (1991) " O.OOS(U*C) ; Where ux.= critical bed shear velocity
Chatterjee et al. ds
(1994) 3, 0.775Fr,

—S——(l-—); where A'=scour factor given by may et al., wich is defined by and
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1—2.95D8§3;f0r 0.1<Dg<12.5 mm and A’ = 6.85 :for Dg> 12.5 mm

dy
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0.33
j—s=1.04F3'47%‘°-69 <%> k; ; where kj;=factor to account for the effects of an
1

LITZSB(;)YU apron dowr?stream from the outlet, VXEiChE given by k; =
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Mellvile and Lim % = 3FK, K K K, ; where Ksare dimentionless multiplying factors expressing the
1

(2014) influence on scour depth of sediment size (Kp),tailwater depth
(Kai),sediment gradation (K), and apron length (KL.)

= high of opening gate. q = Discharge per unit width
ds Depth of maximum scour at equilibrium Vi = mean flow velocity at the inlet section.
d¢ = Tailwater depth V,= mean flow velocity at the outlet section+
dst = Depth of maximum scour at any time t t = Time of scouring
Fr, = Froude number at opening gate Dso = Median sediment size
Fq = Particle densimetric Froude number Dgs = 95% finer sediment size
Faes) = Particle densimetric Froude number based Do = 90% finer sediment size
on Dgs ¢ = Angle of repose
Ah = Difference between upstream and downstream ~ Og = Geometric standard deviation of bed material size
water level T+ = Shields parameter

L = Length of apron downstream of sluice gate
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Aamir and Ahmad (2016) presented a thorough analysis of the
research conducted on local scour caused by wall jets, highlighting the key
factors that influence the scouring process and providing insight into the flow
characteristics within the scour hole and on the apron. Also, a range of
formulas for estimating scour depth were offered, which could prove
invaluable in developing effective remedial measures to mitigate against this
phenomenon. It was found that a better understanding of the scouring process
and its parameters is essential to developing accurate prediction models for
local scour caused by wall jets. Further research is needed to address the
impact of apron roughness on maximum scour depth, the response of jets
to cohesive beds, and the flow characteristics over a mixture of bed
materials. Additionally, large-scale model studies are necessary to gain
insight into these problems, as laboratory models may not accurately

represent the characteristics of flow in the prototype.

Aamir et al. (2022) conducted an experimental study to examine
the scour downstream of rough and smooth stiff aprons influenced by wall
jets, and the impact of various parameters on the scour depth. The findings
of the analysis indicate that the maximum scour depth decreases as bed
material size, sluice opening, and apron length increase, while it is directly
proportional to the densimetric Froude number. Initially, the maximum scour
depth decreases with an increase in the tailwater level, reaching a minimum,
but thereafter it starts to increase. Based on the conclusions drawn from this
study, it is recommended to incorporate roughness on the surface of stiff
aprons to confine scour caused by under-wall jets. The application of
roughness results in a significant reduction in the maximum scour depth,

ranging between 70% and 83%.
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2.5.3 Stilling Basins with Flow Deflectors
A stilling basin with a flow deflector is a type of stilling basin that

Is designed to reduce the velocity of the water more efficiently by deflecting
the water flow. The flow deflector can also be designed to create turbulence,
which can help to dissipate energy effectively. The deflector can be placed
either upstream or downstream of the basin, depending on the specific design
and function of the stilling basin.

The addition of a flow deflector can have a significant impact on
the scouring potential of a stilling basin. It can modify the flow
characteristics of the water, changing the bed material transport patterns, and
affecting the rate and extent of scour. As a result, predicting scour depths in
stilling basins with flow deflectors requires careful consideration of various
factors, such as the geometry of the deflector, the angle of incidence of the
water flow, and the bed material characteristics (Pagliara et al., 2009).

EL-masry and Sarhan (2000) conducted 153 experiments to
study the impact of using a single line of V-baffles , characterized by a 90°
apex angle, in order to minimize the effects of excessive severe scouring of
downstream water structures. The effects of the deflector location and the
deflector height under various Froude numbers were tested. It was found that
V-baffles significantly reduced the scour hole compared to no baffles.
Furthermore, Locating the suggested baffles near the middle of the floor
gives the most reduction on the depth of scour. Additionally, when the
distance between baffles line and the toe of the weir increases, the effect of
changing the height of baffles has small influence on scour hole depth

Saleh et al. (2004) conducted an experimental investigation to
examine how the inclusion of end sills in sudden expanding stilling basins
affected the scour downstream. The study encompassed three different
expansion ratios and five different sill heights. It was found that, the scour

occurring downstream of the basins with end sills exhibited an asymmetric
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pattern. The presence of end sills led to a minor alteration in the flow pattern
upstream but had a significant impact in the immediate downstream area.
The extent of scour and deposition was found to be dependent on factors
such as the Froude number, end sill height, and expansion ratio. To prevent
the deflection of the primary flow jet just downstream, it was observed that
the height of the end sill should not exceed the dominant height of the gate.

Biron et al. (2005) studied the three-dimensional mean and
turbulent flow characteristics around paired flow deflectors for three
deflector angles (45°, 90° and 135°) and two deflector heights (with flow
under and over the deflector height) over a smooth (plexiglass) bed and a
sandabed. Three-dimensional velocity measures were performed with an
acoustic doppler velocimeter at multiple planform locations at two elevations
above theabed. It was shown that the deflectors with an angle of 90° create
the most significant disturbance in the mean flow field, turbulence intensity,
and bed shear stress. Above a plane bed, deflectors oriented upstream (135°)
and downstream (45°) have the same mean velocity, turbulence intensity,
and shear stress patterns, whereas the 135° orientation creates a turbulent
flow field disturbance similar to the 90° design over a mobile bed.

Yu et al. (2007) performed an experimental investigation of the
scour characteristics of a V-deflector. This study examined the effect of the
angle of alignment, the opening width to the total channel width ratio, and
the approach flow Froude number. It was found that the V-deflector angle of
alignment that changed between (50°-130°) has a slight impact on the scour
depth, while, the opening width to the total channel width ratio, and the
approach flow Froude number particularly influence the maximum scour
depth. The scour mechanism for a VV-deflector was found to be similar to that
of a dike. Generally, the volume of scour was observed to be proportional to
the square of the maximum scour depth. Generally, scour holes take an

elliptic shape.
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Negm et al. (2008) investigated the effects of flow submergence,
Froude number, and operation policy on the dimensions of scour in multi-
vent regulator through a laboratory study. Their results showed that the
implementation of a curved deflector was highly effective in reducing local
scour of downstream multi-vent regulators, achieving a reduction of
approximately 85%. They also observed that the relative maximum scour
depth increased as the initial Froude number increased. However, an increase
in the submergence ratio resulted in a decrease in the relative maximum
scour depth. Based on their findings, they determined that the curved
deflector's optimal location, which minimized scour dimensions and
promoted symmetric flow, was at a distance of 6% of the stilling basin length
from the sudden expansion.

Mostafa et al. (2009) conducted an experimental study focused on
minimizing scouring operations at downstream (DS) heading-up structures.
The study was conducted in a trapezoidal cross-section channel. It was
observed that the presence of a guide wall deflector, fixed at 0.35 times the
length of the basin, resulted in a significant reduction in the maximum
relative scour depth and length. The study also revealed that the maximum
relative scour depth increased as the initial Froude number increased.

Ibrahim and Negm (2009) investigated the influence of the
height of the curved deflector on the maximum scour depth by conducting
experiments under various factors, such as flow submergence, Froude
number, and operational gate scenarios. The results of their study revealed a
significant decrease of over 80% in the relative maximum scour depth as the
deflector's height was increased. The researchers also found that optimal gate
operation scenarios involved symmetrical regulation, either fully or partially.
Furthermore, increasing the initial Froude numbers led to an increase in both

the maximum relative scour depth and length.
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Negm et al. (2009a) conducted an experimental study to examine
the effects of different factors on the maximum scour dimensions (depth and
length) in the stilling basin of multi-vent regulators. The factors investigated
comprised the percentage waterway passage of the curved deflector, the
Froude number, and the gate operation policy. The study's results
demonstrated that a waterway passage of 28% resulted in minimized scour
dimensions, with an average reduction of 86% in maximum scour depth
when the deflector was optimally positioned. To achieve effective scour
reduction, the researchers recommended symmetric gate operation and the
use of a curved deflector with 28% opened area, placed optimally at a
distance of 6% of the stilling basin length from the sudden expansion.
Furthermore, it was observed that the relative maximum scour depth
increased as the initial Froude number rose for all waterway passage values.

Negm et al. (2009b) conducted a study to assess the efficacy of a
curved hollowed deflector in mitigating scour in multi-vents structures under
submerged hydraulic jump conditions. The study specifically focused on
experimentally testing the width and orientation angle of the curved deflector
using various models and under different submerged flow conditions. The
results indicated that the optimal width of the deflector should be limited to
a maximum of 75% of the basin's width. Additionally, the investigation
revealed that, across all tested cases and for different values of relative width
and angle of the deflector, the relative maximum scour depth demonstrated
an increase with higher initial Froude numbers. Nevertheless, it was
determined that the ideal angle for the deflector was 0.57 (or 90°), as this
particular configuration effectively minimized both the relative maximum
scour depth and the relative distance to the maximum scour.

Samad et al. (2012) conducted 189 experimental runs to
investigate the mitigation of scour downstream of control structures using

semi-circular sills. Various sill heights and positions were considered under
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different flow conditions, including a case without a sill for comparison. The
results revealed that all proposed sill arrangements effectively reduced the
maximum scour hole depth and length, bringing the maximum scour depth
closer to the floor. Sill height was found to have a significant influence on
the scour hole characteristics compared to sill location. Additionally,
increasing the tail Froude number led to slight reductions in maximum scour
depth and length for all sill configurations, causing the maximum scour depth
to shift further away from the floor in the flow direction. Additionally, the
implementation of a single line of semi-circular sill resulted in the loss of
less than half of the initial specific energy during the hydraulic jump.

Helal et al. (2013) tested the effect of using sill on scour
downstream. So, 144 runs were conducted using different heights (2, 4, and
6 cm) and different positions (40%, 50%, 60%, and 70% from floor length)
under different flow conditions. Three scenarios were investigated: no sill,
single-line sill, and fully silled floor. The local scour parameters were found
to be minimized when the height of the sill was 4% of the length of the
stilling basin, while the maximum local scour occurred when the ratio of the
height of the sill to the length of the stilling basin was 1.3%. The maximum
scour depth was reduced as the kinetic flow factor (1/Fr?) was increased.
Also, it was found that the scenario of a fully silled floor has the minimum
local scour downstream.

Abdelhaleem (2013) carried out an experimental investigation to
address scour downstream using semi-circular baffle blocks. The study
comprised 153 runs under different flow conditions, examining various
baffle block heights and positions. The inclusion of baffle blocks had a
notable influence on the scour hole, leading to smaller dimensions compared
to cases with no baffles. All suggested baffle block arrangements effectively
decreased the maximum scour depth and length and moved the maximum

scour depth closer to the floor. The height of the baffles had a more
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prominent impact on scouring characteristics than their location. The best
arrangement involved a baffle height equal to 133% of the outer baffle's
diameter and a distance between the baffles line and the weir toe equal to
40% of the floor length, resulting in a maximum reduction in scour
length ranging from 77.06% to 93.66%.

Pagliara et al. (2015) tested the effects of two types of deflectors,
single-wing and double-wing log deflectors, on the scour morphology
downstream. It was found that the tailwater and the deflector angle had an
important effect on maximum scour depth. Scour morphology is classified
into two types: Type C (the maximum scour occurs at the deflector's end
towards the channel's center) and Type D (the maximal scour point occurs
towards the channel bank).

Kurdistani and Pagliara (2015) conducted a comparison
between two types of energy dissipators, namely log-deflectors and log-
vanes, to assess their impact on downstream scour. The study identified the
height of the structure, drop height, and densiometric Froude number as
crucial variables for classifying scour typology. Four distinct scour
typologies were observed downstream of log-deflectors and log-vanes.
When the densiometric Froude number is high, the installation of a log-
deflector results in Type D typology, characterized by the development of a
dune and maximum scour towards the channel bank. Conversely, the
installation of a log-vane leads to Type A typology, where the dune forms
near the channel bank adjacent to the scour hole. For low densiometric
Froude numbers, a log-deflector induces Type C typology, with the
maximum scour point occurring at the deflector's end towards the channel's
center. On the other hand, a log-vane generates Type B typology, where the
dune develops along the scour hole towards the channel's center.

Kang (2016) studied the effect of flow dissipation from various

types of energy dissipator arrangements in various directions with fixed
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weirs and movable weirs on downstream scouring. It was found that,
Because the maximum water level did not face flow resistance, the
maximum flow velocity at the downstream of the weir was reduced, and
the water level was higher than in Case 1 (no baffle installation), and the
dissipation effect was 30% or higher (for cases 5, 6, 7, 8, and 9; case 9 had
the highest dissipation effect). When comparing dissipation efficiency based
on the number of baffles, case 6 (V-shaped arrangement) has the fewest
baffles and the most significant flow velocity dissipation effect at the
downstream.

Ashour et al. (2016) conducted an experimental study to assess
the effectiveness of a novel curved dissipator, which had different angles of
curvature and arrangements, in dissipating kinetic water energy and
improving irrigation water quality by adding dissolved oxygen. The study
involved conducting 660 runs at various discharge rates. The results
indicated that using a maximum of three staggered-separate rows of the
newly introduced curved dissipator, with a 120° curvature angle opposite to
the flow direction, was recommended to achieve the highest percentage
of water energy dissipation downstream of head structures and maximum
dissolved oxygen content. This arrangement demonstrated the best hydraulic
jump characteristics, along with reduced relative depth and length, compared
to other tested dissipators.

Kang (2017) conducted an experimental study to analyze the
dissipation effect of a baffle shape used to mitigate scour problems
downstream of a weir. The study focused on investigating the flow
dissipation effect caused by changes in the baffle shape through hydraulic
experiments under a fixed bed condition. The study compared the flow
dissipation effect achieved by five different baffle shapes, considering two
flow rate conditions: when the water level in the super-critical flow area was

lower than the baffle height and when it flowed over the baffle. The results
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indicated that a square baffle with a large flow blocking area exhibited the
best flow dissipation effect, achieving approximately 65% flow dissipation.
Additionally, when the front part of the baffle was inclined, it induced flow
in the upward direction, facilitating hydraulic jJumps.

Sohrabi et al. (2018) conducted a laboratory study to investigate
the mitigation of bed and bank scouring in rivers. They examined the
efficacy of six types of bed sills, including concave, convex, sine, butterfly,
wing, and rectilinear shapes, in 18 different configurations. The main focus
was to measure the pattern and depth of scouring downstream of these bed
sills. Results showed that the sine-shaped bed sill outperformed the others in
stabilizing both the centerline and bank of the channel. The study also
revealed that the location and depth of scouring holes varied depending on
the shape of the bed sills, with concave and convex shapes resulting in the
maximum and minimum scour depths, respectively. Overall, using sine bed
sills with a specific diameter ratio proved to be effective in stabilizing bed
material and protecting both the centerline and bank of the channel from
scouring.

Xie et al. (2020) presented a novel flexible deflector of flow to
reduce the impacts of local scour that consequence from the variation of
patterns of flow. This study was conducted experimentally to measure scour
depth and flow field by considering a rigid flow deflector as a control. They
concluded that the bed-scour generated at the toe edges of toe for both rigid
and flexible deflectors, however, the measured average and maximum depths
of scour are smaller for the flexible deflector. In addition, the flexible
deflector dissipates much energy of turbulence due to the rise and fall waving
movement, in which assist to reduce energy, on the other hand, the rigid type

causes lower near-bed shear stress.
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Zhang et al. (2021) conducted an experiment on scouring in clear
water at a submerged weir. This study used the technique of particle tracking
velocimetry for measuring the flow field in the generated hole of the scour.
A presentation and discussion on the near-bed shear stress, turbulence
intensities, and patterns of mean flow were performed at various stages of
the scouring process. It was found that a significant variation in the patterns
of mean flow was caused by the submerged weir that was developing zones
of high velocity above the weir, and a system of vortex near the bed. As
well, when the scour forms, both zones of high turbulence intensity and the
high near-bed shear stress become closer to the upstream slope, and more
apart from the downstream slope of the hole of scour. When reaching the
equilibrium state, the near-bed shear stress exceeds the critical shear stress
in the upstream slope of the hole of scour, while bed material transports in a
reverse circular manner in which the hole of scouring no more enlarges.

Kumcu and Ispir (2022) conducted a study aiming to explore the
energy dissipation ratios of baffle blocks within a Type Il stilling basin,
utilizing both physical and numerical modeling techniques. The
investigation encompassed baffle blocks with uniform dimensions, sharing
equal heights and widths, while their total lengths were tailored to be 50%
of the width of the stilling basin. Four distinct geometric shapes of baffle
blocks were examined across three layout variations: single row, two rows,
and two rows without a threshold structure. This comprehensive approach
led to the analysis of 12 diverse block designs under 7 different flow rates.
To further validate their findings, the researchers employed the FLOW-3D
software for experimental simulations, enabling a comparison between
experimental and numerical results. The study revealed that the T-shaped
energy-dissipating block exhibited the highest energy dissipation ratio.

Notably, a close agreement was observed between the results obtained from
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the experimental studies and the FLOW-3D software, falling within a 5%
range of similarity.

Dardeer (2022) conducted a research study at Al-Azhar
University's Hydraulic Laboratory to examine the influence of semi-circular
baffle blocks on scour downstream of sluice gates. Using a flume equipped
with measurement instruments, 40 experiments were performed. The study
considered three different ratios of the diameter to height of the baffle blocks
and three ratios of their placement from the gate to the length of the apron
downstream. Comparative runs were conducted without the semi-circular
baffle blocks as a reference. The findings revealed that implementing a
diameter-to-height ratio of 0.78 resulted in reduced scour length and depth,
particularly at a placement ratio of 0.37.

Rashed et al. (2022) conducted a research study to investigate the
impact of hollow semi-circular baffles on the dimensions of scour holes
downstream of hydraulic heading-up structures. A total of fifty-four
experiments were conducted under various flow conditions and geometrical
parameters. The results indicated that the optimal position for the baffle was
at the first one-third of the floor length, with a relative diameter of 0.74 to
the initial water depth. This arrangement resulted in a 50% reduction in the
maximum depth of scour compared to the case of a flat floor without baffles,
and a 31% reduction in the extended length of the scour. Another baffle
position, at two-thirds of the floor length, only reduced the relative scour
length by approximately 57%. The dimensions of the scour hole increased
significantly with higher downstream Froude numbers.

Khalifehei et al. (2022) presented an experimental investigation
of the impact of triangular deflectors on energy dissipation in flip buckets,
which are commonly used to discharge high-velocity flow from hydraulic
structures. The study conducted experiments using different hydraulic

conditions and measured the energy dissipation with and without a deflector.
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The results revealed that the presence of a deflector increased energy
dissipation by 8.2 to 22.7 percent compared to the absence of a deflector.
However, increasing the deflector angle and side length had a mixed effect,
initially increasing energy dissipation but decreasing it at larger angles and
lengths. The study identified an optimal deflector angle range of 27° to 32°,
along with a specific deflector length to Reynolds number ratio, for
achieving the highest energy dissipation. Finally, a correlation was proposed
using multivariate nonlinear regression to predict energy dissipation in flip

buckets with triangular deflectors.

2.6 FLOW-3D Software

The FLOW-3D model has the ability to simulate diverse boundary
conditions, including flow, turbulence, bed load, and suspended sediment.
This model utilizes a finite difference technique to solve 3-dimensional
Navier-Stokes equations under non-hydrostatic conditions, making it well-
suited for modeling free surface flow and sediment transport. Moreover, it
can involve a range of sediment types and bed sediment transport models,
revealing its versatility (Xie, 2011 ).

The Flow-3D software, recommended by (Flow Science, 2009), is a
powerful tool for solving complex fluid dynamics problems. It is capable of
modeling a wide range of flows and finds applications in simulating unsteady
three-dimensional free surface flows with intricate geometries. The software
utilizes three-dimensional orthogonal elements to accurately represent flow
behavior. Two numerical techniques are employed for geometry simulation
within the software. Firstly, the volume of fluid (VOF) method is used for
modeling free surface flows, enabling the accurate depiction of fluid
interfaces. Secondly, the fraction of volume or barrier (FOVOR) method is

employed when simulating rigid surfaces and volumes, such as geometric
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boundaries. These techniques make Flow-3D a versatile software for
addressing various fluid dynamics challenges.

Numerical modeling of morphology, scouring, and sediment transport
has a significant predictive value in various applications within river and
reservoir engineering, as evidenced by numerous studies (Pu and Lim,
2014, Pu et al., 2014, Pu et al., 2016). For example, the FLOW-3D model
utilizes an advection-diffusion mechanism to forecast sediment transport,
which encompasses sediment suspension, settling, entrainment, and bed load
(Wei et al., 2014).

CFD numerical modeling is an extremely effective method for
calculating the characteristics of the flow's hydrodynamics and turbulence
(Duan and Nanda, 2006, Acharya and Duan, 2011, Ghaderi et al., 2020,
Pu, 2015). In recent years, several software programs, both commercial and
non-commercial, such as SSIIM 2.0, FLOW-3D, and Fluent, have been
widely studied to solve engineering problems with oceans and rivers. As an
example, the flow as well as hydraulic jumps occurring in energy dissipation
structures and spillways have been successfully replicated by the FLOW-3D
commercial software CFD code (Bayon et al., 2016, Ho and Riddette,
2010, Sarfaraz and Attari, 2011), which is commonly used in hydraulic
engineering. According to Nasralla (2022), the Flow 3D program can be
used to simulate the scour phenomenon. He studied the impact of the stepped
spillway's contraction ratio on the maximum local scour depth downstream
of the free hydraulic jump within the stepped spillway's stilling basin. It was
found that, the simulated results and the measured data were in agreement.

This study combines both laboratory experiments and
Computational Fluid Dynamics (CFD) simulations to provide a
comprehensive analysis of the behavior of flow deflectors in various
conditions. The research provides an understanding of the performance of

flow deflectors and the factors that affect their efficiency in terms of scour
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depth and energy dissipation, which can help improve their design and

enhance their functionality in real-world applications.

2.6.1 Governing Equations
2.6.1.1 Model for Fluid Dynamics

The continuity equation and momentum equation, which are
known as the three-dimensional Navier-Stokes equations, are governed the

research problem (Pourshahbaz et al., 2022):

—(uA )+ (vA )+—(WAZ) 0 (2.1)
aU(A)+1 U ) L 2.2

Where u, v, and w are velocity components in the x,y, and z
directions, Ve is the volume fraction of fluid in each cell, Ay, Ay, and A; are
fractional areas open to flow in the subscripts direction, P is hydrostatic
pressure, g is gravitational acceleration in the subscripts direction, and fi
represents Reynolds stress, which the turbulence model requires for closure.
In the model, Aj is equal to one in computational cells that are filled with
fluid VE. As a result, the equations are reduced to one-fluid, incompressible

Reynolds-averaged Navier-Stokes (RANS) form.

2.6.1.2 Turbulence Modeling
One of the five turbulence models used by the program is used to

simulate turbulence in FLOW-3D. FLOW-3D employs the following
turbulence models: One Equation, Prandtl Mixing Length. Two Equation
Model (k-€), Large Eddy Simulation Model, Renormalized Group (RNG)
model.

The most widely used of these models is the two-equation
turbulence model, which uses two transport formulas for turbulent viscosity-

related variables and can accurately describe turbulence on both a scale of
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time and space (Pope, 2001). The RNG k-¢ model is better at simulating
flows with strong shear effects because it uses statistical techniques to derive
averaged equations for the turbulence quantities used in the k- model (Dong
et al., 2019).

Furthermore, this turbulence model has been successfully used in
the numerical modeling of hydraulic structures in recent years (Li and
Zhang, 2018, Zhang et al., 2018). As a result, this turbulence model was
chosen for the current work. The transport of turbulent kinetic energy and its
dissipation rate in the RNG k- model are modeled by the following equations
(Pourshahbaz etal., 2022) :

<pk)+—<pku )= (j(l (1 )—] +Pype 2.3
(p8)+— (peu;)= ail [(w ::) sxl] +C, kPk CaePs kz (2.4a)

Where X; denotes a coordinate along the i-axis, p stands for dynamic
viscosity, p: for turbulent dynamic viscosity, and Pk for the creation of
turbulent kinetic energy. Last but not least, Yakhot et al. (1992) provides

the values for the parameters as following: ox=0.=0.7149, C1.=1.42.

3
C.n’(1-n/m,)

ComCot =g (2.4b)
B = 0.012, C,=0.0845, 19=4.38, C,,=1.68.
sk
n=— (2.4c)
S=(28;;8;)" (2.4d)
Sij= . <% + an) (2.4e)
2\0x;  0Ox;
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2.6.1.3 Bed material Model
Bed-load transport is a method of transporting sediment by when

moves along a packed bed surface, it can either roll or bounce. To determine
the sediment's volumetric transport rate per unit width of the bed, three
equations can be applied:

(1) Meyer, Peter and Miiller (1948):

®; = Bmpmi(B; — 0'cri) (2.5)
(2) Nielsen (1992):
D; = Byiei0™*(0; — 0'cri) i (2.6)
(3) Van Rijn (1984):
_ 0;
®; = Byg,id. OB(ﬁ_ 1)*! (2.7)
In which;
B = -——— 28
P g 1 d; (pi—pp) (2.8)
pi-p 05
ai= g (25 | 29)
Pt
O = ——> 40 0551 (—0.02d.,,)] 2.10
Cr,i - 1 + 1.2d*’1 . eXp . *,i ( . )
1
L— 3
D,; = d [u gl Wdi] (2.11)
f

Where Bwmpem,i, Briei, and Pvr,i the coefficients usually take on values of
8.0, 12.0, and 0.053. In equations (2.5-2.7), an additional term, cpj, IS
included to consider the impact of multiple species. This term represents the
volume fraction of species i within the bed material, which was not originally
present in the equations. In other hand, the local Shields parameter for
species i in the bed material is represented by 0; and can be determined by
calculating the local bed shear stress, 1, using the formula illustrated in

equation (2.8). Additionally The dimensionless bed-load transport rate,
31



Chapter Two Theoretical Aspects And
Review Of Literature

represented by @;, is linked to the volumetric bedload transport rate, gu,i, as
illustrated in equation (2.9).

Furthermore, the modification of 6 j to account for sloping surfaces is
represented by 0'cri and includes the angle of repose. The critical Shields
parameter of species i in the bed material, 0, can be determined using the
Soulsby-Whitehouse equation outlined in equation (2.10). The
dimensionless parameter d«; required to calculate 6¢; can be computed using
equation equation (2.11), which involves the sediment species i's density (pi),
diameter (di), fluid density (pf), dynamic viscosity of the fluid (u), and
magnitude of the acceleration of gravity (g).

Numerous studies have demonstrated the superiority of the Meyer-
Peter and Muller formula over other formulas in three-dimensional
numerical models of scour, particularly regarding the shape and extent of the
scour hole and the time it takes for scouring to occur (Flow Science, 2009).
As such, it is a reliable method for investigating these issues. As a result,

equation (2.5) was used in this study to calculate bed-load transport.
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2.7 Summary

1)

2)

3)

4)

The literature review survey indicates the following remarks:

Scouring is a complex phenomenon, and modeling it poses a significant
challenge. As a result, researchers need to develop techniques and
improve their skills to achieve a comprehensive understanding of this
phenomenon and accurately assess its effects.

Scour depth prediction due to flow deflectors has not been enough
addressed in the existing literature. Therefore, the present study
emphasizes the need for investigation and the potential for insights and
contributions to the field.

The proposed various relationships for scour depth for two geometric
shapes of flow deflectors (semi-circular and triangular) with four cases
(single perforated semi-circular and triangular) and (double solid semi-
circular and triangular) will be investigated.

An optimization-based solution for the objective function of minimum
scour depth for the different flow deflectors and cases will be formulated
and solved. Validation for the optimization results will be carried out to

ensure they are accurate and reliable.
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Experimental and Simulation Work

3.1 General

Flow deflectors and stilling basins are vital elements in hydraulic
engineering. Flow deflectors help redirect the flow of water, while stilling
basins slow down and dissipate the energy of flowing water. To reduce local
scour around structures, engineers conduct experiments. They test various
designs and configurations to find the most effective and cost-efficient
solutions. These experiments help ensure the safety and longevity of
hydraulic structures.

The scope of this research refers to its defined parameters and the
extent to which it investigates the hydraulic flow deflectors in terms of
energy dissipation and developed scour depth. The limitations of the research
refer to the factors that may constrain the research, as they define what the

study cannot accomplish or address.

3.2 Factors and Variables Influencing the Research Problem
This research will utilize several basic variables to determine the
maximum local scour depth, including the type of flow deflector (such as
single perforated triangular, double solid triangular, single perforated semi-
circular, and double solid semi-circular), flow velocity, and position of the
flow deflector across the direction of flow. The detailed explanation of these

variables will be provided subsequently.

3.2.1 Definition of Basic Parameters and Variables
I- The various types of flow deflectors include a single perforated

triangular, double solid triangular, single perforated semi-circular, and

double solid semi-circular.
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I- Relative position of the flow deflector, that is denoted by (LO=L£) as
B

shown in Figure (3.1),

li- For a triangular deflector, the apex angle is considered, while for a

semicircular deflector, the oriented angle is taken into account, which was

denoted by (6) as shown in Figure (3.1),

Iv- The proportion of the waterway passages, as denoted (a0=a°p;ﬂ) as
t

shown in Figure (3.1), where A is the total solid area of any type of
deflector. The center of the opening aligns with the midpoint of each

quarter of either the single semi-circular or triangular deflector.

v- Flow regime type can have a significant impact on scour depth,

such as the velocity, depth, and discharge of the water. The

considered factor is expressed in terms of Froude Number

(Fr1=\/;%) as shown in Figure (3.1),

—v

(B-b)/2

Figure (3.1): Definition sketch for the experimental and numerical model.
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The experimental tests were carried out by preparing and

manufacturing the flow deflectors to the specified dimensions, which are

determined according to the following equations. Where all dimensions and

variables involved in those equations were defined in Figure (3.2).

(B-b)2

]
X

X

|

(@) Top view of double solid

triangular flow deflector.

opening

o

I

e
1

I

| (B-b)/2

‘— (B-b)2 ll b

(b) Front view of double solid triangular flow deflector.

Figure (3.2): Schematic representation for the flow deflector of double

solid triangular shape.

Where, X is the Length of one side of the triangular deflector.

From;

B-b
(T) =1/2x4/1- cos(0)
~ b=1-2v2x4/1- cos(0)
Since;

_ aopening
TS
Or;

B hb _ 0.2 b B b
T 4x) T 02(4%)  4x
Thus;
b=4‘a0X

4o, x=1-2V2x+/1- cos(8)
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Or;

1
- 4oy, + 2v/2+/1- cos(B) (3.3)

Similarly, for the double solid semi-circular flow deflector shape,

X

the following equations were used to determine the deflector dimensions. In
Figure (3.3), all the dimensions and variables required in the equations were

specified.
S
L N
(B-b)2 |R—=f ¥
S/

|

F (B-b)2 ‘\ b ! (B-b)/2 i

(b) Front view of double solid semi-circular flow deflector.
Figure (3.3): Schematic representation for the flow deflector of double
solid semi-circular flow deflector.
Where, x is the length of perimeter of the semi-circular deflector.

From;
(BT-b> =2R sin (g) (3. 2a)

and;
X

R=5 (3. 4b)

From;

B-b X 0
=7 ~gin (= 3.4c
(2) 208“1(2) (340)
Since;
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B=1 (3. 4d)
Thus;
X 0
=14 —cin (= 3.4e
b=1 4esm (2> (3.4e)
Since;
a .
o= —178 (3.5a)
SDT

hb 02b b

- - ~_ 3.5b
T (2x) 02(2x) 2x (3.50)
- b=20X (3.5¢)
Or;
2agx=1-4 Ssin 2 (3.69)
0o X=1- emn(z) :

|
- X= 4 . /0 (3.6b)
2a0+§sin (z)

Detailed equations for determining the dimensions and shapes that
were used in laboratory experiments for the remaining types of flow

deflectors were provides in the appendix [A].

3.2.2 Reconnaissance of Hydraulic Structures along the

Euphrates Reach
In order to determine the flow characteristics and median sediment

particles of the movable bed, the Euphrates River and its flow characteristics
will be analyzed, and the downstream movable bed's sediment size and the
barrages and regulators on the Euphrates River will be studied to predict
reliable ranges of parameters and variables involved in this study.

The most important river in southwest Asia with regards to length,
catchment area, and historical significance is the Euphrates River. It is also
the second-largest river in terms of volume. The majority of the Euphrates'
water resources are located in Turkish Anatolia. The river stretches for 1160
kilometers through Iraq, starting from Hussaybah on the Syrian-Iraqi border
until it meets with the Tigris River. While the primary basin of the Euphrates
River is distributed among three countries, namely Iraq (47%), Turkey
(28%), and Syria (22%), there are smaller portions in Jordan (0.03%) and
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Saudi Arabia (2.97%) (Al-Ansari et al., 2019). Figure (3.4) illustrates that

the upper course of the Euphrates River has a significant difference in

elevation, which results in its rapid flow.

= 2000 Turkey Syria Iraq

L L
I I ] |
> ) N
I ot A Tl
y}ﬂ 95% ve\{

Figure (3.4): The longitudinal section along Euphrates River (Al-thamiry
et al., 2013).

According to Figure (3.5), the Euphrates River shows a predictable
pattern on a yearly basis, with a peak discharge occurring during two
consecutive months, specifically April and May. These two months account
for approximately 42% of the river's total yearly flow. However, eight dry
months occur between July and February, so the river's flow is reduced to
reach the minimum values after June between September and October
(Bomola, 2011).

The construction of barrages is an important part of Irag's modern
water resource infrastructure, with the main purpose of raising water levels
to provide irrigation and diversion during floods. Some barrages are
functioning well, while others, especially those in the lower Euphrates, have
technical issues. The Hindiyah Barrage was constructed due to water scarcity
in the Hilla branch, followed by additional barrages recommended by
William Willcocks in 1911. Barrages were constructed after the 1950s, and

the most significant ones are displayed in Figure (3.6).
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Figure (3.5): Monthly discharge of the Euphrates River (mean, maximum,
and minimum) at the Hit site (1932-1997), (Issa et al., 2014).

Tables 3.2 and 3.3 provide a summary of information regarding
the primary barrages and regulators located on the Euphrates River. The data
in the table is collected from various studies conducted by different
researchers.

Based on the data presented in Tables (3.1) and (3.2), it is evident
that the Froude number varies between 0.26 and 3.39, while the sediment
grain size ranges from 0.015 to 4 mm. As a result, we can infer that the
Froude number range for this study falls between 0.26 to 3.39, and the

sediment grain size range falls between 0.015 to 4 mm.
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Figure (3.6): Main Control Structures Schematic Diagram along the part of
Euphrates River (JICA, 2016).
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Table (3.1): Characteristics of hydraulic structures on Euphrates River (Quoted from references)
Falluja | Hindiya Shamiya Branch regulators (40%) | Kufa Branch Barrages (60%)
_ | Barrage | Barrage
. Ramadi
The hydraulic structure B : : Abu-
arrage : : Abbasiyah | Shamiya | Khawarnaq [ Kufa Meshkhab
Main Main Sukhayr
Regulator | Regulator | Regulator | Barrage B Barrage
arrage
Opened year 1956 | 1985 (11998191)* 1986 1986 1986 | 1986 | 2019 | 1959
% Tvoe of Gate vertical | Radial | Radial Radial Radial Radial Radial | Radial vertical
%” yp Gate Gate Gate Gate Gate Gate Gate Gate Gate
3 Number of gates 24 10 6 6 6 5 7 7 7
R 2 Height (m) 6 8.5 6.75 6.3 6.3 8 6.3 6.5 7
3 o3
8| g8
= GE’ “— Width (m) 8 16 16 12 12 8 12 12 13.5
< 5 ©
O
Design discharge Q(design) (m3/s) 3600 3600 2500 1100 1100 1100 1400 1400 1400
c Up Elev. . |, _nl 12 | 1790 | 202 | . | o002 | . | s | |
5) % stream | (design.u/s) (m.as.l)| 515 44,79 32.55 22.5 25.7
S z Down Elev
O3 | stream (design.r) | (Mash | - | - 25.4 23.8 195 | || 25.7
'\(j'l";‘é‘r']r;‘fgr: Qmax) | (m¥s) | 1279 | 634 | 2400 72510 N I (R— 300 | - 230
Es Up Elev. | mash)| 4286 | e | e AR - 24.5 20 | e
== stream (max.u/s) T ' '
X >
=2 S[t)é";’% (milf\(/i/s) (masl) | - 42.1 28 | e 18 | e 226 18 24.5
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Table (3.1): Characteristics of hydraulic structures on Euphrates River (Quoted from references, continued).
Falluja | Hindiya Shamiya Branch regulators (40%) | Kufa Branch Barrages (60%)
_ | Barrage | Barrage
The hydraulic structure Ramadi Ab
Barrage Main | Main | Abbasiyah | Shamiya | Khawarnaq | Kufa Sukhl;-yr Meshkhab
Regulator | Regulator | Regulator | Barrage Barrage Barrage
Normal discharge | Q(normal) | (m%s) 550 410 545 55 200 | - 110 | ------ 95.6
— c Up Elev. . |, _nl | oo | 290 | | | | o2 | |
g % stream | (normal.u/s) (m.as.l) 42.65 31.9 23.5
|-
S 3 Down Elev.
23 | stream | (normaldss) (masl) | - 41 26.5 235 22 245
Minimuminflow | Q(min) | (m%s) | 237.94 | 268 200 50 510 J — {0 JE p— 50
E c Up Elev... |, _nl | o0 | | | 1 | s22c ! 12 |
E-% stream | (max.uls) (m.as.l) 42.6 2335 | 1838
3 Down Elev.
=i stream (min.d/s) (masl) | ---- 40.4 25.95 21.6 17 18.8
— n ifi |—
g8 | specific I 260- 1 o685 | 266 | 267 7Y 20 — 273 | o | e
g 2 | gravity 2.70
e % median (0.09-
o = | sediment Dso (mm) ' 4 0.015 0.125 022 | - 03 | - | -
2 & ; 0.15)
m 5 size

43




Chapter Three Experimental and Simulation Work

Table (3.2): Froude Number for flow through hydraulic structures.
Falluja Hindiya Shamiya Branch Regulators (40%) | Kufa Branch Barrages (60%)
] . Barrage Barrage
The hydraulic Ramadi Abu-
structure Barrage . : Abbasiyah [ Shamiya | Khawarnaq [ Kufa Meshkhab
Main Main Regulator | Regulator | Reqgulator | Barrage Sukhayr Barrage
g g g g Barrage g
n 24 10 6 6 6 5 7 7 7
By (M) 8 16 16 12 12 8 12 12 13.5
Quesign (M?/s) 3600 3600 2500 1100 1200 1100 1400 | 1400 1400
yimax) | full opening 6 85 6.75 6.3 6.3 8 6.3 6.5 7
(m) of gate
Fria For Quesign 0.41 0.29 0.47 0.31 0.34 0.39 0.34 0.32 0.26
and Y1(max.)
Qminimum 237.94 268 200 50 50 | - 50 | ------ 50
assume 5%
Y1(min) of full 0.3 0.425 0.3375 0.315 0.315 0.4 0315 | 0325 | 035
(m) opening of
gate
Fry | FOF Qmnand | 0 2.06 3.39 1.25 125 | - 1.07 | wome 0.82
Y1(min.)
Where;

Fr;=Froude number at opening gate.

y,=high of opening gate.

B,=Width of opening gate.

n=Number of opening gates.

Q=Discharge of the hydraulic structure
g=9.81 m/sec?
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3.2.3 Upper and Lower Range for Variables

During this study, a range of variables was being investigated as
shown in Table (3.3). These variables were carefully examined to better
understand their impact on scour depth in hydraulic engineering
applications.

Table (3.3): The range of variables that will be used in this study.

Range of the )
The parameter According to
parameter

1)EL-masry and Sarhan (2000)
Lo (25% -75%) 2)Negm (2004)
3)Abdelhaleem (2013)

1) EL-masry and Sarhan (2000)

0 (45° — 1359) 2)Biron et al. (2005)
3)Ashour et al. (2016)
oo (10% - 40%) 1) Negm et al. (2009a)
Fri (0. 26 — 3.39) From Table (3.2)
Dso (0.015-4) mm From Table (3.1)

3.3 Experimental Work
The experimental work has been conducted in the hydraulic
laboratory in the water resources and structures, college of engineering,

University of Kufa, Irag as shown in Figures (3.7-3.10). The channel

comprises the following components:

1. The experimental channel utilized in this study had specific dimensions,
measuring 18 meters in length, 1.0 meter in width, and 1.1 meters in
depth. Additionally, a head basin was incorporated, with dimensions of 2
meters in length, 3.6 meters in width, and 1.1 meters in depth.

2. The experimental setup included a lateral basin with specific dimensions

of 19 meters in length, 1.5 meters in width, and 0.6 meters in depth.
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3. In the experimental setup, a vertical sluice gate head measures 2 meters

in depth and 1.0 meter in width. Moreover, there is a vertical sluice
tailgate at the end of the flume, which is 1 meter wide and 1.25 meters
deep.

4. Inorder to reduce the flow turbulence, the experimental setup uses 1meter
deep and 1 meter wide stilling screens. The main water pump in the
system has a power of 30 horsepower and a discharge rate of 70 liters per
second. The depths of the scour hole and the water's surface are measured
using a point gauge.

5. To facilitate of movement of the point gauge along the channel walls, two
rails have been fitted onto the side walls of the flume.

6. A steel frame is being used to secure the weir structure, which will aid in
measuring the discharge. In addition, a two-horsepower pump is
connected to the water supply source on the side of the lateral basin.

7. The scour hole locations can be identified by using a BRC mesh with 5
cm c/c spacing. There is a bed material collection basket in the setup that
measures 1 meter in length, 1 meter in width, and 0.5 meters in depth.

8. An outlet valve with a pipe of 10 cm diameter is used to maintain a
constant water level in the head basin. Additionally, a similar pipe with a
valve of 10 cm diameter has been installed at the lower end of the lateral

basin for cleaning and drainage purposes.

The following steps outline the operation of the channel system
both prior to and during the experimental work:
1. The water supplied and transported to the lateral basin by pumping, the
main basin obtains water from the lateral basin through the main pump.
2. The channel is supplied with water by raising the main gate, allowing
water to flow through it. In order to dissipate the energy of the water flow,
three screens are placed 2.0 meters after the main gate.
3. Throughout the test program, water is returned to the lateral basin by the

tailgate, which is positioned at the end of the flume.
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4. Prior to the movable bed represented by sand layer, deflector models were

attached to the flume's sidewall as shown in Figure (3.8).

5. Assticky rubber was used to prevent water leakage from the model's sides.
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Figure (3.7): Schematic representation for channel system
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Figure (3.8): Schematic Representation of the experiment flume.

FLOW
DIRECTION

Figure (3.9): Fixing the deflector to the flume.
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3.3.1 Calibrating Process of the Flume
To determine the required discharge, the head can be measured by

using a partially contracted 90-degree triangular weir positioned at a distance
of 7 meters from the head of the vertical sluice gate. This particular weir
design is constructed in accordance with the specified limits governing the
utilization of partially contracted triangular weirs, as depicted in Figure (3.9)
and recommended by the (USBR, 1997). These limits include the following
requirements:

. Ensuring that the ratio of head (h) over the distance (h:) between the apex of
the triangular weir and the flume bed is not greater than 1.2.

. Maintaining a ratio of head (h) over the width (B) of the flume that does not
exceed 0.4, applicable when the head (h) is less than or equal to 60.96 cm.

. Ensuring that the distance (h:) between the apex of the triangular weir and
the flume bed is greater than or equal to 10.16 cm.

. Ensuring that the width (B) of the flume is equal to or greater than 60.96 cm.
. Maintaining the thickness (t) of the triangular weir within the range of 1-2
mm. These specifications and limitations contribute to the accurate

determination of discharge through the triangular weir.

= 0.235

hmax

O0.4m.

h p

B=1m

Figure (3.10): The dimensions of the standard calibration weir.
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USBR (1997) suggested that if the crest edge thickness is greater

than 2 mm, then by chamfering the crest's downstream edge by at least a 45°
angle, the crest's edge thickness must be minimized to the desired thickness,
which is between 1 mm and 2 mm.

To obtain accurate discharge values, the calibration process
involves utilizing a tank with known volume to measure the accumulated
water volume. The tank has dimensions of 1 meter in length, 1.6 meters in
width, and 0.6 meters in height. To measure the time, a stopwatch is
employed. This calibration technique is known as the volumetric method,
which ensures precise measurements. For calibration purposes, seven
distinct discharge values were utilized. Figure (3.11) visually illustrates the
correlation between the water height (h) over the edge of the standard weir
and the corresponding actual discharge values. This graphical representation
provides valuable insights into the relationship between water height and

discharge, aiding in accurate discharge determination during the experiment.

al
o
)

S)
o
ol

°

Q,ct = 0.0001xh*4576
R2=0.9538

3

m
N
o

rge * 103 (
N W W
o o O

=N
o1 O
1 1

Actual discharg
H
o

o o1

10 11 12 13 14 15 16 17 18
Height of water (cm)

Figure (3.11):Actual discharge and the water height over the lower edge of

the compound calibration weir.
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3.3.2 Flow Deflector Models
A total of fifteen tests were conducted to study the effect of flow

deflectors on bed form and local scour. Among these, three runs were
performed without any flow deflectors, while the remaining twelve tests
were specifically designed to investigate the impact of different types of
deflectors on the form of local scour. The duration of each test was three
hours, which was sufficient to achieve an equilibrium depth of the local
scour. Table (3.4) presents a summary of the flow conditions, geometry
characteristics, and configurations for the various flow deflectors.

Additionally, Figure (3.12) provides a general definition sketch for the

different deflector models.
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semicircular Flow deflector
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Figure (3.12):Different types of investigated flow deflectors.

" (d) Solid triangular Flow deflector
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Table (3. 4): Summary of configurations for flow deflectors investigated in

experimental study.

Perforated Single Solid Double
ParameteShape Triangular | Semi-circle | Triangular | Semi-circle
0 120° 120° 120° 120°
A (cm?) 1963.16 2055.64 1688.44 1764.26
opining (CM?) 240 240 238 238
b (cm) 0 0 14 14
h (cm) 17 17 17 17
Go 14% 14% 14% 14%
Lo 90% 90% 90% 90%
Fry Fr;=0.3, Fr;=0.52, Fr,=0.68

3.3.3 Calculations for the Depth and Length of the Scour Hole

The methodology for calculating the depth and length of the scour hole is as
follows:

1. Spreading a 12 cm thick layer of sand with Dso= 1.0 mm for a distance
of 4 m downstream of the flow deflector as shown in Figure (3.13a).

2. Filling both the head and lateral basins to their maximum capacity
with water. After that, install the flow deflector before the sand layer
as shown in Figure (3.13Db).

3. Opening the main gate to an appropriate height, managed by a valve,
to provide the desired actual discharge based on the pump's discharge.
A certain amount of flow will pass over the weir.

4. Steady flow occurs when the upstream water level becomes constant.
The measurements of water level above the sand layer are carried out
by using a point gauge.

5. The run is terminated when it is ensured that the hole's depth does not

change due to increased water flow duration over the sand layer. The
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time between the start of the experiment and the hole's arrival at a

fixed form is referred to as the time of equilibrium. Thereafter, turning
off the pump and close the vertical gate to prevent water from flowing
from the head basin after the equilibrium time has passed.

6. Using a gauge in accordance with the BRC mesh to measure the depth
of every point on the surface of the hole. When the scour hole has been
drained of water, use a measuring tape to determine its depth.

7. Repeating the above steps for each flow deflector with three different

discharges.

Figure (3.13): Photos for (a) Preparation of the sand layer before carrying
out the experiments (b) Installation of flow deflector model during the

scouring experiment.

3.3.4 Gradation of the Bed Material
In order to study the local scour downstream of the flow deflectors,

a sample of sand soil was selected herein, and a dry weight sieve analysis
test was conducted as per the ASTM D422-63 (2007). The particles
gradation curve for this test was shown in Figure (3.14).

The thickness of the sand layer is 12 cm, with a median diameter of
1.0 mm which falls within the specified range, accordingly; the values of
critical shear velocity u, ., were determined from Shield’s chart (Melville
and Sutherland, 1988) was 0.0233 m/sec. In this study, the tests were
conducted for velocity lower than the initiation of motion of bed material

undertaken. The critical velocities for the inception of bed movement were
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obtained based on the logarithmic velocity profile. The depth of flow

corresponding to the investigated discharges and the relevant approach

velocities as well as the hydraulic characteristics for the flow regime were
shown in Table (3.5).
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Figure (3.14):Particles gradation curve for the channel bed materials.

Where; p, = 2650-%, ¢ = 32°

Table (3.5): Hydraulic characteristics for the flow regime.
- Approach Critical
DI(Sr%E?SI;ge of flosffltg'z(m) velocity, Va | velocity”, Ve | Va/Ve reFI(i)r\:]Ve
(m/sec) (m/sec) g

0.0154 18.5 0.083 0.167 0.495 <1 Clear water
scour

0.0331 19.0 0.174 0169 | 1.031>1 | Hvebed
scour

0.044 19.5 0.226 0.171 1.322 >1 Live bed
scour

54




Chapter Three Experimental and Simulation Work
3.4 Simulation work

This study utilized computational fluid dynamics (CFD) modeling
to examine how the location, apex angle of flow deflectors and passageway
percentage influenced the depth of scour across various flow conditions.
Four types of deflectors were used, including two single perforated
deflectors (semicircular and triangular) and two double solid deflectors
(semicircular and triangular). The Navier-Stokes and continuity equations
were discretized using a finite volume and finite difference approach to solve
fluid motions, while the RNG «-¢ turbulence model was adopted to model
turbulence. The excess bed shear stress resulting from the flowing water was
used to determine the bed load model, and the Volume of Fluid (VOF)

technique was used to model free surfaces.

3.4.1 Verification of CFD results by experimental work

In the context of verifying the accuracy of the FLOW 3D model,
Figure (3.15) illustrates a comparison between the maximum scour depth
observed in experimental studies and the corresponding depth simulated by
the FLOW 3D model. Table (3.6) presents statistical measures, including the
coefficient of determination (R?), Nash Sutcliffe efficiency coefficient
(NSE), and percent bias (PBIAS), to quantify the performance of the
numerical model. These measures are expressed as equations (3.6), (3.7), and
(3.8), respectively. The statistical measures are further reinforced by the
performance classification presented in Table (3.6), which strengthens the
validation of the numerical model. Analyzing the statistical performance
indicators (PBIAS, NSE, and R?) from Table (3.6), it can be concluded that
the simulated scour results obtained from the numerical model align closely
with the results obtained from the laboratory experiments. This demonstrates
the effectiveness of FLOW 3D as a reliable tool for accurately estimating the

maximum depth of scour and downstream flow depths in a stilling basin.
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The values of deflectors angles (in degrees), passageway ratio, and

the relative position of the flow deflectors that were being investigated are
given in Table (3.7). These values would be replicated for every hydraulic
condition and flow deflector type. The statistical performance indicators of
numerical model are as follows: NSE=0.908, PBAIS=0.0432, R2=0.9095.

R2=< Z?:l(dsi‘asi)(dsi‘a_si) >2 (3.6)

B (ds-dsy)° B, (-3
~ 2
Y (dsi—ds;)

NSE=1-"————5 (3.7)
. (dSi—dSi)
_ ¥ (dsi-ds;)*100%
PBIAS= 2= 9

Where; ds; is the i™" predicted depth of scour for the model to be
evaluated, and ds; is the i measured depth of scour both for specified flow
deflectors.
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Figure (3.15):Comparison between the measured and simulated scour
depth.
Table (3.6): Statistical performance indicators include NSE, R2, and
PBIAS (Pradhan et al., 2020).

Classes (NSE) (R?) (PBIAS)%
Very good model 0.75—1 0.85—1 < |5]
Good model 0.65—0.75 | 0.7—0.85 | |5|—]10]
Satisfactory model 0.5—0.65 0.6—0.7 | [10|=]15]
Acceptable model 0.4—0.5 04—06 |  --—---
Unsatisfactory model <0.4 <0.4 > [15]
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Table (3. 7): summarizes variable ranges and scenarios for each flow

deflector type and operational conditions in the simulation study

Case Fri 0 00 Lo
1 Repeated for 2504
2 each Fru 40% 50%
3 75%
4 25%
5 45° 20% 50%
6 75%
7 25%
8 10% 50%
9 75%
10 25%
11 40% 50%
12 Fr; = 0.30 =%
13 25%
14 Fry =1.73 90° 20% 50%
15 Fr; =3.01 7%
16 25%
17 10% 50%
18 5%
19 25%
20 40% 50%
21 5%
22 25%
23 135° 20% 50%
24 5%
25 25%
26 10% 50%
27 5%
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3.4.2 Meshing
A Mesh refers to a grid of blocks that encompasses various geometric

shapes and fluid flows (Flow Science, 2009). The software employs the
FAVOR technique to eliminate the stair-step effect that can arise with a basic
Cartesian grid system by smoothing out the fractional sections of grid cell
faces and volumes (Flow Science, 2009). To ensure that the simulation runs
smoothly, the adequacy of the mesh cell size needs to be verified by clicking
on the FAVOR button prior to running the simulation.

Several trials were conducted, and it was discovered that a uniform
cell size of 0.025 m closely approximated the experimental outcomes while
also requiring less time. The model has a total length of 10 m in the x-
direction, 1 m in the y-direction, and 6 m in the z-direction, as shown in
Figure (3.16). Additionally, a nested block mesh with a uniform cell size of
0.0125 m was utilized to cover the flow deflector's geometry since it yielded
results that were closest to the experimental results while also taking less
time. The model's length in the x-direction is determined by the flow
deflector's dimensions, while it is 1 m in the y-direction and 0.2 m in the z-

direction.

(a) (b)

Figure (3.16): The geometry of open channel for a) side view b) top view.
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3.4.3 Boundary Condition
In 3D open channel flow, setting appropriate boundary conditions

Is crucial for accurate modeling. These boundary conditions define how
the flow interacts with the channel's boundaries and help simulate real-
world scenarios. In hydraulic engineering, common boundary
conditions include specifying water inflow rates, velocities, or water
levels at the channel's inlet. Similarly, conditions at the outlet, such as
specifying outflow rates or water levels, are essential. Additionally,
considering sidewall conditions to simulate the channel's lateral
boundaries is essential. Properly defining these boundary conditions
ensures that the 3D flow model behaves realistically, allowing
engineers to predict flow patterns, velocities, and other critical
parameters in open channel hydraulic systems accurately.

Figure (3.17) illustrates the boundary condition that will be used in this
study. However, the fluid flow velocity, which varied from the rest of
the velocities, determined the upstream boundary. On the other hand,
the downstream boundary was defined by specific pressure with
varying fluid elevations. The right, left, and bottom boundaries were all
designated as walls. Finally, the top boundary was defined as having a

specified pressure with a pressure value of zero.

r
wW

= !

Figure (3.17):Boundary Conditions
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Chapter Four

Results and Discussion

4.1 General

Analyzing both experimental and numerical results of flow
deflector and stilling basin designs is crucial in reducing local scour around
hydraulic structures. Engineers examine data from real-world experiments
and computer simulations to assess the effectiveness of different
configurations. This analysis guides the refinement of designs for optimal
performance and cost-effectiveness, ensuring the protection and longevity of

essential hydraulic infrastructure.

4.2 Analysis of experimental results

4.2.1 Local Scour Depth
Figure (4.1) shows the scour patterns in the flume bed for the case

of use double solid triangular deflectors. On other hand, Figure (4.1a)
illustrates the clear impact of using double solid triangular deflectors on the
scouring near the deflectors, as compared to the scenario where no deflectors
were employed. The maximum scour depth of 7.0 cm was concentrated at a
distance of 0.40 m downstream from the deflectors along the channel's
central axis. Conversely, in the absence of deflectors, a maximum scour
depth of 1.0 cm occurred across the channel, approximately 6.0 m
downstream from the channel's start. The absence of deflectors in this case
provided economic advantages, as it reduced the required length of the floor
of the stilling basin, protection blocks, and launching apron necessary to
protect the channel bed.

Moving on to Figure (4.1b), it can be observed that for higher
discharge rates, the scouring extended uniformly forward with deposition

bars forming in the central region of the channel. The boundaries of the
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channel experienced higher scouring zones, reaching depths of 3.0 cm at a
distance of 4.6 m from the channel's beginning.

For the scenario with the maximum discharge of 0.044 m3/sec, as
depicted in Figure (4.1c), the scour depths further advanced downstream,
covering a distance between 2.5 m to 3.8 m. Scour zones near the channel
boundary were repeated along the downstream direction, with a maximum

scour depth of 2.0 cm.
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Figure (4. 1): Morphology of the flume bed downstream the flow deflectors
for double-solid triangular deflector with 6=120c,

Figure (4.2) presents the scour patterns observed in the channel
bed when single perforated triangular deflectors were utilized. In Figure
(4.2a), the scour depth distribution is depicted, indicating the presence of
scour near the single triangular deflector on both sides, close to the channel
boundaries, with the maximum scour depth reaching 7.0 cm. Along the
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central axis of the channel, lower values of scour depths were concentrated.

As the channel discharge increased to Q=0.0301 m?/sec, as shown in Figure
(4.2b), the scour depth intensified to approximately 3.5 cm. Notably, there
was an absence of scour development within the range of 3.4 mto 4.2 m
from the deflector. Figure (4.3c) demonstrated a similar scour depth pattern
near the deflector zones at the channel's sides, akin to Figure (4.2b), but with

a uniform scour depth of 1.0 cm extending from 3.5 m to 4.8 m.
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(c) For Q= 0.044 m®/sec and Fr;=0.68, (ds in cm).
Figure (4. 2): Morphology of the channel bed downstream flow deflectors

for single-perforated triangular deflector with 6=120°.

Figure (4.3) shows the scour patterns in the channel bed for the
case of use double solid semi-circle deflectors. The results of Figure (4.3a)
indicate that the scouring starts directly near the channel's central axis with

a maximum depth of 7.0 cm. The pattern of scour depths is propagated
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toward the downstream direction on both sides of the channel. For a higher
flow rate (i.e., 0.0301 m%/sec) as shown in Figure (4.3b), the same pattern of

scour depths was developed, but more extended downstream of the

deflectors.
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Figure (4. 3): Morphology of the channel bed downstream flow deflectors
for double-solid semi-circle deflectors.

Figure (4.3c) shows that as the flow rate increased to 0.044m%/sec,
the scour depths were decreased in the forwarded direction to be vanished at
a distance of 4.0 m, beyond this zone, the scour depths pattern was developed
slightly along the downstream direction.

Figure (4.4) shows the scour patterns in the channel bed for the

case of use single perforated semi-circular deflectors.
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Figure (4. 4): Morphology of the channel bed downstream flow deflectors

for single perforated semi-circle deflectors.

In order, Figure (4.4a) shows that the pattern of scour depth
distributed near the nose of the curved deflector on both sides close to the
sides of the channel, the maximum scour depth was 5.0 cm. The scour depths
of 0.5cm, were dominated the region from 3.4m to 4.4m. As the flow rate
increased (see Figure 4.4b), the scour pattern changed obviously as in Figure
(4.4c). The maximum scour depth was 3.5 cm symmetrically on the channel
corners near the deflector. However, deposition of bed materials has
occurred near the channel boundaries far away the distance of 4.0m
downstream of the flow.

Table (4.1), summarize the flow conditions, geometry

characteristics, and configurations for the flow deflectors, as well as the
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maximum, measured scour depth ds in (cm) and its corresponding position

L in (m) that was obtained in the present analysis.
Table (4. 1): Summary of Flow Conditions, Geometry Characteristics, and

Configurations for Investigated Flow Deflector Types.

Geometric . Maximum | Corresponding
Characteristics and Discharge Scour Depth Position
Configurations for Qin : .

Flow Deflectors (m®/sec) ds in(cm) Lin(m)

Single-perforated
triangular deflector: 0.0154 7 25
0= 120°
A= 1 .16cm?

= 1,963.16cm 0.0301 7 25
h=17 cm
b=0cm 0.044 6 2.5
aopining=240 sz . .
Double- solid
triangular deflector: 0.0154 7 2.5
0= 120°

- 2
A= 1688.44 cm 0.0301 7 95
h=17 cm
b=14 cm 0.044 7 2.5
aopining:238 sz . -
Single-perforated
semicircular deflector: 0.0154 5 2.5
0 =120°
A= 2,055.64 cm?

‘ em 0.0301 5 25
h=17 cm
b=0cm 0.044 5 2.5
aopining:240 sz . -
Double- solid
semicircular deflector: 0.0154 7 2.5
0 =120°
A= 1688.44 cm?

t e 0.0301 7 25
h=17 cm
b=14 cm 0.044 6 2.5
aopining=238 sz . '
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Based on the findings of the experiments, it is obvious that the single-

perforated semicircular deflector developed less scour depth in (cm) than
other deflectors. The appendix [B] contains a set of pictures that demonstrate

the experimental and numerical results for this research.

4.2.2 Energy Dissipation
The efficiency of energy dissipation can be expressed as (Obaed et

al., 2016):

E; — Ey
E4

E% = x 100 (4. 1)

Where; E; and E; are the specific energy of the flow at the downstream and
upstream of the flow, respectively. The specific energy concept is well
known in the analysis of flow in open channel and defined at any arbitrary

section i in the flow as:
2
’U.

Ei =Y + aﬁ (42)
Where; E; is specific energy of the flow, y; is the depth of water, o is the
correction coefficient of the kinetic energy (typically set equal to 1.0), and v;
is the mean velocity of the flow. Figure (4.5) shows the efficiency of energy

dissipated by each type of deflectors.
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Figure (4. 5): Efficiency of energy dissipation versus different types of

flow deflectors.
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It was evident from Figure (4.5) that the double solid semi-circular

flow deflectors record a high E% of 37.0 that corresponds to low discharge,
thereby, this value decreased to 31.27% for Q=0.0311 m3sec and
approached 18% for high discharge of 0.044 m3/sec. Whilst, the single-
perforated triangular deflector results in a low percentage of energy
dissipation efficiency.

On the other hand, the single-perforated semi-circular deflector
shows significant values of E% as follows: E= 11.73% corresponds
Q=0.0154 m? /sec, E= 15.07% for Q=0.0301 m?3 /sec, and E= 22.01% for
Q=0.044 m3 /sec.

In view of the dangerous potentials of local scour in sand-bed
channels and its predominant implications on cross-flow hydraulic
structures, it was reasonable to consider the single-perforated semi-circular
deflector as a successful structure in channels that provides the inhibition of
scouring and dissipates the kinetic energy of flow, particularly for high

discharges.

4.3 Analysis of numerical results

4.3.1 Parametric Analysis
The underlying association between the depth of scour and the

Froude number is an essential aspect of fluid mechanics and hydraulic
engineering. The scour depth refers to the excavation of bed material from
the bed of a river, by flowing water. It is a measure of the extent of erosion
caused by the flow of water and can be influenced by various factors,
including the shape and size of flow deflectors, the velocity of the flow, and
the grain size of the bed material. The relative importance of inertial and
gravitational forces in a fluid flow referred to as the Froude Number is used
to determine the flow regime. Therefore, the depth of scour can vary

significantly depending on the Froude number of the flow.

67



ds/y1

Chapter Four Results and Discussion

Figures (4.6 and 4.9) show the variation of depth of scour with

Froude Number, deflector location, deflector angle and openings area for

different types of flow deflectors.

Lo

e Fr1
4500 90.00 13500 — .30
----- 173
—— ——301
-
2.00 //
150 /./ 10
s —_—— .
100 7 - a-"'f _ L
so| AT T
-
-
00
e — /.r
200 /,.«"’ //
150 /.—f” //
P 20 a
- mmmemmes T ‘_,..-/
50 —_ T T
—— e
00 -
280 | Te—
- ""‘_;‘H-_""'ﬂ-..._
_..-""'ff -H‘-"""-\.
4D
o e I ._,.:—""'"_‘"L.,_\_::_‘:;-;:‘--.
T
00
25 50 J5 25 50 J5 25 50 T5

Figure (4. 6): Relationship of depth of scour (ds/y1) versus Froude number, deflector

deflectors.

location, deflector angle and openings area for single perforated triangular flow

In the realm of hydraulic engineering, understanding the

relationship between scour depth and the Froude number is pivotal. Scour

depth signifies the erosion of sediment from a riverbed by flowing water and

depends on factors like deflector shape, flow velocity, and sediment size.

The Froude number, which relates inertial and gravitational forces in fluid

flow, dictates the flow regime and significantly influences scour depth.

When it comes to single perforated triangular flow deflectors, lower Froude

numbers (indicating subcritical flow with lower velocity) result in reduced

scour depth as shown in Figure (4.6). Conversely, higher Froude numbers
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(representing supercritical flow) lead to increased scour depth. The deflector

angle (0) also plays a crucial role, with increased 0 causing a decrease in
scour depth as it slows down the flow near the deflector. The location of the
deflector along the flow direction impacts scour depth, with upstream
positioning decreasing scour due to flow divergence and slowdown.
However, the depth of scour eventually reaches a maximum value dependent
on various factors. The opening area (o) also affects scour, with larger
openings potentially increasing scour.
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Figure (4. 7): Relationship of depth of scour (ds/y1) versus Froude number, deflector
location, deflector angle and openings area for single perforated semi-circular flow

deflectors.

Focusing on single perforated semi-circular flow deflectors, lower
Froude numbers (indicating slower, subcritical flow) tend to result in
reduced scour depth. As the Froude number rises and the flow becomes faster

and supercritical, scour depth increases as shown in Figure (4.7). The
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deflector angle (0) plays a significant role, with greater 0 causing increased

scour depth as it slows the flow near the deflector. The deflector's location
along the flow direction also matters, as upstream positioning decreases
scour due to flow divergence and slowdown, until it reaches a maximum
value influenced by various factors. Opening area (ao) affects scour, with
larger openings potentially increasing scour. However, the semi-circular
deflector's triangular shape can dissipate energy while increasing scour
depth, compared to less angular deflectors. These findings underscore the
complexity of scour depth and its dependence on multiple factors in
hydraulic engineering. Factors such as flow velocity, deflector shape,
perforation type and size, and deflector location along the flow direction all
interact to influence scour depth, making its prediction and management

crucial for effective hydraulic design.

8 Fr1
45.00 90.00 135.00 — -1323
2.50 ’
—=3.01
2.00
,___.-"
1.50 -
. P 10
1.00 e — - -
a0 _,_.--""'_Fr - ___..-.-L-_'T'l':_-.::_-'-ﬂ"-.'-. ----------
b iaiaiaiptusiiuisisisiuiiaiar= ) [ [ttt
00
250
2.00
1.50
20 a
1.00
S0 cmme e T T —— B N smzz==czar
— e ——— T eceema || pmme——
-.___‘___‘_‘_-_._._._._,_,_.—-—"
00
250
2.00
1.50
40
1.00 ;
—
- —
a0 -....-.-'-"“:f'f ____________ R ""Z.'—-"‘""'-_'-:_-F-. -----1.-_::5,-:--—'““"‘"—'
masmereecamrer T — = — —_—
00
25 = J5 25 E0 75 25 50 K=}
Lo

Figure (4. 8): Relationship of depth of scour (ds/y1) versus Froude number, deflector

location, deflector angle and openings area for double solid semi-circular flow

deflectors.
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For double solid semi-circular flow deflectors, as the Froude

number increases, indicating more active flow, it leads to increased scouring
around these deflectors due to higher flow energy causing more bed material
erosion as shown in Figure (4.8). Additionally, deflector angle plays a role,
with scour depth increasing as the angle increases up to about 90 degrees,
beyond which scour depth starts to decrease. Furthermore, the location of the
deflector along the flow direction influences scour depth, with upstream
placement causing reduced sediment erosion due to flow divergence. Finally,
the opening area of the deflector affects scour depth, with smaller openings
potentially leading to increased scour. Overall, these findings provide
insights into how flow velocity, deflector shape, perforation type and size,
and deflector location impact scour depth for double solid semi-circular flow

deflectors in hydraulic engineering.
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Figure (4. 9): Relationship of depth of scour (ds/y1) versus Froude number, deflector

location, deflector angle and openings area for double solid triangular flow deflectors.
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Scour depth refers to the erosion of sediment on a riverbed by

flowing water, influenced by factors like the shape of flow deflectors, flow
velocity, and sediment characteristics. The Froude number helps determine
the flow regime by considering inertial and gravitational forces in fluid flow.
For double solid triangular flow deflectors, we observe that at lower Froude
numbers, indicating slower subcritical flow, the scour depth tends to be
lower as shown in Figure (4.9). As the Froude number increases, signifying
faster supercritical flow, the scour depth increases. This relationship can be
attributed to increased flow energy leading to more sediment erosion. The
scour depth is also influenced by the deflector angle (0), with higher angles
reducing scour depth due to decreased flow velocity near the deflector.
Furthermore, the location of the deflector along the flow direction plays a
role, as placing the deflector further upstream decreases scour depth, thanks
to flow divergence and reduced sediment erosion. Finally, the opening area
of the deflector affects scour depth, with larger openings potentially leading
to increased scour. In essence, these findings highlight how flow velocity,
deflector shape, perforation type, and size, and deflector location affect scour
depth for double solid triangular flow deflectors in hydraulic engineering.

The results that are shown in Table (4.2) evidently indicate that, at
Fr1=0.3029 which corresponds to the low flow regime, the minimum scour
depth (ds/y1) of 0.0025 was observed with solid double semi-circular flow
deflectors. This was believed to be associated with the low velocity of flow
around the curved boundaries of the deflector in the low flow regime.
Alternatively, it can be said that for a high flow regime of Fr,=3.0136, the
minimum (ds/y1) was recorded by both solid double triangular and semi-
circular flow deflectors.

In summary, the relationship between the factors discussed and
the scour depth (ds/y1) for both single-perforated and double-solid
triangular and semi-circular flow deflectors are depending on the flow

velocity, deflector shape, perforation type and size, and deflector location
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along the flow direction. Considering the previous discussion, the influence

of each of these factors in more detail is as follows.

Flow velocity is a significant factor that influences scour depth
around flow deflectors. As velocity increases, the scour depth also
increases due to increased turbulence and shear forces that erode the
riverbed. Higher velocities may also cause deflector vibration, leading to

more scouring.

Table (4. 2): Summary of scour depths as a function of various flow

deflectors and their corresponding affecting variables.

Minimum (ds/y1)

Affecting variables

Perforated Single Solid Double
Fri ¢ | Lo | ao | Triangular | Semi-circle | Triangular | Semi-circle

0.3029 | 45 |50 (0.2 -- -- -- 0.0025
0.3029 | 90 |50 | 0.4 -- 0.065 -- --
0.3029 | 135 |50 | 0.4 -- -- 0.0825 --
1.7338 | 45 |50 (0.2 -- 0.138 -- --
1.7338 | 90 |50 (0.2 -- -- -- 0.142
1.7338 | 135 | 50 | 0.1 -- -- 0.174 --

1.7338 | 135 | 75| 0.1 0.466 -- - -

3.0136 | 45 |25 (0.2 -- 0.262 -- --
3.0136 | 135 | 25 | 0.4 -- -- 0.18 0.18
3.0136 | 135 | 75| 0.4 0.209 - - -

The shape of the flow deflector can also have an impact on scour
depth. Triangular deflectors cause more scouring than semi-circular
deflectors due to their sharp edges creating more turbulence and flow
disruption. In contrast, the smooth curves of semi-circular deflectors
generate less turbulence and are less likely to cause scouring.

Perforation type and size affect scour depth. Single-perforated

deflectors cause more scouring than double-solid deflectors, as the
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perforation creates a concentrated flow of water that can erode the riverbed.

Larger perforations generate more turbulence and flow disturbance than
smaller perforations.

Finally, deflector location along the flow impacts scour depth.
Closer location to the riverbank causes more scouring due to restricted water
flow being forced to move more rapidly around the deflector. In contrast,
further location from the bank generates less turbulence and is less likely to

cause scouring.

4.3.2 Regression Models for Scour Depth

Statistical analysis establishes relationships between dependent
and independent variables that are correlated. This research used IBM SPSS
Statistics 25 for data analysis and mathematical modeling of numerical data
related to scour depth variables. Scour depth data caused by flow deflectors
were used as a dataset to derive a model for scour depths. Descriptive
statistics for depth of scour characteristics caused by flow deflectors are
presented in Table (4.3). The method of dimensional analysis was used to
establish a correlation between the major parameters and the independent
variables in the follows:

ds=f(Fry, 8,Lo, ag.ky) (4.3)

Where; Ky is the function of geometric shape of the flow deflector.
The explicit expression of the user-defined model in Eq. (4.3) is applicable
to both single perforated and double solid semi-circular deflectors. For single
perforated or double solid semi-circular deflectors, the user-defined model

of EQ. (4.3) can be expressed explicitly as:

d
y_ =bg+b; (Fr{)?2(Lg)"3 ((9)b4 CHL Kg+b1) (4.4)
1
In which;
Kg=N" (4.5)
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Where; N is the number of the semi-circular flow deflectors across

the flow. Table (4.4) shows the parameter estimates obtained from

conducting nonlinear regression analysis using IBM SPSS statistics 25.0

software. The ANOVA results obtained from the regression analysis is

presented in Table (4.5).

Table (4. 3): Descriptive Statistics for Parameters of Scour Depth

Variables . . | Minimum | Maximum | Mean Star_1dzf1rd Skewness | Kurtosis
Statistic| deviation

ds/y1 0.003 2555 |0.497| 0.506 2.058 4.300

Fr 0.303 3.014 |1.683| 1.109 -0.068 -1.500

0 (rad.) 0.785 2.356 1.571| 0.642 0.000 -1.500

Lo 0.250 0.750 [0.500| 0.204 0.000 -1.500

oo 0.096 0.409 [0.233| 0.123 0.374 -1.491

Table (4. 4): Parameter estimates for Eq. (4.4).

Parameter | Estimate | Std. Error 95% Confidence Interval
Lower Bound | Upper Bound
bo 0.121 0.033 0.056 0.186
b1 0.314 0.051 0.214 0.414
b2 1.735 0.259 1.223 2.248
b3 0.390 0.100 0.193 0.586
b4 2.967 0.600 1.782 4.153
bs 2.899 0.570 1.773 4.024

Table (4. 5): Results of ANOVA analysis for Eq. (4.4).

Source Sum of Squares df Mean Squares
Regression 45.279 21 2.156
Residual 7.114 141 0.050
Uncorrected Total 52.393 162 --
Corrected Total 25.057 161 --

R?=0.716

75




Chapter Four Results and Discussion
Thus, the final form of Eq. (4.4) is as follows:

S

y—=O.121+O.314(Fr1)1'735(L0)0'39((6)2'967(0(0)2'899Kg+0.314) (4.6)
1

In which;

Kg = N7 (4.7)

Likewise, the user-defined model of Eq. (4.3) can be explicitly expressed for

single perforated or double triangular deflectors as follows:

S

;=C0‘|'C1(Fr1)c2 (LO)C3 (e)c4 (O(O)CS (Kg) (48)
In which;
Kg = N% (4.9)

In Table (4.6), the estimates for the parameters resulting from a
nonlinear regression analysis carried out using IBM SPSS Statistics 25.0
software are presented. Table (4.7) presents the ANOVA outcomes obtained
from the same regression analysis.
Table (4. 6): Parameter estimates for Eq. (4.6).

Parameter | Estimate | Std. Error 95% Confidence Interval
Lower Bound | Upper Bound
Co 0.126 0.056 0.017 0.236
C1 0.528 0.157 0.219 0.838
C2 1.490 0.250 0.996 1.984
C3 0.367 0.103 0.162 0.571
Cs -0.960 0.128 -1.213 -0.707
Cs 0.243 0.077 0.090 0.396

Table (4. 7): Results of ANOVA analysis for Eq. (4.6).

Source Sum of df Mean Squares
Squares
Regression 92.172 21 4.389
Residual 17.552 141 0.124
Uncorrected Total 109.724 162
Corrected Total 55.780 161
R?=0.685
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Therefore, the final form of Eq. (4.8) can be expressed as follows:

d

y—s =0.126+0.528Fr; " *7L, %7 0096, 0243k, (4.10)
1

In which;

Kg = N™0:60° (4.12)

4.3.3 Evaluation of Regression Models
Evaluation of regression models involves assessing how well the

model fits the data and how accurate its predictions are. A good model will
produce a plot where the data points closely follow a straight line, indicating
that the model accurately predicts the result. Other types of plots, such as
residual plots, can also be used to evaluate the model's performance by
examining the distribution and pattern of the residuals, which are the
differences between the actual data and the predicted values from the model.
Plot evaluation is useful for statistical measures, as it provides a more
intuitive and accessible way of assessing the model's performance. In
addition, there are various statistical measures such as the coefficient of
determination (R?), mean squared error (MSE), and root mean squared error
(RMSE). The evaluation process helps determine the reliability and
practicality of the regression model for predicting future results. Figure(4.14)
shows the verification plots for (ds/y1)pred. regression model for semi-circular
deflectors.

Results of Figure (4.14) can provide valuable insights into the
accuracy of the predictions and the effectiveness of the deflectors in reducing
scour. However, scattered plot shows a dependable and moderate positive
correlation between the predicted and calculated scour depths. This may
indicate that the deflectors are relatively effective in reducing scour. For the
residuals plot, there is a pattern in the residuals plot such as a cluster of points
that do not regularly fall above or below the zero line, particularly
concentrated for lower scour depths (for a range between 0 to 0.9). This

would indicate that the predictive model is reasonably representing the
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relationship between the design parameters and the resulting scour depth.
From the probability plot, as indicated the calculated scour depth values are
not falling closely along the diagonal line for a large part of the data points.

Thus, deviations may indicate that the predictive model was little accuracy

in estimating scour depth.

e Data —Perfect fitting line

Residuals

00 03 06 09 12 15

(ds/ yl)cal

(a) Scattered plot for (ds/y1)pred. Versus (ds/y1)ca.

(dsfyl)cal.

Figure (4.10): Graphical validation of the (ds/y1)ereq. regression model

Results of Figure (4.10) can provide valuable insights into the
accuracy of the predictions and the effectiveness of the deflectors in reducing
scour. However, scattered plot shows a dependable and moderate positive
correlation between the predicted and calculated scour depths. This may
indicate that the deflectors are relatively effective in reducing scour. For the

residuals plot, there is a pattern in the residuals plot such as a cluster of points
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applied to semi-circular deflectors.
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that do not regularly fall above or below the zero line, particularly

concentrated for lower scour depths (for a range between 0 to 0.9). This
would indicate that the predictive model is reasonably representing the
relationship between the design parameters and the resulting scour depth.
From the probability plot, as indicated the calculated scour depth values are
not falling closely along the diagonal line for a large part of the data points.
Thus, deviations may indicate that the predictive model was little accuracy
in estimating scour depth.

The plot for verifying the (ds/y1)ered. regression model for triangular
deflectors is displayed in Figure (4.11). The verification plots shown in
Figure (4.11) show the scour depth predictions and the effectiveness of
triangular deflectors in reducing scour. A scatter plot of predicted versus
calculated scour depths reveals a reasonable positive correlation between the
two variables. This finding suggests that triangular deflectors may be active
in reducing scour, particularly for design parameters associated with lower
scour depths. A residuals plot of the predicted versus calculated scour depths
shows a real pattern, with a collection of points focused below the zero line,
particularly for lower scour depths in the range of 0.25 to 1.5. This collect
suggests that the predictive model is adequately capturing the relationship
between design parameters and resulting scour depth.

Finally, a probability plot of the calculated scour depth values
compared to the theoretical quantiles of a standard normal distribution
reveals deviations from the diagonal line, particularly for a portion of the
data points. This finding indicates that the predictive model may have

acceptable accuracy in estimating scour depth.
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Figure (4. 11): Graphical validation of the (ds/y1)preqd. regression model

applied to triangular deflectors.

Furthermore, Table (4.8) presents statistical measures such as the

mean squared error (MSE) and root mean squared error (RMSE) for single

perforated as well as double solid triangular and semi-circular flow

deflectors. The inclusion

of these statistical measures serves to strengthen

the validation of the regression models. The MSE and RMSE are expressed

as.

n
1
MSE= HZ(dsi-dsi)2
i=1

n
1
RMSE= \/Hz(dsi—dsi)z

i=1

(4.12)

(4.13)
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Where; ds; is the i" predicted depth of scour for the model to be evaluated,

and ds; is the i"" measured depth of scour both for specified flow deflectors.

Table (4. 8): Evaluation statistics for prediction models.

Predictive Model MSE RMSE
Eg. (4.6) 0.0439 0.2095
Eq.(4.10) 0.1083 0.3291

It is commonly agreed that a lower value of RMSE indicates a higher

performance of the model, while large values, an error in the predictions.
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Optimization-Based Approach in Design of Flow
Deflectors.

5.1 General

In hydraulic engineering, we often encounter situations where we
need to address two critical challenges simultaneously: preventing local
scour to protect our structures and minimizing the surface area of flow
deflectors to save costs. It's like trying to achieve two important goals at
once. Local scour can damage our infrastructure, which we definitely want
to avoid, but we also want to be smart about our resources and not spend too
much on flow deflectors. So, we use advanced engineering techniques to find
the perfect balance between these two objectives. This means we're looking
for solutions that keep our structures safe while using the least amount of
materials, which saves money. These multi-objective problems require
careful analysis and clever design to ensure our hydraulic systems are both
effective and cost-efficient.

The optimization-based approach involves analyzing various
characteristics of flow deflectors, such as their shape, size, and material, and
using mathematical models and simulations to determine the optimal design
dimensions for reaching the desired objectives. This approach enables
engineers to construct more efficient and effective flow deflectors that can

enhance the hydraulic performance of hydraulic structures.
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5.2 Formulation of Optimization Problem

This study has incorporated four different types of flow deflectors.
A comprehensive set of 324 CFD simulations was conducted to analyze the
performance of flow deflectors under varying operational conditions,
dimensions, and configurations in the flow field. In order to determine the
applicable ranges of hydraulic design variables for this problem, several
control and regulating hydraulic structures were surveyed along the
Euphrates River in the Middle Euphrates region, as part of the practical

approach being taken as reported in Tables (3.1) and (3.2), respectively.

5.3 Optimization Functions with Multiple Objectives

This study deals with a multi-objective optimization problem that
focuses on minimizing the construction material used for the flow deflectors
and the depth of scour holes developed downstream deflectors. The multi-

objective optimization vector of this problem is formulated as follows:

0

Qo
Ly
h

In which; var.is the vector of design variables that are involved in

Find var. =

objective functions and constraints. The general mathematical form of the
present optimization problem is:
Minimize: f={f; (var.), f, (var.)} (5.1)
Subject to:
¢ ={C; (var.),C, (var.)} 5.2)
var., < var.< var.,
Where; var.; and var., are the lower and upper bounds for design variables.
Multi-Objective Optimization Problems (MOP) aim to find the
best solution that meets all objectives as much as possible. There are several

methods for solving multi-objective optimization problems. One of the
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methods for solving MOP is the Weighted Summation approach, which

involves assigning weights to each objective and then combining them into
a single function.
The general form of a MOP problem using the weighted

summation method can be written as follows:

Minimiz F = w, f; (var.) + w,f, (var.) + -+ w, f,, (var.) (5.3)
Where; w; +wy, + -4+ w, =1
Subjected to:
gi(var.) < 0,i=1,....m (5.4)
hj(var.) < 0,i=1,...,p (5.5)

In which; n is the number of objective functions, wi, Wy, ..., W, are the
weights assigned to each objective, gi(var.) are the m inequality constraints,

and hj(var.) are the p equality constraints.

5.3.1 Mathematical Formulating for Objective Functions

The formulation of objective functions for flow deflectors is
dependent on the particularities of the problem and the optimization
objectives. As a result, four functions were derived with the goal of
minimizing the amount of construction materials used, based on the concept
that the volume is equal to the product of the flow deflector's surface area
and its unit thickness. Therefore, in this section, the surface areas of the flow

deflectors will be determined based on their type.
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5.3.1.1 The objective functions of a single-perforated
triangular deflector:
Figure (5.1) presents a schematic layout for the flow deflector of

type single perforated triangular shape.

90° 02 9 B

B2 X 4

a) Top view

a) Front view

Figure (5. 1): Single perforated triangular deflector

Obj. (ST) =Surface area of flow deflector =Ssrt

ODbj.scour (ST) = Maximum relative depth of local scour (ds/y1).

For a given height of flow deflector, denoted as (h). Thus; the minimum
surface area of flow deflector can be expressed as:

Sst=2(x h-2 a,pening) (5.6)
In which; agpening 1S the area of perforation within the deflector surface area
(in this study we considered four perforation area in the deflector). Referring
to Figure (5.1).

B

0 0
B=180°- (90 +§) =90°-2 (5.7a)
ccos B =£ (5.7b)
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B
X = 3 cos B (583.)
By sub. eq.(5.7b) into eq.(5.8a);
B (5.8h)
S X =
o_9 '
2 cos (90 - i)
Or;
0 0
cos <90°— E) =sin (E) (5.8¢)
B
S X =
0 (5.9)
2 sin (7)
By sub. €q.(5.9) into eq.(5.6);
Bh
Sst = ) =4 a;pening (5.10a)
Sin=
2
Vo= 4 aOSpening (5.10b)
st
=4 dopening =0 Sst (5113-)
Sub. eq.(5.11a) into eq.(5.10b); we get:
Bh
Sst = 0 —Qo Sst (511b)
sin=
2
Or;
Bh
Sy = — (5.11c)
(1+a0)sin§
Thus;
_ Bh
~0bj.(ST) =——— (5.12)

(1+a0)sing

d
Obj.scour (ST)= y— =0.126+0.528(Fry*) (Lo **7) (0090 (0 **3)  (5.13)
1
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5.3.1.2 The objective functions of a double-solid triangular

deflector
Figure (5.2) shows a schematic layout for the flow deflector of

X
(B-b)2
x

type double solid triangular shape.

B

! b ! (B-b)/2 —_‘

a) Front view

Figure (5. 2): Double solid triangular deflector

Obj. (DT) =Surface area of flow deflector =Spr

Obj.scour (DT) = Maximum relative depth of local scour (ds/y1).

~. The minimum surface area of deflector is :

S¢t=2(2 x h) (5.14)
From Figure (5.2)

0 0

B=180°- (90 + 5) =90°-> (5.15a)

+cosB= (B‘zb))(/ 2 (5.15b)
(B-b)

X= 3 (5.16a)

By sub. eq.(5.15b) into eq.(5.16a);
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(B-b)
2 cos (90°— %)
Or,;

(s0-3)=sin (3
CosS —2 =SIin >

(B-b)
. (0
2 sin (7)
By sub. eq.(5.17) into eq.(5.14);

(B-b) h
da="

S X =

sini
Or;

Bh 1
Sae=—7g-—g(bh)
sini sini
_bh
St
~bh=0ay Sy
Sub. eq.(5.19b) into eq.(5.18b); we get:

Bh 1
Sat=—"g~—g (% Sav)
Slni Slni

0l

Or;
Bh

e (a0+sin %)

Thus;

" OPHET = (a0+sin %)
ds

Objscour (DT)= 2 =0.126+0.528(Fry ") (Lo **%7) (6°09) (g *243) (270609
1
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5.3.1.3 The objective functions of a single-perforated semi-
circular deflector
Figure (5.3) presents a schematic layout for the flow deflector of

type single perforated semicircular shape.

a) Top view.

B

a) Front view
Figure (5. 3): Single perforated semicircular deflector

Obj. (SC) =Surface area of flow deflector =Ssc
Obj.scour (SC) = Maximum relative depth of local scour (ds/y1).

~ The minimum surface area of deflector is :

Ssc=X h-4 agpening (5.22a)
Since; x=R 6
+Ssc=R 0 h-4 a,pening (5.22b)
~ sin g = % (5.23a)
~R= B

5 sin% (5.23b)

By sub. eq.(5.23b) into eq.(5.22Db);
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S BOh 4
sc = % Appening
252 52
4 aopening
© 0= S (5.25a)
sc
“4 Agpening=%o Ssc (5.25b)
Sub. eq.(5.25b) into eq.(5.24); we get:
BOh
Ssc = g ~%o Ssc (5.26a)
2 sin5
2
Or;
S BOh
sc — 5.26b
2 (1+a0)sing ( )
Thus;
) BOh

2 (1+a0)sing

ds
Obj.sCour(SC)=y—=0.121+0.314(Fr1)1'735(L0)°'39((9)2'967(a0)2'899+0.314) (5.27)
1
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5.3.1.4 The objective functions of a double-solid semi-

circular deflector
Figure (5.4) presents a schematic layout for the flow deflector of

type Double solid semicircular shape.

a) Top view

opening
[ =

] |
}—7 (B-b)/2 ——\
a) Front view

Figure (5. 4):Double solid semicircular deflector

(B-b)/2

Obj. (DC) =Surface area of flow deflector =S
Obj.scour (DC) = Maximum relative depth of local scour (ds/ys).

~ The minimum surface area of deflector is :

Sec=2xh (5.28a)
Since; x=R 6
~S4e=2R6h (5.28b)
. 6 (B-b)/4
sin E = W (5293.)
(B-b)
~R= . (5.29b)
4 sinz
By sub. eq.(5.29b) into eq.(5.28b);
(B-b)6 h
de=""g§ (5.30a)
2 sin
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Or;
BOh 0
Sdc = .0 . G(bh)
2 smi 2 smi
o b h
S o= Sdc
~b hz(XO Sdc
Sub. eg.(5.31b) into eq.(5.30b); we get:
BOh 0
Sqc = 0~ 0 (O(O Sdc)
2sins 2sinm
2 2
Or;
< Bh
dc =
(oqﬁ%sin%)
Thus;
- Obj. (DC) = —=2

2.6
(a0+ésmz)

Optimization-Based Approach in

Design of Flow Deflectors

(5.30b)

(5.31a)

(5.31b)

(5.32a)

(5.32b)

(5.33)

Obj.scour (DC)= % =0.12140.314(Fry) 173> (L) *3°((8)2%7 (0)?8° (2) 3*+0.314)  (5.34)
1

5.3.2 Mathematical Formulating for Constraints

1)  The length of stilling basin:

The sufficient stilling basin length constrain is denoted by:

Lg=6(y2-y1)

Where y, and y,are pre-jump and post-jump depths, respectively.

i)
a) 0.3<Fry <3
b) 45°<0 <135’
c) 0.25< Ly <0.75
d) 0.1< ay <0.4
i)  The constant variables:

a) h=0.2m
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The upper and lower bonds of design variables

e) 0m< LB <5m
g) 0.4m<y, <2m

(5.35)

h) Fry,0,Lg, oo, L,y1, y2, A =0

b) B=1m
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5.4 Algorithm for Solving Optimization Problem with
Multiple Objectives

Weighted summation (WSM) is a well-established and widely used
method for solving multi-objective optimization problems (MOPs). The
fundamental principle of WSM is to combine the objectives of a MOP into
a single weighted sum, where each objective is assigned a weight that reflects
its relative importance. The weights are typically determined based on user
preferences or problem requirements, and they can be adjusted to achieve
different trade-offs between the objectives. WSM is a flexible and efficient
approach that has been successfully applied in various fields of engineering.
The underlying solution for optimization problem by WSM is presented by
the flowchart shown in Figure (5.5). In this study, the MOP’s were solved
using a MATLAB software R2015a.
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Start

Set problem as given in expression 5.1 & 5.2

|

Generate N sets of weights.

»
>

Code problem 5.1 & 5.2 incorporating one set of weights.

Run the optimization algorithm in MATLAB for the chosen set of weights.

Check for errors. No

A

Has a solution

<

No

Update set of weights

A

been found?

l Yes

Record

Have all sets of
weights been used?

l Yes

Stbp

Figure (5. 5): Flowchart for the weighted sum optimization problem.
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The MATLAB script for solving the multi-objective problem for

single-perforated triangular deflector by using weighted sum method (WSM)
Is:
%Clear the variables from any value

clearvars

%Reduce the number of decimals

format short

% Define the step value of changing weights
k=0.1;

% Create array of all zeros to reduce time of calculations.
w = zeros(1,1/k+1);
fa = zeros(1,1/k+1);
fb = zeros(1,1/k+1);
fab = zeros(1,1/k+1);
xa = zeros(1,1/k+1);
xb = zeros(1,1/k+1);
xc = zeros(1,1/k+1);
xd = zeros(1,1/k+1);
xe = zeros(1,1/k+1);
xf = zeros(1,1/k+1);
xg = zeros(1,1/k+1);

% Create loop.
for i=0:k:1

% Define the weights.
wl=1i;
w2= 1-i;
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% Define the objective functions.

%f1 =wl * Obj. (ST)

%f2 = W2 * Obj.scour (ST)

f1 = @(x) W1*0.2/((1+x(1))*sin(x(2)/2)):

f2 = @(X) w2*(0.126+0.528*x(4)"1.49*X(3)"0.367*X(2)"-0.96*x(1)"0.243):

% Define the constraints

Ib =[0.1 0.25*pi 0.25 0.3 0.4 0.4 0];
ub=[0.4 0.75*%pi 0.75 3 055 2 5];
A=TJ;

b=1I;

Aeq=[0000-66-11;

beq = (0);

% Define the optimization problem

f=@(x) f1(x) + f2(x);

options = optimoptions(*fmincon”,'Algorithm’,'interior-point’);
[x, fval] = fmincon(f,ub,A,b,Aeq,beq,lb,ub,[],options);

% Display the results within table
j=round(i/k);
w(j+1)=wl;
fa(j+1)=f1(x);
fb(j+1)=f2(x);
fab(j+1)=fval,
xa(j+1)=x(1);
xb(j+1)=x(2);
xc(j+1)=x(3);
xd(j+1)=x(4);
xe(j+1)=x(5);
xf(j+1)=x(6);
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xg(+1)=x(7);

end

a0=xa’,

phi_degree=xb"*180/pi;

LO=xc;

Fr=xd

yl=xe’,

y2=xf",

L=xg’;

wl=w"

w2=1-w1l;

objectivel=fa’; % objectivel = w1*Obj. (ST)

objective2=fb"; % objective2 = w2*0Dbj.scour (ST)

objective_total=fab'’; % objective_total = wl* Obj. (ST)+ w2*Obj.scour (ST)

TS = table(w1,w2,0bjectivel,objective2,objective_total,a0,phi_degree
,LO,Fr,yly2,L)

% Extract the table in excel format

writetable(TS,'optimization_single_triangular_deflector.xlsx’,'Sheet',1)
Repeat the above code for other types of deflectors by changing

the surface area of flow deflector equation (Obj. (ST)) and maximum relative

depth of local scour (Obj.scour (ST)).
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5.5 Optimization-Based Solutions for the Research Problem
The investigation revealed that the single perforated semi-circular
flow deflector is the best type regarding most of the research problem
objectives and constraints. Consequently, the forthcoming discussion will
focus on determining the optimal solution for the design variables associated
with this particular type. In order to simplify and make the design of the flow
deflectors more applicable, design charts were introduced in s (5.6) to (5.11).

These charts incorporate the optimal design variables.

—eo—(Obj. (SC) - = -0bj.Scour (SC)

0.16
0.14
0.12

., 0.10

'S 0.08

© 0.06
0.04
0.02
0.00

Figure (5. 6): Objective functions vs different values of cost weight for a

single perforated semicircle deflector.

Figure (5.6) illustrates the changes in both surface area and relative
maximum local scour depth concerning a single perforated semi-circle
deflector with respect to the cost weighting factors. As depicted in this , the
surface area function Obj. (SC) exhibited an upward trend with increasing
wi, implying higher construction material costs for the flow deflector.
Conversely, the Obj.Scour (SC) decreased linearly with rising wi until it
reached its minimum value when w; approached unity. Therefore, this

reduces the interaction between cost considerations and design objectives for
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a perforated semi-circle deflector. It emphasizes the importance of carefully

weighing different factors to find an optimal balance between deflector
efficiency, material costs, and scour depth for various engineering
applications.

Figure (5.7) shows comparison of objective functions at various
local scour weight values for a single perforated semicircle deflector. It is
evident that this finding reveals identical behavior, as illustrated in Figure
(5.7).

—e—(bj.(SC) - = -0bj.Scour (SC)

0.16
0.14
0.12

o 0.10

'S 0.08

© 0.06
0.04
0.02
0.00

Figure (5. 7): Objective functions vs different values of local scour

weight for a single perforated semicircle deflector.

Figures (5.8) and (5.9) show the variations in aspect angle (0) in
(degrees) and passageway ratio (ap) with different cost weight values for a
single perforated semicircle deflector. Based on the findings in Figure (5.8),
it becomes evident that initially, with the increase of ws up to around 0.25,
the aspect angle decreased rapidly, reaching its minimum value.
Subsequently, as w; continued to rise, the aspect angle exhibited minor
fluctuations. An important observation is that the aspect angle range was

confined within 44.90° to 45.40°, indicating the sensitivity of the objective
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function concerning variations in 0's values and its connection to the cost

weight factor.

45.40
45.35 |
4530 |
45.25 |-
1520 |\

© 4515 | \
45.10 |
45.05 |
45.00 } N T e~
44.95 | ' '

44.90 L L L L L L L L L
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

W

Figure (5. 8): Aspect angle (in degree) vs different values of cost weight

for a single perforated semicircle deflector.

0.50
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0.20 |/
015 |
0.10 }
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Figure (5. 9): Passageway ratio vs different values of cost weight for a

single perforated semicircle deflector.

According to Figure (5.9), the passageway ratio (ag) showed a rising

trend as w increased up to 0.3. Afterward, it exhibited fluctuations with
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varying wi, showing both decreases and increases. This observation suggests

that when the weight value of the objective function reaches 30%, the area
of flow openings within the body of the flow deflector can be expanded by
approximately 0.4 to less than 0.45. Essentially, this means that the surface
area of the deflector can be reduced, leading to cost savings.

Figures (5.10) and (5.11) present a design chart for the ratio of position
(Lo) and Length of stilling basin (Lg) against the cost weight factor for a
single perforated semi-circle flow deflector. From results presented in (4.9),
as the weight factor values increased, the position ratio (Lo) exhibited
fluctuations, ranging from slightly over Lo=0.2 to just above Ly=0.25, until
it reached the value ws of 0.75. At this point, the position ratio reached its
minimum value. Beyond this point, the position ratio increased rapidly,
reaching approximately Lo=0.45. This observation can be attributed to the
fact that maximizing the importance of the cost function allows for a greater
shift in the position of the flow deflector from the regulator. This shift
enables a more interaction between hydraulic performance and cost
considerations in the problem. Thus, increasing the weight factor values
provides better control over the flow deflector's position, leading to
improved optimization of both hydraulic performance and cost aspects.

According to the data presented in Figure (5.11), the function
representing the length of the stilling basin exhibits a non-linear decrease in
the range of 2.7 to 3.5 times the original length (L). This trend can be
attributed to the increased significance (weight) assigned to the surface area
objective function. The higher weight given to this objective function aims
to achieve two main goals: first, to reduce the length of the stilling basin to
accommodate the hydraulic jump efficiently, and second, to prevent
excessive scour depth beyond the stilling basin. By selecting the surface area

objective, the design optimization process emphasizes the importance of
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achieving these specific hydraulic performance objectives while minimizing

the length of the basin.

0.50
0.45 |
0.40 |
| 0.35 F /
030 | ./'

0.25 k.‘ L= ~.. ‘/

0.20 L L L L L L L L L
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Wy

Figure (5. 10): Ratio of position of single perforated semicircle deflector

vs different values of cost weight.
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Figure (5. 11): Length of stilling basin vs different values of cost weight

for a single perforated semicircle deflector.

The design charts for other types of flow deflectors will be presented
in Appendix [C].
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5.5.1 Design Problem for Application
Given the following data

Parameter Unit Value
discharge, (Q) m3/sec  3.85
channel width (B) m 1.0
inlet water depth, y1 m 0.55
Froude Number, Fry -- 3.014
length of stilling basin, Lg m 5.0
specific energy for upstream side of the channel, E; m 3.05

In Figure (5.12), the stilling basin with a flow deflector is shown,
along with the mentioned parameters.

The task involves evaluating the energy dissipation (AE) in a
conventional stilling basin and various flow deflector shapes. To identify the
optimal design for the specific flow conditions, factors such as material, cost,

labor, time, and energy dissipation level must be taken into account.

1] [

Flow direction /\A—/
> —
F y2

Fr f2
T B Deflector v

»
»

[
»

Y1y

<«

A

Lg=5m

Figure (5. 12): A diagram illustrating a stilling basin equipped with a flow

deflector.
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Solution Procedure:
In the case of the standard stilling basin

1) For Froude numbers ranging from 2.5 to 4.5, it is advised to utilize Type
IV basins, with a specific Froude number of 3.014 (Fr, = 3.014).

2) From the Figure (5.12), based on Fr, = 3.014, the ratio of Lg/y, is 5.24.
Consequently, y, can be calculated as 0.95 by dividing 5 by 5.24.

3) The specific energy at downstream portion of channel (E,) in which:

4) E, =y, +Vv¥2g

By substituting the values of (y1) and (v), we get:

E,=1.787 m.

5) The expression for AE for (IV) stilling basin type is obtained as:
AE=E; —E;=1.263 m.

Now, concerning the stilling basin using recommended flow deflectors that

minimize the local scour depth.

A)For Single Perforated Triangular Flow Deflector:
1) Based on the results of numerical analysis performed by Flow-3D

software, the value of y, was obtained to be 1.939 m.
2) The corresponding value for E, was determined to be 2.139 m.

Consequently, AE in the ST model is to be AE =0.91 m.

B) For Double solid Triangular Flow Deflector:
1) Based on the results of numerical analysis performed by Flow-3D

software, the value of y, was obtained to be 1.848 m.
2) The corresponding value for E, was determined to be 2.07 m,

accordingly, AE = 0.98 m.

C)For Single Perforated Semicircular Flow Deflector:
1) Based on the results of numerical analysis performed by Flow-3D

software, the value of y, was calculated to be 1.638 m.
2) The resultant value for E, was determined to be 1.919 m, therefore, AE =
1.13 m.
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D) For Double solid Semicircular Flow Deflector:
1) Based on the results of numerical analysis performed by Flow-3D

software, the value of y, was calculated to be 1.865 m.
2) The resultant value for E, was determined to be 2.08 m, consequently,
AE =0.968 m.

According to the results presented above, the single perforated
semicircular flow deflector proves to be the most satisfactory choice in terms
of energy dissipation (AE) among the four models. This choice demonstrates
the highest level of energy dissipation. To calculate the difference ratio for
the 1V-type stilling basin;

AEy-AEsc  1.263-1.13
AEy ~  1.263

The comparison between the 1V stilling basin and the stilling basin

AE%= =10.5%

featuring a single perforated semicircular flow deflector leads to the
conclusion that based on the performance of the stilling basin with a single
perforated semicircular flow deflector was dissipate energy with an decrease
of 10.5%.in addition, it offers cost advantages as it requires construction
without the need for complex details like dumping, chute blocks, and end
sills. Moreover, without the exclusive concrete required for the 1V stilling

basin, and no restrictions for location configurations.

Optimal Dimensions of Flow Deflector:
In order to achieve a balance between the economic considerations and

hydraulic performance of the stilling basin, the cost-weight factor is
predicted through the definition of the intersection point between objective
functions Obj.(SC) and Obj.Scour (SC), we can project the coordinates of
this point onto the horizontal and vertical axes of Figure (5.6),as shown in

Figure (5.13) we get:
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—*—0bj(3) -=- Obj(6)
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Figure (5. 13): The coordinates of optimal point.

w1=0.476, and Obj’s=0.0645. Thus; from s (4.7) to (4.10), the
optimal dimensions (i.e.,0, ao, Lo, and L) for single perforated semi-circular
flow deflector can be determined for w;=0.476 as:
0=45.02°, 80=0.38, L0=0.265, and L=3.2.
From Equations (4.26) and (4.27), respectively; we get:

BOh

sc—

2 (1+(X,0)Sing

d

—=[0.121 + 0.314(Fr)*"35(Ly)%3°((8)%°°7 (ay)?8%° + 0.314)]

Y

When considering a one-meter width of the stilling basin and substituting the

determined values of design variables, the required deflector height is:

[2 (14+ag)sin g] XSqc [2 (1+40.38)sin (45202)] %(0.0645)
h= =
B6O _n_
(B 6) (1x 155 %45.02)
h=0.087 m

~ Use h=0.10 m =10.0 cm

The predicted scour depth for these flow conditions is:

ds=y1x[0.12140.314(Fry)1735(L() %3 ((8)%967 () 28%9+0.314)|
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d,=0.55x [0.121+0.314(3.014)17%5(0.265)°% ( (0.786%°67)(0.382%%) + 0.314)

=0.24m
The results obtained clearly indicate the optimal length of the stilling basin

(Lg) =3.2 m, which was less than the original length (Lg=5.0 m) by 1.8 m.
This aspect enhances effectively cost reduction through the optimal

hydraulic design of the research problem.
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Conclusions and Recommendations

6.1 Conclusions
This CFD study investigated four flow deflector types and their

Impact on scour depth and passageway percentage. According to the result

of the present study, the conclusion can be summarized as follows:

1. The validation of Flow-3D's ability was carried out by simulating
previous laboratory experiments on local scour downstream of a
hydraulic structure with a stilling basin, with and without a flow deflector,
and comparing the numerical results with the experimental ones. The
comparison between the two models reveals that the prediction error
range for scour depth was 4.63%.

2. The position and magnitude of maximum local scour depth are
significantly affected by the type of flow deflector used. For a single
perforated triangular flow deflector with specific parameters (aspect
angle of 135 degrees, passageway ratio of 10%, and relative location at
75% of the stilling basin length), the minimum local scour depth is
achieved, reducing the maximum scour depth by about 22% and shifting
its position away from the channel center. Similarly, when employing a
double solid triangular flow deflector with specific parameters (aspect
angle of 135 degrees, passageway ratio of 40%, and relative location at
50% of the stilling basin length), the minimum local scour depth is
obtained, resulting in a substantial reduction of approximately 71.1% in
maximum scour depth, with its position also shifted away from the
channel center.

3. Using a single perforated semi-circle flow deflector with specific
parameters (aspect angle of 45 degrees, passageway ratio of 20%, and

relative location at 50% of the stilling basin length) led to the minimum
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local scour depth under these flow conditions. Installing this deflector
configuration reduced the maximum local scour depth by around 76.8%,
and the primary scour position remained centered in the channel, with
less scour near the channel's sides. Similarly, employing a double solid
semi-circle flow deflector with specific parameters (passageway ratio of
40% and relative location at 50% of the stilling basin length) resulted in
minimal local scour depth. This configuration reduced the maximum
local scour depth by approximately 75.7%, with the main scour
concentrated along the side of the channel.

4. Weighted Summation (WSM) is a widely-used method in multi-objective
optimization. It combines objectives into a weighted sum, allowing trade-
offs. The study used MATLAB R2015a for MOPs. Specific parameters
for flow deflectors minimized local scour depth. For a single perforated
semi-circle deflector, it reduced maximum scour depth by about 76.8%.
Design charts simplify flow deflector design, accounting for cost weight
factors. As cost weight increased, position and length of the stilling basin
changed, optimizing hydraulic performance and cost-efficiency. The
optimal length of the stilling basin was 3.2 m, reducing costs while
meeting hydraulic objectives.

5. The single perforated semi-circular flow deflector was highly effective in
terms of minimizing local scour depth and improving the safety of
hydraulic structures. in addition to maximizing the energy dissipation
efficiency, the semi-circular deflectors provide a smooth flow transition

and reduce turbulence eddies.
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6.2 Recommendations

Based on the findings of this study, some key recommendations
for further research in this area include:

1. Investigating the effect of other types of flow deflectors on the depth of
scour and passageway percentage.

2. Exploring the impact of different bed materials and bed forms on the
performance of flow deflectors.

3. Conducting experiments to validate the CFD simulation results and
optimize the simulation models.

4. Analyzing the influence of flow conditions, such as flow velocity and
water depth, on the effectiveness of flow deflectors.

5. Considering the environmental impact of flow deflectors, such as their
effect on aquatic organisms and their ability to trap bed material and
pollutants.

These recommendations can help to improve our understanding of
flow deflector performance and guide the development of more effective and

sustainable designs.
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Appendix [A]

Equations for Laboratory Flow Deflector Dimensions and Shapes

For the single perforated triangular flow deflector shape, the
following equations were used to determine the deflector dimensions. In
Figure (A.1), all the dimensions in meters and all variables required in the

equations were specified.

(@) Top view of single perforated triangular flow deflector.

.
il — h
||

(b) Front view of single perforated triangular flow deflector.
Figure (A.1): Schematic representation for the flow deflector of single
perforated triangular shape.

From;
B=+/2x/B- cos(8)
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Appendices Appendix [A]
o= aopening _ aopening
0 2(Xh'zaopening) Z(X O'Z'Zaopening)

20LO (X 0.2-2 aopening) =aopening
Thus;

_ 0.40(0
aopening— m

Or;
OpPening™ \ 1+4.qy \/?\/m

X

Note;
(Width of 0pening>
high of opening

for single perforated triangular flow deflector.
(Width of opening>
high of opening

~

for double solid triangular flow deflector.

Similarly, for the single perforated semi-circular flow deflector
shape, the following equations were used to determine the deflector
dimensions. In Figure (A.2), all the dimensions and variables required in the
equations were specified. all the dimensions in meters and all variables

required in the equations were specified.

(@) Top view of single perforated semi-circular flow deflector.

:
==
=

(b) Front view of single perforated semi-circular flow deflector.

Figure (A. 2): Schematic representation for the flow deflector of single

perforated semi-circular flow deflector.
A2



Appendices Appendix [A]

From;

B=2R si (0>
=2Rsin| 7

and;
R— X
0
B=1
1 x (0
i)
Thus;
" (A.3)
X= .
2sin (g)
Since;
aopening
op=——
o7 Sg
Or;
o= aopening _ aopening
0~ - X
hRe'4’aopening 0.2 9 6-4a0pemng
o(0(()'2)('4'aopening)=aopening
Thus;
_ 0.20(0
aopening— m X
Or;
0.40(0 0
dopening = <1+4O(0> 4si (9) (A. 4)
Sin | 5
2
Note;
(width of 0pening>
high Of Opening for single perforated semi—circular flow deflector.
(Width of 0pening>
~ \ high of opening

for double solid semi—circular flow deflector.
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Appendix [B]

3D Scour Profile for Flow Deflector in Varying Flows

Figure (B.1): Picture for single perforated triangular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory
experiment for Q=0.0154m%/s.
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Figure (B.2): 3D scour profile for single perforated triangular flow
deflector with design parameter (6=120°, L,=90%, 00=14%) during a

laboratory experiment, all dimensions in (m).

B.1
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Figure (B.3): Picture for single perforated triangular flow deflector with
design parameter (60=120°, Ls=90%, a,=14%) during a laboratory
experiment for Q=0.03m%/s.
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Figure (B.4): 3D scour profile for single perforated triangular flow
deflector with design parameter (6=120°, L;=90%, 0,,=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.5): Picture for single perforated triangular Iow deflector with
design parameter (6=120°, Ls=90%, 0,=14%) during a laboratory

experiment for Q=0.044m%/s.
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Figure (B.6): 3D scour profile for single perforated triangular flow
deflector with design parameter (6=120°, L,~90%, 0,=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.7): Picture for single perforated semicircular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory
experiment for Q=0.0154m%/s.
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Figure (B.8): 3D scour profile for single perforated semicircular flow
deflector with design parameter (6=120°, L,=90%, 00=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.9): Picture for single perforated semicircular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory

experiment for Q=0.03m%/s.
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Figure (B.10): 3D scour profile for single perforated semicircular flow
deflector with design parameter (6=120°, L,=90%, 00=14%) during a

laboratory experiment, all dimensions in (m).
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2ol lodit Na 00

Figure (B.11): Picture for single perforated semicircular flow deflector

with design parameter (6=120° L,=90%, 0,=14%) during a laboratory

experiment for Q=0.044m%/s.

Figure (B.12): 3D scour profile for single perforated semicircular flow

deflector with design parameter (6=120°, L;=90%, 0,=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.13): Picture for double solid triangular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory
experiment for Q=0.0154m%/s.

Figure (B.14): 3D scour profile for double solid triangular flow deflector

with design parameter (6=120°, L,=90%, a,=14%) during a laboratory

experiment, all dimensions in (m).
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Figure (B.15): Picture for double solid triangular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory

experiment for Q=0.03m%/s.
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Figure (B.16): 3D scour profile for double solid triangular flow deflector
with design parameter (6=120°, L,=90%, a,=14%) during a laboratory

experiment, all dimensions in (m).
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Figure (B.17): Picture for double solid triangular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory

experiment for Q=0.044m3/s.
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Figure (B.18): 3D scour profile for double solid triangular flow deflector
with design parameter (6=120°, L,=90%, a,=14%) during a laboratory

experiment, all dimensions in (m).
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Figure (B.19): Picture for double solid semicircular flow deflector with
design parameter (60=120°, Ls=90%, 0,=14%) during a laboratory
experiment for Q=0.0154m3/s.
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Figure (B.20): 3D scour profile for double solid semicircular flow
deflector with design parameter (6=120° L,=90%, 00=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.21): Picture for double solid semicircular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory

experiment for Q=0.03m%/s.

Figure (B.22): 3D scour profile for double solid semicircular flow

deflector with design parameter (6=120°, L;=90%, 0,=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.23): Picture for double solid semicircular flow deflector with
design parameter (0=120°, Ls=90%, 0,=14%) during a laboratory
experiment for Q=0.044m%/s.
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Figure (B.24): 3D scour profile for double solid semicircular flow
deflector with design parameter (6=120°, L,=90%, 00=14%) during a

laboratory experiment, all dimensions in (m).
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Figure (B.25): 3D scour profile and counter line for single perforated
triangular flow deflector with design parameter (6=90°, L,=50%, 0,=40%),

all dimensions in (m).
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Figure (B.26): 3D scour profile and counter line for single perforated
triangular flow deflector with design parameter (6=135°, L,=75%,

a,=10%), all dimensions in (m).
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Figure (B.27): 3D scour profile and counter line for single perforated
triangular flow deflector with design parameter (6=135°, L,=75%,
0,=40%), all dimensions in (m).
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Figure (B.28): 3D scour profile and counter line for single perforated
semicircular flow deflector with design parameter (6=90°, L,=50%,

0,=40%), all dimensions in (m).
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Figure (B.29): 3D scour profile and counter line for single perforated
semicircular flow deflector with design parameter (6=45°, L,=50%,

0,=20%), all dimensions in (m).
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Figure (B.30): 3D scour profile and counter line for single perforated

semicircular flow deflector with design parameter (0=45°, L,=25%,

0,=20%), all dimensions in (m).

B.18



Appendices Appendix [B]

0.001

-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008

-0.016
-0.017
-0.018
-0.019
-0.02

Fr,=0.3 , Q=0.24 m%s , 6=135°, L.=0.5, a.=0.4

B(m)

P

0 1 2 3 4 5 6 7 8 9 10
Figure (B.31): 3D scour profile and counter line for double solid triangular
flow deflector with design parameter (0=135°, Ls=50%, 0,=40%), all

dimensions in (m).

B.19



Appendices Appendix [B]

0.03
—0.022
—0.014
0.006
—-0.002

-0.074
-0.082
-0.09

0.5

B(m)

10

L(m)
Figure (B.32): 3D scour profile and counter line for double solid triangular

flow deflector with design parameter (0=135°, Ls=50%, 0,=10%), all

dimensions in (m).
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Figure (B.33): 3D scour profile and counter line for double solid triangular
flow deflector with design parameter (0=135°, Ls=25%, 0,=40%), all

dimensions in (m).
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Figure (B.34): 3D scour profile and counter line for double solid
semicircular flow deflector with design parameter (6=45°, L,=50%,

0,=20%), all dimensions in (m).
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Figure (B.35): 3D scour profile and counter line for double solid
semicircular flow deflector with design parameter (6=90°, L,=50%,

0,=20%), all dimensions in (m).
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Figure (B.36): 3D scour profile and counter line for double solid

9 10

semicircular flow deflector with design parameter (6=135°, L,=25%,

0,=40%), all dimensions in (m).
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The design charts for flow deflectors
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Figure (C. 1): Objective functions versus different value of first

objective weights for single perforated triangular deflector.
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Figure (C.2): Objective functions versus different value of second

objective weights for single perforated triangular deflector.
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Figure (C.3): Deflector angle (in degree) versus different value of first

objective weights for single perforated triangular deflector.
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Figure (C.4): Passageway ratio versus different value of first objective

weights for single perforated triangular deflector.
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Figure (C.5): Position ratio deflector versus different value of objective

weights for single perforated triangular deflector.
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Figure (C.6): Length of stilling basin versus different value of objective

weights for single perforated triangular deflector.
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Figure (C.7): Objective functions versus different value of first objective

weights for double solid triangular deflector.
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Figure (C.8): Objective functions versus different value of second

objective weights for double solid triangular deflector.
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Figure (C.9): Deflector angle (in degree) versus different value of first

objective weights for double solid triangular deflector.
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Figure (C.10): Passageway ratio versus different value of first objective

weights for double solid triangular deflector.
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Figure (C.11): Position ratio deflector versus different value of objective
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Figure (C.12): Length of stilling basin versus different value of objective

weights for double solid triangular deflector.
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Figure (C.13): Objective functions versus different value of first

objective weights for double solid semicircle deflector.
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Figure (C.14): Objective functions versus different value of second

objective weights for double solid semicircle deflector.
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Figure (C.15): Deflector angle (in degree) versus different value of first

objective weights for double solid semicircle deflector.
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Figure (C.16): Passageway ratio versus different value of first objective

weights for double solid semicircle deflector.
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Figure (C.17): Position ratio deflector versus different value of objective

weights for double solid semicircle deflector.
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Figure (C.18): Length of stilling basin versus different value of objective

weights for double solid semicircle deflector.
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