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Abstract

Side weirs are essential structural elements that are commonly used to
control water levels in rivers and canals. Labyrinth side weirs can be pre-
ferred for the weirs with the same opening instead of the other conventional
side weirs. However, the vortex occurring in the cycles of the labyrinth side

weir usually obstructs overflow in the side weirs.

The present study suggested four types of antivortex structures installed
in stepped labyrinth side weir with different hydraulic conditions. This study
investigates the vortex formation at upstream of the labyrinth side weir by
experimental and numerical modelling. Also, it studied the influence of
installing an antivortex structure in these side weirs on discharge capacity,
and evaluated the performance of proposed models. Using data from 168
experimental runs without antivortex to allow comparison and 672 experi-
mental runs to determine the best performance of antivortex structures that
improved discharge capacity, and 528 runs of velocity measurements to
investigate the intensity of secondary currents generated by lateral flow and
other hydraulic conditions, including water surface profiles. The experi-
ments are performed for two widths of the stepped labyrinth side weir (L =
0.3m and 0.45m), heights of the weir (P = 0.08m and 0.14m), and three
numbers of steps (N =4, 8, and 10) and angles (6° =45, 60). Physical models
are simulated numerically using the FLOW 3D 11.2.2.01 software program
to investigate vortex formation for different water levels and expand the
application of software to include the cases not studied experimentally. The
volume of fluid (VOF) technique, turbulence, and the free flow surface are
all simulated using the (LES) model in the Flow 3D software. Visual
simulations and analysis results of numerical models prepared and analyzed
in Flow 3D are examined in Flow Sight. The first numerical models examine

the vortices and their exact location in the stepped labyrinth side weir based



on experimental visualizations, while the later numerical models examine

the structures that prevent the vortices and their dimensions in these weirs.

The results indicated that the discharge coefficient values increased by
installing antivortex structures to reach the maximum values with increased
steps number, decreased head angle, and weir length ratio. Models that
included ten steps, head angle (6° =45), and weir length ratio (weir length
(L) /main flume width (B) = 1), produces greater discharge coefficient
values. Thus, installing antivortices regulated the flow, significantly
improved the efficiency of the single-cycle stepped labyrinth side weir, and
lowered secondary flows caused by interaction with the vertical axis. After
analyzing the best type of antivortex, considering shape and height typel
outperforms other types by increasing discharge coefficient to 18%, and

decreasing the amount of secondary flows by about 9%.

The numerical results show that the most significant relative error
in validating the numerical model with the experimental data is 3.07 percent,
confirming that the model predicts the flow requirements over the labyrinth
weir. The simulations are run to determine the dimensions of antivortex
structures by installing the antivortex in the location of the vortex and
varying the location and dimensions of the antivortex structures with the
crest height (p), length (L), and step number. The software also calculates
the hydraulic characteristics such as flow surface levels, Froude number,

velocity, and vortex formation in the stepped labyrinth weir.
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Chapter One Introduction

Chapter One

Introduction

1.1 Overview

Hydraulic engineers have been encouraged to seek creative solutions to
engineering problems to ensure that hydraulic structure projects are practical
and economical. Side weirs can either take in the required water or hold it at
the desired level. The flooding in this structure is gravitational, and it is
commonly employed since the transferred flow is continuous, and no

additional energy is spent in the water transfer (such as in pumping stations).

Side weirs have a variety of cross-sections, and their performance has been
studied recently (for example, trapezoidal, triangular, rectangular, and
circular). The labyrinth side weir is a relatively new weir style that was first
introduced by (Emiroglu et al., 2010). Labyrinth weirs consist of a row of
straight weirs folded in a zigzag pattern to provide a longer weir crest length
for a given weir site than a straight (linear) weir and improve discharge
coefficient. As a result, discharge coefficients for this type of weir can be up
to (1.5-5.0) times higher than for linear side weirs (Emiroglu & Kaya, 2011).
Many studies have employed labyrinth weir specifications with different
configurations to improve the hydraulic performance of traditional
structures, such as ( Crookston & Tullis, (2012); Maatooq & Ojaimi, (2014);
Sangsefidi et al., (2018);Ghaderi, Abbasi, et al., (2020); Alfatlawi & Shlaash,
(2021)). Side weirs of various shapes and sizes are shown in Figure 1.1.

A free surface vortex is a typical hydraulic phenomenon in hydraulic
engineering structures its extending into the side weir might cause signifi-
cant problems, such as decreasing the discharge capacity of the weir, de-
creasing hydraulic unit performance and drainage capacity, increasing the

flow fluctuation, and causing scouring (Abbasi et al., 2020). The importance
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of preventing the effects of the free surface vortex is necessary because it is
important to realize that the flow through the labyrinth side weirs is related
to vortex generation, which is more effective in labyrinth side weirs (for
different Froude numbers), hence decreasing the performance of the
labyrinth weir (Emiroglu et al. (2017); Abbasi et al. (2020)). The installation
of antivortex structures and increasing the hydraulic performance of the

stepped weir can be considered basic techniques for vortex prevention.

The flow direction changes from the main flume and enters the labyrinth
weir. This change causes vortex formation and water surface level to fluctu-
ate along the opening length of the stepped labyrinth side weir. At the end of
the labyrinth weir, there is a sudden height increase along the folding length
(weir crest). The collision at the weir crest height causes the returning flow
created by lateral flow (Emiroglu & Kaya, 2011) or a slight jump in the flow,
leading to the formation of a separation zone and reversing flow area, which
takes place along the labyrinth weir as shown in Figure 1.2. The present
study investigates the effect of the geometric and hydraulic parameters of
antivortex structures installed in the stepped labyrinth side weir on discharge
capacity considering four different shapes and weir heights. The study is
organized as follows: First, the stepped weir models are investigated exper-
imentally, corresponding to discharge capacity and hydraulic characteristics
of the main flume and the weir cross-section with subcritical and steady
state flow conditions for free overfall to allow comparison. Second, the
antivortex structures are installed in stepped weirs to investigate the
efficiency of the weir in different hydraulic and geometric characteristics of
the models studied. Computational fluid dynamics (CFD) is a subject of
fluid mechanics that solves and analyses fluid flow issues using numerical
analysis and algorithms. Consequently, Flow 3D version 11.2 is an advanced

numerical simulation software used to simulate the experimental models and
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ensure that the results matched to ensure the examined phenomena' validity.
With this powerful instrument, experimental data can be broadened to enable

subsequent investigations that would otherwise be impossible to conduct

experimentally.

Side weir

A-Rectangular linear side B-Triangular LSW

Side weir

C-Trapezoidal LSW D-Stepped LSW

Figure 1.1: Samples of linear and labyrinth side weirs cross-section.
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locity Selected (m/s)

0.49
0.38
0.26
0.15
0.03

Figure 1.2: Velocity distribution represented by contour lines and flow
velocity vectors through the main flume and SLSW (present study).

Velocity

1.2 Aim of the Study

This study aims to increase the discharge capacity of SLSW. The objectives

required to attain the aim can be summarized as follow:

1- Investigating the hydraulic characteristics at which vortices would form

at the side weir cross-section.

2- Comparing the hydraulic performance of the stepped labyrinth weir with
and without antivortex structures to determine the efficiency of the anti-

vortex models in improving the performance of the stepped weir.

3-Studying the hydraulic characteristics in SLSW cross-section using Flow
3D software to inform the user about the software efficiency when employed

as a solver for analyzing the hydraulic conditions that cause vortices.

4- Predicting the most efficient shape and dimensions of the antivortex struc-

ture by using Flow 3D software.
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1.3 Assumptions and Limitations of the Study

1. The longitudinal slope of the laboratory flume is zero (horizontal) and is
assumed to be neglected.

2. Subcritical flow along the side weir opening and free flow conditions
over the side weir with a sharp edge and proper nappe aeration.

3. Viscosity and surface tension effect are neglected due to the free surface

open channel flow situation where gravity is predominated.
4. The number of steps (N) are 4, 8 and 10.

5. Head angle 6° =45, 6°=60.

6. Four types of antivortex.

7. Weir length ratio L/B=1 and 1.5.
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Introduction

1.4 Methodology

The current study plan has been arranged in Figures 1.3a and 1.3b.

Data collection and
Literature reviewing

~N

/

Experimental program
|

Physical model preparing
|

Stepped labyrinth side

Casel Case 2

L=30cm L=45cm

0 = 60,45 degree 0 = 60,45 degree
N=4,8,10 N=4,8,10

Model installation and testing

Data analysis and results

| <

Antivortex model manufacturing

|
Types 1,2,3&4

Model installation and testing

Data analysis and results

compassion

Numerical program

Validation of numerical
simulation

Choose a more suitable
dimension and location

Flow 3d results

Running the model for different
scenarios

Cq of stepped laby-
rinth side weir with-
out antivortex

Cs of stepped laby-
rinth side weir with
antivortex

Study the hydraulic performance of
the stepped weir and choose the
more efficient model

L[ Results analysis and discussion ]47

Figure 1.3a: Experimental study methodology.
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Start CFD model for different scenarios

/ 3D solid works model / _______________________

Analyzing the hydraulic per-
formance of the model

—— Mesh block creating
|

Boundary and initial conditions

/ Input data /

Solving VOF

1
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
| :
'l Vortex formation and expan- |,
*I’ sion in the model y
|
1
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
L |

A\ 4

Flow 3D process building

Turbulence intensity

Post-Processing

Scenarios
i=l to IV

Calibration
& Validation

Results and
discussion

End

Figure 1.3b: Numerical study methodology.
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Chapter Two

Basic Concepts and Literature Review

2.1 General Overview

The first technical experimental studies on concentrated vortex flows are
conducted in 1938 (Binnie, 1938). Swirling flows have been observed to be
problematic in a wide range of hydraulic structures with various geometrical
designs. Therefore, to prevent the effects of vortex formation and turbulence
flow, investigations are conducted on installing antivortex structures in
different types and hydraulic characteristics in the labyrinth weir. The results
indicated basic properties of the parameters that influence the hydraulic
behaviour and discharge coefficient of side weirs and the effect of vortex
formation. This chapter collects and presents an investigation of these
previous experimental investigations, highlighting essential conclusions on

the effect of a vortex approach flow on the performance of the side weir.
2.2 The Hydraulic Behaviour of Side Weirs

Weirs are often installed perpendicular to the main channel's flow direction.
The essential elements in defining a weir's capacity are its height compared
to the upstream depth, crest shape, and crest length. In this context, capacity
refers to the flow rate or discharge for a particular depth of flow over the
weir's crest. Among these parameters, the crest length has the most signifi-
cant effect on the discharge capacity. By folding the weir's crest into many
parts, the crest length can be extended while keeping the downstream dimen-
sion minimal. The duckbill spillway is one example of this concept in action
(Falvey, 2003). A Labyrinth weir is an overflow weir that has been folded in
plan view to produce a longer total effective length for a given weir width.
The entire length of a labyrinth weir is usually three to five times the width

of the weir. As a result, using these labyrinth side weirs, there is more open
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space in front of the side weir for water flow and possibly more lateral move-
ment of water over the weir. The 'useful length' of the weir (d) for water
flowing over it rises without increasing the flume's width. Thus, the flow
conditions differ from traditional weirs, where the flow is three-dimensional
and more complex. Its capacity varies with head, but it is often twice that of
a regular weir or overflow crest of the same width (Borghei et al. (1999);
Tullis et al. (1995)). See Figure 2.1.

Q1 V; Q2 V. V. v
Y1 2 V2 Qv Q2 V2
R || —
vVVYy
d
a-linear weir b-triangular LSW (Emiroglu et al., 2011).
V: V. V.
Q1,3 Q2 V2 Q1. Vi Q2 Vs

| LT

| i(\,

c-LSW with2 cycles (Khameneh et al., 2014). d-SLSW (Alfatlawi & Shlaash, 2021).

Figure2.1: Cross sections of linear and labyrinth side weir.

2.2 Side Weir Discharge Capacity

As previously stated, flow over side weirs is complicated and differs from
traditional weirs. Many assumptions are made to use one-dimensional

solutions for spatially variable flow, and One-dimensional flow solutions
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have two variations depending on the method: energy or momentum in the

main channel (May, 2003).

The flow over the side weir is classified as a spatially varied flow. Existing
studies of side weir flow are primarily concerned with applying the energy
concept (De Marchi, 1934). The energy principle means that the longitudinal
component of the velocity vector of spill flow at any point in the channel
equals the average flow velocity. As a result, apart from frictional losses, the
total energy per unit mass of water remaining in the channel is unaffected by

the spill flow.

The flow's total energy in the main channel is constant. When investigating
the flow characteristics of these weirs, the idea of constant specific energy is
frequently used for example ( Ranga Raju et al. (1979); Hager (1987); Singh
et al. (1994);Borghei et al. (1999)). Table 2.1 displays the rectangular side
weir equations found in the literature. Emiroglu et al. (2011) revealed enough
coherence among all these equations, basing the differences on experimental

data and the methodologies employed to determine the discharge coefficient.

De Marchi's approach has frequently been used in the literature to estimate
discharge coefficients, although Schmidt, (1954) provided a more practical
approach to computing discharge coefficients. Emiroglu & Ikinciogullari,
(2016) and lkinciogullari & Emiroglu (2019) conducted that the Schmidt
method was found to be a dependable approach for estimating discharge
capacity, and hydraulic designers can use it confidently for this purpose.
There are several methods for determining the discharge capacity of side
weirs, including the De Marchi method, the Schmidt method, and the

Dominguez method. These approaches are described below:

10
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Table2.1: Available rectangular side weir discharge coefficient equations in

the literature for straight channels.

NO. Discharge equation Reference
1 2-F2\*® (Nadesamoorthy&
C; = 0.432
d (2 n ZFf) Thomson, 1972)
2 1—F2\%° (Subramanya &
Cq = 0.8641 <2 n Ff) Awasthy, 1972)
3 C, = 0.623 — 0.222F, (Yu-Tek, 1972)
4 C; = 0.81 — 0.6F, (Ranga Raju et al., 1979)
5 2 +F2\%° (Hager, 1987)
Cy; = 0.485
¢ <z + 3Ff)
6 Cy = 0.45 — 0.221F? (Cheong, 1991)
! C, = 0.33 — 0.18F, + 0.49 (5) (Singh et al., 1994)
1
8 C, = 0.71 — 0.41F, — 0.22 <h£> (Jalili & Borghei, 1996)
1
I -
? Cq = 0.7 — 0.48F, — 0.3 (3) +0.06 (Borghei et al., 1999)
10 14.14p \'° B\ -01 (Swamee et al., 1994)
C; =1.06 ( ) +< )
8.15p + h, hi+p
11 p\1269 059430189536 | (Emiroglu et al., 2011)
—0.035 + 0.39 <h_) +0.158 <§>
C, =(0.836 4
+0.049 (h—> + 0.244F2125
1
12 C, = 0.265(F,)~%40%(h, /L) 0115 (h, /p)13%(L/B)~0-086 (Bagheri et al., 2014)

2.2.1 De Marchi Approach

De Marchi is the first scientist who give an analytical solution for predicting

the water surface profile along a rectangular side weir with rectangular

cross-sections in an open canal and show how to solve the water surface

differential equation for side weirs. This solution made a significant

contribution to the problem. The basis for this solution is the constant weir

coefficient, velocity distribution coefficient, and specific energy along the

11




Chapter two Basic Concepts and Literature Review

side weir. De Marchi (1934) presented a method to resolve water surface

differential equation for side weirs.

The following equation is assumed for the discharge over the side weir per

unit length, q:

q=—22=2Cy2gly - p]*/? 2.1

De Marchi solve the partial differential equation of the side weir's spatially
variable flow analytically under the assumption that the specific energy of
the flow in the main channel is constant over the length of the side weir. The

following equation is the outcome:

Ca= 57 (@2 = P) 2.2

In which, L is the side weir opening, B is the channel width, and Cg is the
discharge coefficient. Based on Eq. (2.2), De Marchi investigated a correla-
tion between Cgq, canal width, side weir length, and ®. Here, &, and &, re-
flect immediate side weir upstream and downstream (varied flow function),
respectively. Cq must be found experimentally. Eq. (2.3) could be utilized to

calculate @i, and Eq. (2.4) could be used to determine the flow rate.

2E;-3p |Ei—y; . Ei-yi
q)i — i—op i—Yi 3sin 1( i 3’1) 23
Ei-p Yi—p Ei-p

Quw=2Cay2g LIy, — p]*/? 2.4

In which Q,, is the side weir discharge (m®/s), E is the specific energy, y is
the main flow depth, L is the opening length of the side weir, B is the width

of the canal, p is the crest height and g is the acceleration of gravity.

Thus, the discharge within the main channel at the downstream end of the

side weir can be written as:

12
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Q; = Q1 —Qyw
Where Q) is the discharge within the main channel at the downstream end of
the side weir and Q; is the total discharge within the main channel at the

upstream end of the side weir.
2.2.2 Schmidt Approach

Schmidt, (1954) calculates the side weir's discharge capacity in a subcritical
flow regime. Figure 2.2, displays the specific energy variation. Schematic
representation of the specific energy equation along the side weir is

determined using Figure 2.2, as given in equations:

2

SOL+y1+a1 —y2+a2—+Ah 2.4
2

SOL+p+h1+a1V —h3+p+a2—+Ah 2.5

h1 —h3+a2 SoL_al_‘l‘Ah 26

where, S, is the slope of the canal, h; and h; are the nappe heights upstream
and downstream of the side weir, Ahs is the friction loss, and Vi and V; are
the mean velocities upstream and downstream of the side weir, respectively.
The Manning-Strickler formula could be used to determine Ahg as Ahg =
SgL . Schmidt recognizes that the energy grade line and channel slope are
nearly equivalent in this approach (SzL =S,L ). The channel slope is ex-
tremely small (sinf = tan0 = S;). As a result, it is acceptable that the specific
energy is constant along the side weir, as in other approaches. According to
Emiroglu & Ikinciogullari, (2016), considering nappe heights at two points,
as Schmidt suggests, is sufficient to produce correct results. The Schmidt
method can be used to approximate discharge coefficients without having to

compute ¢.

According to Emiroglu et al. (2011), for the De Marchi equation used, the

specific energy variation between the upstream and downstream ends should

13
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be negligible (<4%). Emiroglu et al., (2017) estimated the mean difference
between E; and E; of a 0.8% value for subcritical flow. Thus, Checking the
subcritical flow assumption of constant energy is necessary to apply the
Schmidt equation. Nearly all values are found to converge to the trend line
(Figure 2.3). Between E; and E,, there is an average difference (<4%). Thus,
the concept of constant energy is accepted for more analysis, and the dis-
charge coefficient is calculated using the Schmidt method without energy

losses.

?

V.
Q1,V1,F1 B QZ .2 :
Flow direction 0., Flow direction
\ 4
NN
(a) V22
A%

Y2 E,

Flow direction P

V2

Flow direction

So v y

(b)
Figure2.2: (a) Definition of a classical side weir in plan;(b)Variation of
specific energy and water surface profile along a side weir (Emiroglu &
Ikinciogullari, 2016).
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Figure 2.3: Variation in specific energy of the flow at the upstream and
downstream ends of the side weir.

2.3 Formation of VVortices in Weirs

The flow over a side weir gradually changes with a reducing discharge. The
hydraulic behaviour over a side weir is entirely different from that over a
weir normal to the approach channel due to the flow profile and velocity
distribution transverse variations. Thus, the main channel's separation zone,
the dividing streamline, and the stagnation point at the downstream end of
the side weir are all flow components. Many researchers, including (
Subramanya & Awasthy, (1972); Fares & Herbertson, (1993); Cosar &
Agaccioglu, (2004);Agaccioglu & Onen, (2005)), additionally noticed a sep-
arating zone and the reverse flow at the side weir's downstream end. These
researchers noted that the Froude number at the upstream side of the weir
and the length of the side weir affect the location and dimensions of the sep-
aration zone and reverse flow area; as the upstream Froude number rises, the
separation zone and reverse flow area shift toward the side weirs downstream
end (Cosar & Agaccioglu, 2004). As a result, the flow entering the side weir

causes vortices. The influence of secondary flow caused by lateral flow close
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to the downstream end of the side weir has been used to explain the water
surface level. Despite subcritical flow conditions in the latter third of the weir
section, the secondary flow generated by the lateral flow significantly
disturbs the water's surface and causes vortices. Numerical models are
currently practical tools for engineers. It can circumvent the time-consuming
and expensive experimental experiments based on physical models using a

fully validated numerical model to determine the characteristics of flows

formed in hydraulic structures, as shown in Figure 2.4.

Velocity Selected (m/s) Dividing stream

surface
v 000 0.12 0.25 0.37 {

L.

FLOW=3D

Stagnation
zone

Figure 2.4: Flow over an SLSW in subcritical conditions represented by
contour lines and velocity vectors.

2.4 Computational Fluid Dynamic (CFD)

CFD is an acronym for Computational Fluid Dynamics, a mathematical tool
that simulates fluid flow problems. The simulation results are then used to
investigate the kinematics and thermodynamics of flow particles inside a
specific geometry. This would be helpful in recommendations for upgrading
the current study and facilities. Appropriate partial differential equations can
characterize all flow fields, referred to as government equations. CFD is a

method of solving these equations numerically and getting flow variables.
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The number of unknown variables, such as pressure, velocity, and tempera-
ture, must be defined for each flow field variable (Vyzikas et al., (2017);
Yamini et al.,(2022)). For a long time, researchers have been conducting
physical model experiments and establishing empirical equations to under-
stand the mechanism of hydraulic features better. With the advancement in
computer capacity, numerical models have recently gained popularity in this
field. Researchers combined theory and data to create an accurate description

of the model.
2.6 Literature Review

Rectangular sharp-crested side weirs have been extensively studied,
according to a review of previous studies, involving works by ( Subramanya
& Awasthy, (1972); Singh et al., (1994); Borghei et al., (1999); Venutelli,
(2008)) investigated the sharp-crested side weir discharge coefficient in sub-
critical flow and created an equation for the sharp-crested rectangular side
weir discharge coefficient. Additionally, in order to study how the discharge
coefficient changes along side weirs, Aghayari et al., (2009) experimentally
studied the influence of side weir height, width, and crest slope on the spatial
discharge coefficient across broad-crested inclined side weirs in a rectangu-
lar channel with the subcritical flow. Parvaneh & Borghei, (2009) made
specific adjustments to raise the effectiveness of the oblique side weir. Their
research on an oblique side weir with a changeable geometry showed that
obligueness is a significant element in maximizing its effectiveness and
should be considered during design. As a result, a greater effective length
improved the weir's orthogonal influence. Emiroglu et al., (2011) conducted
an extensive laboratory investigation to study the hydraulic effect of trian-
gular labyrinth side weirs, and they concluded that the discharge coefficient
of labyrinth side weirs is considerably greater than that of conventional

weirs. The discharge coefficient of such side weirs depends on the upstream
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Froude number, main channel slope, weir height, and length. Furthermore,
as the Froude Number rises, the water surface profile along the side weir
section has a lower elevation at the upstream end of the side weir, then rises

toward the downstream end of the side weir to achieve maximum elevation.

Labyrinth weirs have recently been favored over traditional weirs or spill-
ways to improve discharge efficiency. Many attempts are made to increase
the efficiency of side weirs. Such as, Emiroglu & Kaya, (2011) studied the
discharge characteristics of a trapezoidal labyrinth side weir using a series of
tests and providing a nonlinear equation that considers all effective dimen-
sionless parameters with one and two cycles. According to their results, the
discharge coefficient of labyrinth side weirs is (1.5-5.0) times greater than
that of conventional rectangular side weirs. Khameneh et al., (2014) investi-
gated the effect of increasing the cycle number on the discharge coefficient
by folding the crest length into one, two, and four cycles. Their findings can
be summarized as the reverse relationship between the cycle number and the
discharge coefficient. Gebhardt et al., (2018) conducted an experimental
study on the (PKW) to investigate sedimentation at labyrinth weirs. They
observed that the flow is accelerated at the structure's upstream face (outlet
key), and the flow's vertical velocity gradient is transformed into a pressure
gradient, resulting in a downward flow. When the downward flow reaches
the bottom, it forms vertical vortices, the ends of which are swept around the
corner into the inlet key. This vortex system, also known as a horseshoe vor-
tex, is very effective at transporting sediments. Their findings generally sup-
port the self-cleaning ability of labyrinth weirs. The flow is accelerated
because of the horizontal narrowing, and the horseshoe-vortex forms, which
is very effective in transporting sediments. Denys & Basson, (2018) inves-
tigated the transient hydrodynamics of piano key weirs and concluded that

the development of a vortex sheet in the inlet key is caused by the formation
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of a recirculation zone behind a free shear layer at the entrance edge. These
vortices form and roll up as they move downstream, eventually being dis-

charged over the PKW's crest.

Karimi et al., (2019) carried out experimental investigations on symmetrical
and asymmetrical shapes placed in a rectangular channel with the subcritical
flow and compared the hydraulic performance for different orientations by
changing the angle of the symmetric; their results revealed that the asymmet-
ric shape has a higher discharge coefficient reach about 50% compared to
the symmetric shape. Alfatlawi & Shlaash, (2021) investigated the hydraulic
behaviour of stepped labyrinth side weir models located on a straight channel
in subcritical conditions, and their findings revealed that the effect of small
head angles could be eliminated by folding the crest length into multi-steps,
as shown in Figure 2.5 to increase the effective length and crest orthogonality
chance with the diverted flow. They also present a prediction equation for

the discharge coefficient of the selected models.

b

Figure 2.5: Stepped LSW adopted by (Alfatlawi & Shlaash, 2021). (a) N=4
(b) N=8 (c) N=10.

Vortices are commonly used in civil engineering and industrial applications
and formed directly via the tangential inlet, guide, and spinning cylinder in
most experimental experiments. Flow visualization is achieved through the
application of dye. Tracer particles, measuring needles, and a hot-film
anemometer are utilized to determine the velocity distribution, free surface

form, and vorticity.
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Li et al., (2008) analyzed experimental data and numerical results and
revealed a satisfactory conclusion. The generation and evolution of the free
surface vortex were studied using experimental equipment. Due to the acute
changes in the core, the study suggested that the numerical simulation agrees
with the practical flow field outside the vortex core. The tangential velocity
distribution was found to be similar to observations, while the radial velocity
in the vortex functional region was slightly different. At various depths, the
vortex core was determined. The numerical model predicted the position and
structure of the air core, which agreed with the physical model. (Mulligan,
2015) investigated the velocity field of strong free-surface vortex flows
numerically and experimentally. According to a survey of the state of the art,
a number of issues surrounding the underlying flow mechanics in these
systems demand extra attention. The research focuses on experimental and

numerical analysis of the flow problem and analytical studies.

Labyrinth weirs improve discharge for a given upstream head by providing
a longer crest length for a waterway width. However, it is essential to
remember that the flow passing through the labyrinth side weirs is
connected to the vortex formation; as a result, the hydraulic performance of
these structures decreases. The vortex occurrence also restricts lateral flows
in specific Froude numbers, which reduces the side weirs' capacity to
discharge water. The discharge capacity increases When preventing this
vortex formation or lowering the possibilities of vortex formation. Many
studies improved the hydraulic performance of these labyrinth weirs by

installing antivortex structures.

Borghei et al., (2013) investigated triangular LSW with single and double
cycles, as shown in Figure 2.6, for different flow variables and weir
geometries under subcritical conditions; Vortex formation (for high velocity)

and sediment deposition (for low velocity) were observed with the horizontal
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channel bed in front of the weir. Vertical submerged antivortex plates were
utilized in the horizontal apron to avoid vortex formation. As a result, vortex
generation in front of the triangular labyrinth side weir would have a small
effect on the results. By extending the cycles for the triangular labyrinth side

weir from one to two, the vortex effects were reduced.

Figure 2.6: Triangular labyrinth side weir case with one cycle adopted by
(Borghei et al., 2013).

Khameneh et al., (2014) investigated the effect of raising the cycle number
on the discharge coefficient showed that increased flow speed in the laby-
rinth side weirs creates vortices and eddies, lowering the weir's discharge

capacity.

Emiroglu et al., (2017) investigated the influence of antivortex structures
placed in trapezoidal labyrinth side weirs on discharge capacity; their con-

clusions are presented below:

» The discharge capacity of the labyrinth side weir increased with increasing

crest length, and a vortex was identified in the labyrinth side weir section.

« The use of antivortex structures improved the discharge capacity of the
labyrinth side weirs, especially at high L/B ratios. Figure 2.7

« Among the antivortex structures examined, Type 6 in Figure 2.7 was the
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most efficient in decreasing vortices in the trapezoidal labyrinth side weir

section.
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Figure 2.7: Schematic plan for antivortex structures proposed by (Emiroglu
etal., 2017).

In addition to these investigations, computational fluid dynamics (CFD) has
recently been shown to be particularly important in evaluating these
hydraulic structures.(Aydin, 2012) used CFD to examine their side weir
models and compared them to experimental data; A VVolume of Fluid (VOF)
numerical approach was used to simulate free-surface flow across triangular
labyrinth side weirs on a straight channel. Fluent software was utilized for
the CFD analysis. Their results presented the vortex formation and secondary
currents in the labyrinth weir section and their effect on obstructing the dis-
charge; the C4 coefficient reduces as nappe height increases (increases in F;)
due to secondary flow effects inside the labyrinth side weir. The CFD results

were consistent with the experiments (see Figure 2.8).
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Figure 2.8: Velocity vectors on the free surface at junction location at XY-
plan (Aydin, 2012).

(Azimi et al., 2016) employed the RNG turbulence model and the volume of
fluid (VOF) approach to obtain the discharge coefficient relationship and
specific energy variation for the circular channel under supercritical circum-
stances. (Aydin & Ulu, 2017) used computational fluid dynamics (CFD)
software to conducted a series of numerical simulations to prevent vortices
in the cycles; some antivortex elements were used in the cycles of the two-
cycle labyrinth side weir. The numerical findings of the two-cycle labyrinth
side weir with the antivortex were compared to the one without antivortex
and some experimental observations. Their results can be summarized as

indicated below:

» The use of antivortex decreases oscillations on the water's surface and the
generation of vortices. Water surface fluctuations are strong at 0.40 <F1<
0.60, and antivortex utilization is effective against the fluctuations in this

range.

« It can be used in all Froude numbers for subcritical flows, although it is

more efficient when the Froude number is more significant than 0.40.

* In these weirs, the installation of antivortex improved the discharge coeffi-
cient by 16% on average.
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» Based on the experimental and numerical data the average side weir

discharge was also raised by 26%.
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Figure 2.9: Plan and front view of the trapezoidal labyrinth side weir with
antivortex (Aydin & Ulu, 2017).

(Ziaei et al., 2019) investigated the VOF tracking method to study flow
across a triangular weir with three angles (6= 45°, 60°, and 90°). Using two
equations, compare experimental data to boundary conditions, modified ge-
ometric dimensions, and turbulence models to simulate depth profile data
and overflows. The simulated water depth profile exhibited a root mean
square error of less than 1 mm, according to their findings. The relative in-
accuracy of this water diversion is less than 0.7 percent. For = 45°, 60°, and
90°, respectively, 1.7, 1.33, and 1.25 times the discharge of an equal normal
side weir.(Ghaderi & Abbasi, 2019) attempted to improve the hydraulic per-
formance of labyrinth weirs by notching the weir wall and inclining the crest
edge. The RNG k-& model was adopted in the Flow 3D software to simulate
the free flow surface. The results indicate that the maximum relative error is
4.8%, which confirms that the numerical model is reasonably good for pre-
dicting flow over the labyrinth weir.
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Ansari & Patil, (2022) used (CFD) to examine the influence of non-dimen-
sional parameters obtained from dimensional analysis of triangular labyrinth
side weirs in the triangular straight main channel, which are Froude number,
dimensionless crest height h/p, L/, included angle 6. They introduce an em-
pirical equation considering all parameters for the coefficient of discharge.
The generated equation was validated using experimental results, and there

was good agreement between CFD and experimental results.

(Abbasi et al., 2020) investigated the hydraulic performance of triangular
LSW by using CFD. The RNG k-g¢ model was adopted in the Flow3D
software to simulate varying hydraulic conditions and Froude numbers; the
triangular labyrinth side weir tested six antivortices installed inside it.
Compared to a normal labyrinth side weir, they establish the best form,
permeability, and height of the antivortex, and the discharge coefficient rises
to (13.4%). (see Figure 2.10).
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Figure 2.10: Geometric characteristics and location of permeable and
impermeable antivortex (Abbasi et al., 2020).
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In recent decades, researchers such as (Bombardelli et al., 2011); Aydin &
Ulu, (2017); Wang et al., (2018); Ghaderi, Daneshfaraz, et al., (2020);
Ghaderi, Abbasi, et al., (2020)) employed CFD in their civil and mechanical
engineering studies. The comparison of simulated and experimental results
provides confidence for the modelling of additional hydraulic structures
using CFD.

2.7 Current Study Contribution

According to the previous literature review, some of these studies focused
on modifying weir cross-section geometries to improve the discharge
coefficient of a labyrinth side weir. Some approaches concentrated on
preventing vortex formation by installing different antivortex structures in
the labyrinth side weir section. However, it is significant to mention that the
flow through the labyrinth side weirs is related to the generation of vortices
for various Froude numbers, which is more productive in labyrinth side
weirs. When vortex formation prevents or the dangers of vortex formation
decreases, the discharge capacity increases; Thus, this study investigates the
effect of geometric and hydraulic antivortex structures on discharge capacity
in a stepped labyrinth side weir. Therefore, using these new devices in four
shapes for different weir heights improves the labyrinth side weir
performance in hydraulics. In addition, the current study uses the CFD
technique to explore the effect of geometric and hydraulic characteristics of
antivortex parameters. However, a numerical approach to developing an
adequately validated model can be advantageous in studying and
characterizing fluid properties. As a result, this study used laboratory exper-
iments to analyze the flow characteristics of a stepped labyrinth side weir.
The hydraulic performance of the antivortex within stepped labyrinth side

weir was also investigated and then validated numerically using Flow 3D.
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Chapter Three
Experimental Work
3.1 General Overview

This chapter will provide an overview of the experimental methodology
undertaken in the project to address the problems and gaps in the current
literature. The initial consideration for dimensional analysis is made as well
as the design of the physical models and experimental work procedure,
laboratory flume description, and labyrinth side weir (LSW) model
description. The experimental approach based on the physical models is
employed to investigate the hydraulic characteristics of the flow field. The
laboratory work program is implemented in the Fluid Mechanics Lab-
oratory of the Civil department at the College of Engineering of Babylon

University.
3.2. Dimensional Analysis

Dimensional analysis is a technique frequently used in experimental research
to identify the most important governing factors in a physical investigation.
Dividing the total number of known and unknown dimensional variables into
a smaller number of dimensionless IT-groups helps to simplify the
experimental procedure. Previous studies such as (Crookston & Tullis, 2010)
have identified the following parameters influencing the performance of

Labyrinth weirs:

- Geometric parameters of labyrinth weirs, including width, crest length, and

weir upstream crest elevation (measured from the upstream floor).

- Structural characteristics such as crest shape, weir aprons, and wall

thickness.
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- Operational parameters, such as the overall hydraulic load, the stages of

weir aeration, and submersion.

- Upstream conditions such as weir inlet conditions, the design of training

walls, the presence of an upstream gradient, etc.

- Downstream conditions include crest elevation, water depth, downstream

gradient, etc.

The following flow parameters were investigated as part of the overall

experimental program concerning Figures 3.1:

« General Hydraulic Variables: Upstream flow depth y1

* Dependent hydraulic parameters F, yﬂ , 6, % , N as a function for the
1

flow geometry.

- Distribution of the water surface profiles.

- Distribution of the velocities in the flume

« A visual investigation of the turbulence and secondary flow fields.
3.2.1 Functional relationship

The following categories describe the characteristics that influence the

hydraulic and flow conditions through LSW:
A-Geometric properties

Figure 3.1(a and b) shows the geometric shape parameters of the studied
models as a definition sketch of the SLSW model located on the main flume.

29



Chapter three Experimental Work

Main Channel

as: Step height

bs: Step width ~ibs -
(a) (b)

Figure 3.1: Definition sketch of SLSW geometry (Alfatlawi & Shlaash,

(2021))

Where:

L: Side weir opening length (L)

B: Main flume width (L)

N: Steps number (-)

0: Internal angle (degree)

P: LSW crest height (L)

y1: Flow depth at the upstream end of side weir at main flume center (L)
B-Flow properties

v1: Main flume upstream velocity of flow (LT™)

Cd: Discharge coefficient (-)

C- Fluid properties
p: Mass density of flowing water (ML)
u: Dynamic viscosity of water (ML™1T™1)

g: Acceleration due to gravity (LT™2)
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However, the following dimensional analysis will be provided with the
discharge coefficient as a dependent parameter. The Buckingham theorem
(Buckingham, 1915) is used by taking p, g, and y; as repeating variables.
This parameter governs the following relationship as a function of the other

influential geometric, flow, and fluid parameters.

Co=f(V,L,B,pynb,p, g uo N) 3.1
Applying Buckingham Pi-Theorem by taking, Equation (3.1) can be re-
written as:

nl =f (n2, n3, n4, n5, n6, n7, n8, n9) 3.2
Ca=(F,Re We, =9, =, £ N) 3.3

Y1 Y1 Y1

where F1, Re, and We represent upstream Froude number, upstream Reyn-
olds number, and upstream Weber number, respectively. In a fully turbulent
flow, the influence of viscosity is small and could be ignored in comparison
to the gravity effect (Henderson, 1966). therefore, the Reynolds number has
an insignificant influence on the dependent variable (Kabiri-Samani et al.,
2011). Furthermore, surface tension has no effect if the head above the weir
crest is greater than 30 mm (Novak & Cabelka, 1981). Hence Equation 3.3

is simplified to:
P L
Cd_(Fll;!elglN) 3.4

The physical relevance of the parameters in the preceding equation can be
illustrated as follows:

Cq: is a dimensionless parameter representing the labyrinth weir's discharge

coefficient (dependent parameter).

yﬁ : the height of the weir crest with the flow depth at an upstream end of a
1

side weir measured in the center of the main flume.
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0: the variation of internal angle between two tangents for the inner point

of intersection of step sides.

- the opening length of the weir to the main flume width.

N: the number of steps.

Four types of antivortex structures are used in this study to improve the
performance of the stepped labyrinth side weirs. VVarious configurations of
these structures are investigated, and the effect of raising the capacity of the
labyrinth side weir is determined. The antivortex types, locations, and sizes
would have a substantial effect on the weir discharge coefficient and should

be considered in the corresponding Equation:

_ P L
Cd_(F].’ ;191 E;Nv

Q<

) 35

ol I

where:

f - the longitudinal position of the antivortex along the opening length of

the weir.

% - the lateral position of the antivortex structure along the length of the

weir.
3.3. Experimental Equipment
3.3.1. Description of Experimental Flume

Labyrinth side weir experiments are conducted at the Hydraulic Laboratory
of Babylon University. Figure 3.2(a, b) and Figure 3.3c shows the laboratory
flume and the labyrinth weir physical model.

In this study, laboratory prototypes of the weirs are examined in a rectangular
free-flow flume with the length, width, and depth of 10m, 0.3m, and 0.45m,
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respectively. The flume walls are made of transparent glass; thus, the water

surface profile and flow conditions are observable.

The main laboratory flume and secondary flumes make up the experimental
flume, and the main flume is 12 m long with a 0.30 m wide rectangular
section made of metal bed and 0.45 m depth with glass sidewalls. As a result,
the water surface profile and flow conditions are visible. It includes a flow
depth control gate at the end. The slope of the flume is modified to be
horizontal (the bed slope was almost zero). Each component of the secondary
flumes comprises one calibrated rectangular weir with a point gage device
to receive lateral flow from the side weir that results in a residual at the end
of the main flume and to complete the laboratory flow cycle. The main
channel is fed water from a sump's supply pipe with a maximum discharge
of 27 L/s. The following are the specifications of the various elements of the
flume and laboratory equipment used in this experiment (Figure 3.2b): First,
the pump delivered the flow from the storage tank to the head tank at the
flume intake (upstream). A variable frequency device named inverter for
highly accurate discharge determination is used to control the water pump's
speed by adjusting the frequency as shown in Figure 3.2b(l). By using a lin-

ear equation between the frequency and flow rate as below:

The sensitivity of the discharge is 0.2 L/s, as determined by a Siemens brand
electromagnetic flowmeter fitted in the supply line as shown in Figure
3.2b(I1). The flow volume discharged in the channel and flowed smoothly
over the stepped weir placed on the flume bed. The discharge rate is then
varied to analyses and record the hydraulic conditions of the weir discharge.
Finally, water flow entered the pump tank via the downstream channel and
returned to the cycle. The Level meter, as shown in Figure 3.2b(ll1), is used
to monitor water depth along the channel centreline, near the side weir,

giving a highly accurate depth measurement. A sluice gate is installed at the
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end of the main channel to manage flow depth. The flow velocity is measured
in different sections in the weir using a current meter with great sensitivity.
The average distance (0.35 m) from the weir is adopted in all experiments to
ensure the accuracy of flow measuring because the maximum water head
over the rectangular weir crest is (H= 10cm); therefore, the range of an

accurate head measuring distance is (0.30-0.40m) (Bos, 1988). Figures 3.2,

3.3a, and 3.3b demonstrate the laboratory flume's description.

(@) (b)
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(b)

Figure 3.3: Layout of the stepped model with antivortex during experi-
mental testing.

3.4 Experimental Testing Procedures
Laboratory experiments are explained in the following steps:
1- Adjusting the main flume at a horizontal slope

2- Installing the side weir model into the main flume sidewall and using a
level meter to check the model's horizontal situation for various plans. The
control gate is then adjusted to provide the initial water level for a specific

weir height.
3- Turn on the pump to begin pumping water and wait for steady-state flow.

4- For the first part of the experimental work, when the steady state of flow
Is reached when no water depth fluctuation appears and becomes almost
constant, velocity measurements are taken using the current meter device at
the side-weir section to describe the hydraulic behaviour of the labyrinth side

weir.
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5- The flow depth in both main and auxiliary flumes, upstream water depth,
and water surface profile are determined by measuring the water depth at six
places in each experiment using a Level Meter Device. For each experiment,
seven readings are taken. The discharge capacity is influenced by the

vortices created due to the increasing Froude numbers.

6- steps (4 and 5) are repeated to apply different inward discharges using the

inverter device and flowmeter.
7- Steps (2-6) are repeated for other models.

8- Steps (2-7) are applied without antivortex models to allow a comparison

for the second part of the experimental work.

9- For the third part of the experimental work, steps (2-7) are repeated for
the models by using antivortex structures installed in stepped weirs in
different dimensions at one location at the weir (0.45d) and height (0.5p)
according to (Abbasi et al., 2020) anti-vortex with half the height of the side
weir (P'= 0.5 P) were found to perform best. Consequently, the most efficient

antivortex type is observed and the location identified previously by CFD.
3.5 Required Measurements
3.5.1 Flow Depth

The flow depth is determined with a Level Meter Device that moves along a
rail fixed along the main flume with an accuracy of £ 0.1mm. The discharge
coefficient of the side weir model is determined by two measurements, which

are as follows:

1- The flow depth is measured at the main flume centre at the upstream end
of the side weir (y1) and the downstream end of the side weir (y2),as shown

in Figure 3.4.
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2- The height of water above a rectangular weir crest (Hs) situated within a
side flume to determine the discharge that has flowed over the side weir

measured 0.35m from the weir crest.

Main flume
7777777777777777 T NGRREEEEE .
Weir crest e
Q| Qu
«— p Y1 «——
v | ]

Figure 3.4: Plan of the longitudinal section along the stepped weir.

3.5.2 Water Surface Profiles

Water surface profiles are essential to describe the hydraulic performance of
the stepped labyrinth side weir, the depth of the water along the centreline
and the side weir of the flume are measured with a Level meter device in-
stalled on a measurement car that is able to move in both the flow (x) and
lateral (y) directions by taking 8 points for each section. In practice, a level
meter can be installed at the flume centre at the upstream end of the side weir

(see Figure3.5). As a result, the y; value can be calculated from this point.
3.5.3 The Secondary Flow

A Current meter device determined the secondary flow intensity along the
stepped labyrinth side weir with and without an antivortex. The velocities
are measured at three sections along the stepped labyrinth weir, as shown in
Figure 3.6. In sections (A-A), (B-B), and (C-C) 5, 3, and 3 points are selected

in velocity measurement, as demonstrated in Figure 3.6, resulting in a total
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of 11 measuring points inside the weir for each testing model. The collected
velocity data are evaluated and filtered, and then secondary current intensity

in all sections was drawn and analysed.

3.5.4 Discharge Measurements

Two discharges are measured during the experiments as follows:

1- A flowmeter will measure the total discharge for inward discharge (Qu).

2- Measuring the lateral discharge (Qsw) by the rectangular weir of the side
flume using the Equation obtained by (Alfatlawi & Shlaash, 2021)

Qs = 0.57 (Hs)!®
Which (H;) is water depth above side flume rectangular weir.

3-Measuring the downstream discharge (Qq) will be (Qu — Qsw).

F.D F.D
TS O, U N K KU Y
IlScm 15cm Sem
A SZ5uinininl /2 |:|:t L | =TT
F.D
4—

Figure 3.5: Free surface profiles on the side weir according to different step
numbers.
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F.D F.D

Figure 3.6: sections of velocity measurements: (a) N=4; (b) N=8; (c) N=10
3.6 Measuring the discharge coefficient of Stepped LSW

The Schmidt method is found to be a quite reliable method for estimating
discharge capacity, and hydraulic designers can use it with confidence for
this purpose (Emiroglu & Ikinciogullari, 2016). As far as we know, the
Schmidt method is not employed to determine the stepped labyrinth side

weir discharge capacity.

The Schmidt approach solved the discharge coefficient using the Poleni

Equation (Emiroglu & Ikinciogullari, 2016).

d= %\/Z_gQLv:lg/z 3.1
Qu = =Cqy/2gLh3/ 3.2
h, = %(h1 +h,) 3.3
*hy == (hy +h; +hy) 3.4
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3 Qw
*Cq =-———% 3.5
a7 2 [2gLn3/?

where *C4 is the discharge coefficient calculated using three points, ha is the
average nappe height calculated using two points, and *ha is the average
nappe height calculated using three points. The nappe heights were deter-

mined in this study based on two points using Eqg. (3.1).
3.7 Models description

The stepped LSW models have a thickness of 4mm. Moreover, the crest is
tapered at 45° by horizontally offsetting the external upper edge 2mm to
provide an entire aerated nappe. Figure 3.7(a -d) shows the ten steps model
with different shapes and dimensions of the antivortex structures used in the
experiments. Tables (3.1 to 3.4) show the geometric properties of the stepped
LSW and antivortex models used in this study. Figures (3.7 to 3.11) show
how models are classified into three categories based on the number of steps,
and the shapes, locations, and dimensions of the antivortex structures used
in the experiments. The dimensions of SLSW models based on (Alfatlawi &
Shlaash, (2021).

Table 3.1: Stepped LSW geometry with antivortex for (L=45cm, 6=45).

L(cm) N 0 P (cm) as(cm) | bs(cm)
45 4 45 8,14 27.16 11.25
45 8 45 8,14 13.58 5.62
45 10 45 8,14 10.86 4.50

Dimensions of the antivortex structures

Type | Thickness(mm) | Width(mm) Height(mm) | Figure

1 3 4*a, a=230 40,70 Fig 3.8A
2 3 2*b, b=270 40,70 Fig 3.9A
cl, c2,c3 Fig 3.10A
3 3 110,191,80 40,70
di, d2, d3, d4 Fig 3.11A
4 3 115,85,85,115 40,70
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Table 3.2: Stepped LSW geometry with antivortex for (L=45cm, 6=60).

50,35,35,50

L(cm) N 5] P (cm) as(cm) | bs(cm)
45 4 60 8,14 19.48 11.25
45 8 60 8,14 9.74 5.62
45 10 60 8,14 7.79 4.50

Dimensions of the antivortex structures
Type | Thickness(mm) | Width(mm) Height(mm) | Figure
1 3 4*3, a=180 40,70 Fig 3.8B
2 3 2*b, b=200 40,70 Fig 3.9B
cl,c2,c3 Fig 3.10B
3 3 120,154,90 40,70
di, d2, d3, d4 Fig 3.11B
4 3 04646404 | 4070
Table 3.3: Stepped LSW geometry with antivortex for (L=30cm, 6=45).

L(cm) N 0 P (cm) as(cm) | bs(cm)
30 4 45 8,14 18.10 7.50
30 8 45 8,14 9.05 3.75
30 10 45 8,14 7.24 3.00

Dimensions of the antivortex structures
Type | Thickness(mm) | Width(mm) Height(mm) | Figure
1 3 4*a, a=150 40,70 Fig 3.8C
2 3 2*b, b=150 40,70 Fig 3.9C
cl, c2,c3 Fig 3.10C
3 3 7510060 | 4070
di, d2, d3, d4 Fig 3.11C
4 3 65494965 | 4070
Table 3.4: Stepped LSW geometry with antivortex for (L=30cm, 6=60).

L(cm) N 0 P (cm) as(cm) | bs(cm)
30 4 60 8,14 12.99 7.50
30 8 60 8,14 6.49 3.75
30 10 60 8,14 3.19 3.00

Dimensions of the antivortex structures
Type | Thickness(mm) | Width(mm) Height(mm) | Figure
1 3 4*a, a=120 40,70 Fig 3.8D
2 3 2*b, b=120 40,70 Fig 3.9D
cl, c2,c3 Fig 3.10D
3 3 60,100,45 40,70
4 3 d1, d2, d3, d4 40,70 Fig 3.11D
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Figure 3.7: Plan and images for antivortex structures tested in the experi-

ments: (a) typel, (b) type2, (c) type3, (d) type4.
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Figure 3.8: Model description.
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Figure 3.9: cont.
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Figure 3.11: Plan and images for antivortex structures tested in the experi-
ments (dimensions in millimetres).1: N=4, 2: N=8, 3:N=10.
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Chapter Four

Experimental results

This chapter presents the overall experimental program findings, analyses,
and comparisons and critically discusses them. Investigations are done into
how various dimensionless parameters affected the discharge coefficient of
stepped labyrinth side weir models (SLSW) with and without antivortex
structures. Four models of antivortex structures for the improvement of
discharge coefficient are presented, and the influence of these models on the
side weir performance is evaluated by comparing the obtained findings to
stepped labyrinth side weir models without antivortex structures. Secondary
flows created by the lateral flow affect the water surface level along the

opening length of the stepped labyrinth side weir were also investigated.

4.1 Effect of Dimensionless Parameters on the Discharge Coefficient
(Ca)

4.1.1 Effect of Froude Number (F1) and Head Angle (0)

The Froude number is a parameter for identifying flow patterns. The varia-
tions of C4 and F; with side weir length ratios (L/B = 1 and 1.5) and in
various weir angles (0) are plotted in Figure 4.1((a)—(d)). Afterward, in
Figure. 4.1(a, b), experiments are performed for constant dimensionless side
weir length (L/B = 1) with varying various weir angles (0). The variation of
Cq with increasing F1 demonstrates a decreasing tendency. These findings
are consistent with those reported in the literature (Ikinciogullari &
Emiroglu, 2019). The decreasing tendency is significant for high ratios (L/B
= 1.5) of effective folded crest length (or 6 = 45), as shown in Figure 4.1(c,
d). This behaviour can be related to the formation of vortices and eddy flow
as flow velocity increases. hence, side weir efficiency will decrease. The

same results are revealed by (Alfatlawi & Shlaash, 2021) and other
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researchers, such as ( Singh et al., (1994);Borghei et al., (1999); Emiroglu et
al., (2011); Khameneh et al., (2014) ). The discharge coefficient values are
frequently lower in stepped labyrinth side weirs without an antivortex
structure than in those with antivortex structures, according to the vortex
reduction effects of antivortex structures around the labyrinth side weir area.
Based on these observations, the authors suggest that using antivortex
structures improves the side weir's discharge capacity. All types of antivortex
structures tested yielded a higher Cq4 value than the no-antivortex structure
controls. Typel produced the highest Cq4 values with decreasing step number.
Figure. 4.2((a)—(c)) shows the variation in discharge coefficient with Froude
number in the SLSW with L/B = 1 with antivortex structures, together with
the related data of the labyrinth weir with no antivortex structures. The
discharge coefficient values in stepped labyrinth side weirs without anti-
vortex structures are lower than in those with antivortex structures; this is
due to the antivortex structures involving the labyrinth side weir area reduc-
ing the vortex effect. Based on these findings, the authors recommend that
the antivortex structures increase the side weir's discharge capacity.
Compared to the no-antivortex structure controls, the four antivortex

structures produced higher Cq4 values. Typel produced the highest Cq4 values.

25 25
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Figure 4.1(a-d): variation of F; with C4 estimated for SLSW with Cd for
Schmidt approach.
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Figure 4.2(a—): Variations in Cy4 with F; for stepped labyrinth side weirs
with and without antivortex structures at L/B=1.

Figure 4.3((a)—(c)) demonstrates the change in discharge coefficient with
Froude number in the L/B = 1.5 in the SLSW with antivortex structures and
data from side weirs without antivortex structures. Antivortex structures
significantly improve the discharge coefficient with increasing step number
and head angle. In head angles of 60°, all Types have greater C4 values than
side weirs without antivortex structures in the ten and eight-step models.
Although in the four-step model, the Cq4 values are greater in the side weir
with no antivortex structure. At head angles of 45°, there is no general trend
in the distribution of C4 with F; the Cq4 is most significant in the side weir
with no antivortex structure; Except for the ten-step model, all types have
greater Cq4 values than in the side weirs without antivortex structures as the

Froude number decreases. Typel produced the highest Cy4 values.
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Figure 4.3(a—c): Variations in Cq with F; for stepped labyrinth side weirs
with and without antivortex structures at L/B=1.5.
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To investigate the effect of step number, Figure 4.4 (a and b) shows that for
different L/B ratios (1 and 1.5), with and without antivortex structures, the
discharge coefficient increases as the head angle decrease for the same num-
ber of steps, and the head angle effect is significant by increasing (L/B) ratio.
Emiroglu et al., (2011) reported the same results for triangle LSW (6 = 45°).
This behavior is related to secondary flow motion being motivated toward
the most extended crest length. Consequently, the higher flow has a greater
possibility of jumping the crest. For the case with antivortex, as shown in
Figure (4.4a) the Cqdecreased with increasing, while increased with increas-
ing N as shown in Figure (4.4b). Thus, side weirs with (L/B = 1) produces a
greater Cq4 value when installing the antivortex structure, and typel in model
N=4 yielded the high C4 value for any Froude number among the

investigated antivortex structures.

The discharge coefficient values, relative to the SLSW with the best type of
antivortex, are compared with results obtained by (Emiroglu et al., 2017) on
a trapezoidal labyrinth side weir (see Figure 4.5(a)), as shown in Figure
4.5(b). The selected antivortex of the present study (Type 1 with crest height
= 0.5 P) outperforms the selected antivortex (Type 6 with crest height = 1 P)
of (Emiroglu et al.,2017). The discharge coefficient compared to the results
of (Emiroglu et al., 2017), is 5% higher. The primary reason for this increase
in the discharge coefficient of the SLSW can be attributed to the geometric
shape of the antivortex structure and proper height of the antivortex used in

this study.

SLSW shows in Appendix A with four different types of antivortex struc-
tures for head angles (6 = 60° and 6 = 45° ) during labyrinth weir testing.
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Figure 4.5: (a-b)View of the best model of the antivortex inside the laby-
rinth side weir.(c) comparison between present study and Emiroglu et
al.,(2017) study.
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4.1.2 Effect of Weir Length Ratio (L/B) and Steps Number (N)

The effect of the weir length ratio with different step numbers on the dis-
charge coefficient (with and without antivortex structures) is studied. Also, t
the antivortex results are analysed to understand its behavior and the effect
on the discharge coefficient. The values of C4 is plotted versus F; with and
without antivortex structures, with different dimensionless weir lengths (L/B
=1 and L/B = 1.5) and for different steps number and different head angles
(6 = 45° and 60°), Figures (4.6 to 4.8). The results show that the influence of
dimensionless weir length on the discharge coefficient is significant for
lower steps. The lower internal head angle (6 = 45°) produces a more signif-
icant difference under the variation of the weir length ratio due to an in-
crease in the effective crest length (relative to the other angles), which be-
comes useless as the steps number increase. Subramanya & Awasthy, (1972)
observed that when a side weir is relatively long, secondary flow dominates.
Furthermore, for four steps models, enough space for free overflow on the
step dimensions is available, hence less nappe interference and less disturb-
ance length. The effect of dimensionless weir length (L/B) on antivortex
structures is significant by increasing the number of steps, and it has the best

performance in the ten-step model.

Figures (4.6 to 4.8) demonstrate the change in discharge coefficient with
Froude number with a variation of L/B ratio in the stepped labyrinth side
weirs with and without antivortex structures. The discharge coefficient
significantly improves in dimensionless weir length (L/B = 1), all Types
have greater Cq4 values than side weirs without antivortex structures. At
dimensionless weir length (L/B=1.5), the discharge coefficient increases
with increasing head angle and step number, using antivortex structures in
head angle (6 = 60°) increases the discharge coefficient in the ten and eight-

step models. While in the four-step model, the side weir with no antivortex
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structure produced the highest Cq4 value. At head angles of (6=45°), a weir
without antivortex structure control except for the ten-step model despite the
data points having an almost random distribution, all types have greater Cg4
values than side weirs without antivortex structures. Thus, side weirs with
(L/B=1) produced a greater C4 value when the antivortex structure and type
1 yielded the high Cq4 value for any Froude number among the investigated
antivortex structures. Emiroglu et al., (2017) revealed the same result, they
studied the effects of using an antivortex structure installed in trapezoidal
labyrinth side weirs on the discharge capacity and concluded that when using
the antivortex structure, side weirs with L/B ratios of (0.5-1.0) provided a

higher Cq value.
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Figure 4.9 shows the discharge coefficient versus the number of
dimensionless step with and without antivortex structures. The discharge has
a decreasing trend, and a more significant effect appears clearly for L/B
ratios with a smaller ratio, and the (effect of N) decreases as this ratio
increases. According to (Falvey, 2003), the discharge passing through the
labyrinth weirs decreases as the number of cycles increases due to nappe
interference, and the significant effect rises when the head increases and the
angle between step sidewalls increases. As the number of steps increases,
there are more effective crest length losses and higher detention flow on the
weir apron; therefore, antivortex structures significantly improve the
discharge coefficient and dissipate the vortex that extends along the Knope
length (d). Figure 4.10 shows SLSW with four different types of antivortex
structures for length ratios ( L/B=1 and L/B=1.5 ) during labyrinth weir

testing.
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Figure 4.9: Variations in Discharge coefficient versus step number under
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Figure 4.10a: Four step model with and without antivortex structures dur-

ing experimental testing.
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Figure 4.10b: Eight step model with and without antivortex structures
during experimental testing.
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Figure 4.10c: Ten step model with and without antivortex structures during

experimental testing.
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4.1.3 Effect of Weir Height Ratio P/yl

The value of P/y; is plotted against the discharge coefficient to investigate
the effect of ratio P/y; on the discharge coefficient (Cq) at various head angles
(6° = 45, 60), step numbers (N =4, 8, and 10), and weir length ratios (L/B =
1 and L/B = 1.5) and compared with the case of with antivortex structures.
Figures (4.11 to 4.12) show that Cq4 increases with the increase of dimen-
sionless parameter (P/y,), this behavior can be observed significantly for all
weirs with and without antivortex structures, including different numbers of
steps. The secondary motion can explain this behavior in the discontinuity
region next to the side weir boundary. Due to friction, the secondary motion
decreases as the weir height increases (Emiroglu et al., 2011), and the
performance of antivortex structures improves. Due to an increase in the
effective crest length and friction area, this parameter has a significant effect,
especially for weirs with head angle 6= 45°. Antivortex structures signifi-
cantly increase the discharge coefficient that improves weir performance and
dissipate the vortex that extends along the length of weir because there are
more effective crest length losses and higher detention flow on the weir

apron as the number of steps increases (N).
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Figure 4.11: Discharge coefficient against P/y; under various steps number
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Figure 4.12: Discharge coefficient against P/y: under various steps number
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4.2 Effect of Nappe Height (y1-p)/p

Figures (4.13 and 4.14) show a plot of the discharge coefficient against the
water depth ratio (y;-p)/p measured at the upstream end of the weir for
stepped LSW models with the same effective crest length and different step
numbers at (L/B=1.5 and 1) and a range of internal head angles (6°=45,60)
compared with the case of installing antivortex structures. The relationships
are shown in Figures 4.13 and 4.14 highlight the effects of essential variables
separately. The descending nature of Cy against (yi-p)/p indicates that an
increase in nappe over the weir for the same height of the weir and step
numbers and weir length ratio causes a decrease in Cgy, which is consistent
with other studies. According to Tullis et al., (1995), discharge capacity in
labyrinth side weirs decreases as nappe load increases. Emiroglu et al.,
(2011) demonstrated empirically that discharge capacity decreased as nappe
load increased. The installation of antivortex structures increases the weir
discharge capacity at similar flow depths with an increase in the step number,
despite the data points having an almost random distribution. Furthermore,
the discharge capacity decreases as the depth of the flow increases. Cq4 values
are higher in large L/B side weirs with antivortex structures than in small

L/B side weirs.
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Figure 4.13: Discharge coefficient versus water depth ratio (yi-p)/p
compared with a case of antivortex structures under various head angles

with L/B=1.5.
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Figure 4.14: Discharge coefficient versus water depth ratio (yi-p)/p
compared with a case of antivortex structures under various head angles

with L/B=1.
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4.2 Hydraulic Performance of Stepped LSW
4.2.1 Water Surface Profile of Stepped LSW Models

Water levels are measured along the main flume centreline (section B-B) and
the weir side (section A-A) (as shown in Figure (3.6)). The flow pattern
surface has been studied in three different models of LSW: (N=4, 8, and 10),
0 =60°; L/B=1, and compared with the two types of antivortex that showed
the best performance. The water level at the upstream end of the side weir is
lower than at the downstream end, as shown in Figures (4.15 to 4.17). The
same effect occurred in all experiments. It is due to the influence of the up-
stream end of the side weir entrance. Furthermore, Emiroglu et al., (2011)
and Khameneh et al., (2014) reached similar conclusions. The water level
rapidly increases as it approaches the downstream weir end. This behavior
of the water surface results from the secondary flow created by lateral flow.
A separating zone and reverse flow are also observed at the side weir down-
stream end. A separation zone exists due to a deflection that occurs away
from the path of the maximum velocity thread. The Froude number F;, head
angle 6, L/B ratios, and the number of steps are essential in determining
where are the separation zone and the reverse flow area . With an increase in
F1, the separation zone and reverse flow area converge toward the side weir's
downstream end. The results showed that as the number of steps increases,
the water surface along the side weir in the main flume (sections A-A, and
B-B) becomes more divergent and disturbed, moreover, the flow surface
level variations at the beginning and end of the side weir increase
noticeably, section A-A has a higher water surface drop at the beginning of
the side weir, especially with four steps. The drop decreases as the number
of steps increases. The primary cause of a fluctuating water surface profile
with more steps is the steps junction points approaching in front of the weir

opening, this reduces the input area and increases collision flow, which
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causes a poor jump on the crest weir and more returning flow into the main
flume, as well as disturbance of the flow surface. At low Froude numbers, F;
(approximately F; < 0.45), installing an antivortex does not generate signif-
icant changes in surface profiles, it simply causes a slight drop in the water

surface level, which also means that side weir discharge has increased.

The variations on the water surface are reduced with antivortex for larger
Froude values (F; > 0.45), resulting in the more uniform water surface on the
stepped side weir, the more efficient and uniform the discharge as the
number of steps increases. Aydin & Ulu, (2017) and Abbasi et al., (2020)
also indicate the same results. However, beyond surface fluctuations, the
vortex effects on the performance of the labyrinth side weir are more
substantial, especially at larger Froude numbers. As a result, antivortex use
can improve discharge efficiency by reducing vortex formation and surface

fluctuation.

Figures (4.15 to 4.17), also, show that the water surface level at the main
flume centreline is nearly horizontal. Furthermore, this demonstrates that the
side weir entrance effect does not extend as far as the main flume centreline
but occurs only near the weir crest. Because of uniform flow conditions, as
previously indicated, most previous studies employed the flow depth at the
upstream end of the side weir at the flume center. (for example,( Subramanya
& Awasthy, (1972); Hager, (1987); Singh et al., (1994); Borghei et al.,
(1999); Emiroglu et al., (2011); Aydin & Ulu, (2017); Abbasi et al., (2020)
). As a result, this study has considered the same flow depth (y,) as previous
research. Thus, the results of the current study are compared to those of

previous studies.
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Figure 4.15: Water surface profile near the stepped labyrinth side weir with
antivortex structures for four steps model.
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Figure 4.16: Water surface profile near the stepped labyrinth side weir with
antivortex structures for eight steps model.
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Figure 4.17: Water surface profile near the stepped labyrinth side weir with
antivortex structures for ten steps model.
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4.2.2 Turbulence and Secondary Flow Fields

Secondary flow in the labyrinth side weir is another critical factor

influencing the discharge coefficient, as seen in Figures 4.18 to 4.30.

The intensity of secondary flow is determined by the lateral flow's kinetic
energy ratio to the main flume's average kinetic energy. As a result,
secondary flow intensity is a function of (Vs-Vy)/V1, where Vs and V,, surface
and near bed transverse velocities, respectively, and V; is the velocity
upstream of the side weir. These currents are greater than the secondary
currents in the main flume upstream of the weir because they are affected by
the weir sidewalls and the accelerating flow near the weir (Oreizi et al.,
2015). The secondary currents of the stepped labyrinth weirs are found to
vary more significantly than those of the triangular labyrinth weirs. Figures
(4.18 to 4.21) show the secondary current intensity distributions for the
vortices with distance for both stepped and triangular labyrinth weirs at
different dimensionless weir heights (p=0.08m and 0.14m) and head angles
(6°=60 and 45). The intensity of this secondary motion along the boundary
is governed by the side weir's crest height, the number of steps, and head
angle. It is increases with the decrease of the crest height and head angle.
This result is similar to previous research. For instance, (Emiroglu et al.,
2011) concluded that the secondary motion near the boundary is influenced
by the crest height of the side weir and reduces as the crest height of the side
weir increases owing to friction on the weir surface, also the intensity of
secondary motion caused by lateral flow increases as the overflow length
increases. When the relative side weir length grows, the deviation angle and
Kinetic energy toward the side weir grow as the secondary flow increases.
According to these Figures (4.18 to 4.21), maximum intensity is produced at
the downstream end of the side weir (section A-A) at point (2), especially in
four steppes for crest height (p=0.08m) and weir angle (6=45), because the
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sides of the step restrict the vortices, their area of influence is limited to the
length of the side weir. In sections (B-B) and(C-C) as shown in Figure (3.6),
the influence is more significant in point (2) that has the lowest value because
of vortex formation, preventing entering currents from reaching the entire
length of the downstream crest. The secondary flow intensity near the side
weir's beginning is higher than at the side weir's apex. Abbasi et al., (2020)
and Ansari & Patil, (2022) also found the same pattern of variation in their
investigations in triangle LSW. However, given the same conditions, the av-
erage turbulence intensity of the stepped weir is approximately 15% higher
than that of the triangular weir. According to these findings, the shape of

the weirs increases the turbulence intensity and secondary currents.
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Figure 4.18: The secondary flow intensity along the stepped and triangular
labyrinth side weir (p=0.08m, 6=45).
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Figure 4.19: The secondary flow intensity along the stepped and triangular
labyrinth side weir (p=0.14m, 6=45).
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Figure 4.20: The secondary flow intensity along the stepped and triangular
labyrinth side weir (p=0.08m, 6=60).
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Figure 4.21: The secondary flow intensity along the stepped and triangular
labyrinth side weir (p=0.14m, 6=60).
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The antivortex decreases the velocity of flow inside the side weir. The
intensity of the secondary flow inside the side weir decreases as the flow
velocity lowers, which significantly affects the discharge performance. A
vortex forms at the upstream end of the labyrinth side weir, with a larger
diameter in sections A-A than in the other sections. The hydraulic perfor-
mance of the side weir decreases when the intensity of the secondary motion
caused by lateral flow increases as the Froude number increases. By
lowering secondary motion, the antivortices increase the side weir's
discharge coefficient, improving the side weir's performance, and preventing
surface fluctuations and vortex formation from occurring in the downstream
crest. By comparing different types of antivortex structures, the typel
outperforms other types by decreasing the amount of secondary motion by
approximately 9%. Abbasi et al., (2020) also concluded the same results and
mentioned that the flow path changed from the main channel to the side weir,
and the flow entering the side weir generated significant vortices inside the
triangular LSW. Thus, installing antivortex structures improved the
hydraulic performance of the triangular LSW and reduced the intensity of

the secondary flow. see Figures (4.23 to 4.31).
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Figure 4.22: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for four steps (p=0.08m, 6=45).
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Figure 4.23: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for eight steps (p=0.08m, 6=45).
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Figure 4.24: The secondary flow intensity along the stepped labyrinth side
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Figure 4.25: The secondary flow intensity along the stepped labyrinth side

weir with and without antivortex for four steps (p=0.14m, 6=45).
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Figure 4.26: The secondary flow intensity along the stepped labyrinth side
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Figure 4.27: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for ten steps (p=0.14m, 6=45).
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Figure 4.28: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for four steps (p=0.14m, 6=60).
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Figure 4.29: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for eight steps (p=0.14m, 6=60).

85




Chapter four Experimental results

0.8 - —o—without | 0.2 -
type 1
0.6 1 —&—type 2 0 e~ 8! \
—%—type 3 1 4
0.4 - —o—typed 0.2 -
0.2
S \ So.a
~ S~
Q@ 9 : , Q
- \< 6 u>'»0 6
\ a4 K
0.2 =
-0.8 - —&— without
0.4 - type 1
0.6 1 —A— type 2
: —*—type 3
0.8 4 -1.2 —0—type 4
X/L X/L
Section(A-A) Section(B-B)
0.2 -

011 ‘/f\
0 k v\ 1 4
1 2 \\i 4
0.1 1

-0.2 1

VS-VB/V1

-0.3 -
—o— without
-0.4 A type 1
—A— type 2
-0.5 1 —<—type 3
—o—type d

-0.6 -

X/L

Section(C-C)

Figure 4.30: The secondary flow intensity along the stepped labyrinth side
weir with and without antivortex for ten steps (p=0.14m, 6=60).

Figure 4.31: Samples of stepped LSW models during the experiment.

86




Chapter five Numerical Simulation

Chapter Five
Numerical Simulation

5.1. General Description

A comprehensive experimental, numerical comparison utilizes Computa-
tional Fluid Dynamics (CFD) techniques for modeling free surface vortices
and the effect of antivortex structures for tracking and specifying flow
conditions in a system. The simulations are created using data from the

experimental study described in Chapter 4.

CFD simulations are carried out using powerful computers. The flow
environment in CFD applications is limited by boundary conditions to
simulate the surrounding influences on the specific investigation area.
Almost all CFD applications are based on the solution of Navier Stokes
Equations. Flow 3D, like many other commercial codes, is a strong compu-
tational fluid dynamics (CFD) code that solves the Navier Stokes Equations.
The program contains advanced features that allow it to simulate while
reducing computing time. Flow 3D specializes in modeling free surface
flows. The application expands its capabilities by utilizing free gridding,
fractional area volume obstacle representation (FAVOR), the modified
volume of fluid approach (truVOF), and multi-block meshing (“Flow
Science.,” 2016). The process of creating unstructured grids is time consume.
The free gridding method generates mesh blocks from rectangular parts.

This method allows for faster meshing and shorter computing times.

Creating meshes without taking geometry into account may result in low
resolution and roughness in the system. This condition is solved by the use
of FAVOR, which allowed the computer to fractionally separate sections
with the solid and fluid regions. Furthermore, FAVOR can connect both

structured and unstructured grid elements.
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(“Flow Science.,” 2016). The momentum and continuity of the Navier
Stokes equations for three dimensional incompressible flow, including

FAVOR variables, are expressed as follows:

a ,_

oy, @id) =0, 5.1

au; 1 (_ ou;\ _ _16_13 . '

E + v, (u]A] axj> = b ox, + Gl + fl 5.2
L |twi, 9 (0w 94

fi - Vel P T ax]' (ax]' T 6xl->] 5.3

where P denotes pressure, V; the volume fraction of fluid in each cell, 4;

denotes the fractional areas open to flow, f; denotes viscous acceleration, G;
denotes body acceleration, p is water density, and t,,; denotes wall shear
stress in the subscript directions. Flow 3D employs an advanced algorithm
known as the VOF (Volume of Fluid) technique to identify the position of
the free surface. The determination of the volume of a fluid function, the
imposition of boundary conditions, and the use of an accurate numerical
scheme are the three aspects that make up this technique. The VOF transport

equation writes as follows:

5.4

oF 1 [0(FA,u d(FAyv OFA,w
__[(x>+(y)+ Z]ZO
ot Vg 0x dy 0z

Flow 3D employs the Volume of Fluid (VOF) approach, which is established
by (Hirt & Nichols, 1981). For sharp interfaces, VOF is a powerful free
surface tracking approach. Gas and liquid flow freely, but the interface
generates a thin viscous boundary layer. Rather than computing flow in gas
and liquid regions, VOF defines air with a boundary condition and applies it
to the surface. The VOF consists of three components, according to the
developers of Flow 3D: a method to locate the surface, an algorithm to
follow the surface as a sharp interface traveling over a computational grid,
and a method to apply boundary conditions to the surface. (“Flow Science.,”
2016). As previously stated, VOF is used to demonstrate fluid performance
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on a free surface, but FAVOR is used to represent surfaces and rigid bodies,
such as complicated geometric boundaries. The program enables multi block
meshing, which offers flexibility for mesh geometry fitting and dense mesh
construction at specific locations where precise and accurate results are
required. The following are the primary benefits and justifications for

utilizing Flow 3D to model the hydraulic flow conditions in this study:
Accuracy:

The finite difference approach is used to solve the governing equations using
a second order upwind scheme. The flow fields in the stepped labyrinth side
weir are simulated using TruVOF. Using the TruVOF approach, empty cells
are assigned a value of zero, filled cells are assigned a value of one, and cells
containing the free surface are assigned a value representing the fluid volume
to cell volume ratio. In both time and space, Flow 3D can follow free sur-
faces. Only the fluid value is calculated, not the air value. This strategy is
utilized to decrease time and graphically characterize the form of the free
surface. Thus, Flow 3D only supports automatic time steps for this method,

with no specified time steps.
Efficiency:

Flow 3D employs the FAVOR meshing technique, which improves issue
setup by embedding geometry directly into the mesh, enabling rapid
parametric modifications without the time consuming re-meshing necessary
by other computational fluid dynamics tools. Engineers invest their time in
visualizing, optimizing, and developing design concepts with faster run

times and improved accuracy.
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High-Performance Computing:

Flow 3D quickly moves from desktop workstation solutions to high
performance on demand cloud computing and group solutions to satisfy the

industry's most demanding simulations.

The user will navigate the five primary tabs while designing the appropriate

model. The following are the tabs:

1- Navigator: The user can view the simulation files, a summary, and the

location of the simulation files on this screen.

2- Model Setup: This is the section in which the numerical model is per-
formed. In the simulate tab, users may specify the simulation order and track
variables such as time step, fluid surface area, mean kinetic energy, etc. The

model setup tab includes six sub-tabs.

2.1- General: This subtab determines the simulation's finish time, fluid
compressibility, interface type, unit type, the number of fluids, and degree

of precision.

2.2- Physics: Depending on the situation, there are numerous physics-related
alternatives available, including air entrainment, gravity, fluid supply,
sediment, cavitation, heat transfer, viscosity and turbulence, and moving

objects.

2.3- Fluids: This sub-tab allows the user to select the working fluid and its

properties.

2.4- Meshing & Geometry: The domain geometry and the initial and
boundary conditions are established in this tab. The user can choose to use
the software's drawing options or import an executable drawing file with the
STL extension. Flow 3D allows the user to construct a primitive mesh that
fits the geometry.
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2.5- Output: Here, the user can specify the output file.

2.6- Numerics: Options for stability factors, convergence controls, viscous
stress and pressure solvers, momentum advection, and fluid flow solvers are

available in this sub-tab.

3- Simulation: This screen displays information about the simulation's
progress. When necessary, graphics are connected to simulations, such as

time step size, pressure iteration count, etc.

4- Analyze: This tab allows the user to study the results as text or in 1D,

2D, and 3D charts. Among the choices are iso surface and color variables.

5- Display: This screen displays the visual results depending on the criteria
selected in the analyze tab. It is possible to take a screenshot of the screen or

make a movie.
5.2. Numerical Model Setup
5.2.1. Geometry:

Geometry is created in different geometric models of the stepped weir are
developed utilizing computer software in the form of stereo lithographic
(STL) pictures drawn in sketch-up pro and exported in STL format. The
imported (STL) files are examined, and any geometric mistakes are fixed.
Figure 5.1 demonstrates the geometry of the stepped labyrinth side weir. The
pre-processor then inserts the flow geometry in the computational grid using
FAVOR, an acronym for fractional area/volume obstacle representation.
This approach computes open area and open volume fractions on cell faces
and reconstructs the geometry based on these parameters. This method pro-
vides a simple and accurate representation of complicated surfaces in the
domain without needing a body fitted grid.
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5.2.2 Grid Generation:

The Flow 3D grid generation technique employs structured, rectangular, and
cartesian meshes independent of the geometry employed to provide the user
with simplicity and flexibility. After constructing the geometry, a suitable
computational domain size must be determined before beginning grid
generation. The computational domain must include a sufficiently enough
area of the flow area so that the boundary conditions applied at the upstream
and downstream ends do not restrict the free expansion of the flow inside the
computational domain. On the other hand, an oversized domain will increase

computational time and the number of the computational mesh.

In this study, the domain length is set at 5 m, while the width sets at 0.30 m.
To begin grid generation, a mesh block that suits the geometry is constructed.
The grid size should be kept in the logarithmic region regardless of the type

of viscous solver.

Mesh analysis is essential to CFD analysis since it affects how accurate the
results become. Aydin, (2012) used three different mesh sizes to calculate
the numerical error for a 60° triangular labyrinth side weir with a 0.25 m side
weir opening, he obtained a 3 percent error in terms of velocity with a 10
mm mesh. Wang et al., (2018) observed good agreement between CFD and
experimental results with a 5 percent error when modeling flow through
trapezoidal side weirs using a grid with units of 20 mm in height, width, and
depth. The spatial domain subject of this study is meshed using a structured
rectangular hexahedral mesh. A contained mesh block was created first for
the entire spatial domain, followed by a nested mesh block with refined cells
for the area of interest, which includes the weir and flow over the weir. (
Figure 5.1). This method, which uses nested mesh blocks, is adapted from
previous researchers (Abbasi et al., (2020); Ghaderi, Abbasi, et al., (2020).
The appropriate mesh is selected by testing various computational meshes, a
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well-established and approved method for evaluating discretization error
applied to several CFD situations. Using three different meshes with fine,
medium, and coarse cells, the effect of grid size on the validity of numerical

results is investigated.

Nested block
Ax=Ay=Az=0.0065m

Containing block1
Ax=Ay=Az=0.011m

Containing block2
Ax=Ay=Az=0.012m

Figure 5.1: Gridding for FLOW 3D simulations.

Table 5.1. summarizes sensitivity studies of four different mesh sizes used
in the area of the labyrinth weir by comparing the weir discharge produced
by a numerical solution with experimental results. Finally, several appropri-
ate and efficient meshes are selected. Figure 5.2 demonstrates the mean
relative error for the weir discharge as a function of cell size. We can see that
the simulated discharge agrees better with the measured discharge for the
finer cell size of 0.0065 m. The authors used the same mesh in all the research
models to minimize the effects of the computational mesh on simulation

results.
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Table 5.1: Mesh sensitivity analysis in this study.

Test | model | Containing | Containing | Nested | Total cell | Time of MAPE
no. 1 2 mesh number run
(m) (m) (m)
1 LES 0.0115 0.0125 0.0085 | 674,410 5h and 22
19m
2 LES 0.011 0.012 0.0075 | 943,942 8h and 14
15m
3 LES 0.011 0.012 0.0065 | 1,344,468 | 11hand 3.84
16m
4 LES 0.01 0.011 0.0055 | 1,988,432 | 15hand 2.9
20m
25
20
o 15
o
2 10
-
1]
K
x 5
0
0.004 0.005 0.006 0.007 0.008 0.009
Cell size (m)

Figure 5.2: Variations of the relative error of the weir discharge versus cell
size.

5.2.3 FAVOR:

The Fractional Area-Volume Obstacle Rendering (FAVOR) is an effective
technique for introducing geometry influence into the governing equations
and allows the program to partition parts fractionally into solid and fluid
regions. However, it likes all discrete methods, is affected by the resolution
of the computational grid. Therefore, the FAVOR selection is a method for
determining whether the mesh size allows the solver to perceive the system's
entire geometry accurately. It is because the pre-processor generates area

fractions for each cell face in the grid by detecting whether the corners of the
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face are within a defined geometry. Similarly, if all corners are outside the
geometry, the entire face is considered outside. When certain face corners
are inside geometry, and others are outside, the geometry's intersection with
face edges is computed.

Figure 5.3 demonstrates a 3d representation of the favored flume, and the
Figures shows that all components are adequately captured in the mesh
space. Furthermore, Figure 5.4 depicts the installation of the Antivortex

structures in the stepped labyrinth side weir.

Y

=

Figure 5.3: The 3D favored view of the channel.

(@) (b)

Y

- L

c) (d)

Figure 5.4: Antivortex installation in stepped labyrinth side weir.
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5.2.4 Boundary Conditions:

It is almost impossible to define every component of a flow domain in CFD,
so the computers only solve the desired regions. Boundary conditions are
essential for achieving identical flow conditions with the physical model,
and they must be set after grid creation and utilizing the FAVOR algorithm
to finish the model's design precisely. The numerical model with mesh
planes and boundary conditions is presented in Figure 5.5. Each mesh block
face must describe a boundary condition. Based on the experimental condi-

tions, the following boundary conditions used in this study:

1- Volume flow rate(Q) is used for the input flow at the inlet with a constant-
depth subcritical flow. The solver will maintain the discharge on the "Q" face
at the specified rate. And the downstream face of the outer mesh is set to an
outlet(O)

2- The lower Z (Znmin) and both side boundaries are treated as a rigid wall
(W). No-slip conditions are applied at the wall boundaries. No-slip is defined
as zero tangential and normal velocities (u = v = w = 0). The bound-
ary "Wall" refers to how the solution considers "W" faces as solid

components with the no-slip condition.

3- An atmospheric boundary condition sets the channel's upper boundary,
allowing the flow to enter and leave the domain, as null von Neumann
conditions are imposed on all variables except for pressure, which is set to

zero (i.e., atmospheric pressure).

4- Asymmetry boundary condition (S) is imposed at the inner boundaries,
allowing flow-through. Symmetry indicates that there is no flow across the

"S" plane and that the velocity normal to the symmetry line is zero.

Finally, the numerical model is ready to conduct numerous simulations with

changing situations after different models and mesh designs are examined to
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obtain the most accurate template for the model. Several simulations can be
generated by varying the parameters such as weir height, weir length,

discharge, and step number.

Inlet Q Atmospheric pressure

Outlet O

Figure 5.5: Weir with antivortex and boundary conditions.

5.3 Turbulence Model Solver

In flow 3D, turbulence models have five types: Large Eddy Simulation
(LES), Renormalization-Group (RNG), and the two-equation (k —¢), one
Equation turbulent energy (k), and Prandtl's mixing length theory ("Flow
Science.,”" 2016). The swirling flows is recommended to be solved with
eddy-resolving methods (Koken & Constantinescu, 2008). Consequently,
this study used the LES turbulence model to perform the CFD via Flow 3D.

This model can reduce the computational cost by ignoring the shortest length
scales, where most computations are difficult to resolve. In addition, the
storage and analysis of extensive data also create significant logistical
problems. Also, according to the Flow 3D User Manual (2013), the LES
model usually offers more information than models based on Reynolds
averaging. The LES model is based on computing all large-scale turbulent
structures within the computational grid and modeling the smaller structures

outside the grid resolution.
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For the length scale, a geometric mean of the grid cell dimensions is used
(Smagorinsky, 1963). The influence of turbulence on smaller structures is
represented in the model by a value called eddy viscosity, which is
proportional to the length scale times a measure of velocity variations on

that scale.

1/3

L' =(0,0,0,) 5.5

The value of L* is effective grid scale by the mean shear stress determines

the scale of velocity changes. The LES kinematic eddy viscosity calculates

by packing these values together, which is as follows:

Ur = (CL)Z X 1/Zeijeij 5.6
Where v, Represents turbulent kinematic viscosity, ¢ is a constant with an

expected value of 0.1 to 0.2, cL is the length scale, and e;; the strain rate

tensor components.
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5.4. Results and Discussion
5.4.1 Convergence and Validation

Using experimental data, researchers can use CFD to understand flow
behavior and quantify essential flow parameters if the CFD solver has been
adequately validated. The 3D numerical model, once validated, can be used
to analyze the flow characteristics at the stepped labyrinth side weir. The
experimental data collected at Hydraulic Laboratory allows for comparing
this numerical model with laboratory test results. Table 5.2. Show the
geometric characteristics of the tested stepped labyrinth side weir. The
rectangular horizontal channel utilized in the experiment has dimensions of
12m in length, 0.3m in width, and 0.45m in height, respectively. Weir angles
of 45 and 60 degrees and a ratio of L/B =1 and 1.5 (L: The weir opening
length; B: Channel width). Although the experimental flume was 12 m long,
the current numerical analysis shortens it to 5 m to improve computing
efficiency and minimize the total number of cells. The model had to be
validated before it could be used in different scenarios. After that, the anti-
vortices are placed inside the stepped labyrinth side weir at one height (0.5p),
as recommended by (Abbasi et al., 2020), and their performance evaluates

using the discharge coefficient.

Table 5.2: Geometric characteristics of stepped labyrinth side weir.
Model L(m) P(m) 0 B(m) | N

Numerical and Physical | 0.30,0.450.08,0.14 | 45°,60° | 0.3 |4,8,10
Models

As a result, the three-dimensional model of the labyrinth weir is solved for

four scenarios:

Scenario I: The Flow 3D discharge coefficient results and water surface
profile without antivortex structures are compared to experimental data to
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validate the simulation results. After validation, the location of the vortex is

identified by streamlines.

Scenario Il: Simulations are carried out with four different types of anti-
vortex structures installed in a stepped labyrinth side weir. The simulations
are run by varying the position and dimensions of the antivortex structures
with height (p=0.08m,0.14m), length (L=0.30m,0.45m), and steps

(N=4,8,10) in order to choose the most efficient location and dimensions.

Scenario I11: Different hydraulic characteristics such as secondary flow and
air core forming process are investigated to track and specify flow conditions

in the stepped labyrinth side weir.

Scenario 1V: Four types of antivortex structures are installed in stepped
labyrinth side weir to determine the effects of discharge capacity at different

discharges, weir lengths, and crest heights for L =0.30 and 0.45 m.
Scenario I:

5.4.1.1 Discharge Coefficient of the Stepped Labyrinth Side Weir

The weir discharge coefficients obtained from the numerical simulations are
compared with those from experimental simulations. during the simulation,
the flow rate at the outlet boundary and the free surface elevation at the inlet
boundary does monitor in every iteration. The solution becomes fully
converged, and the steady state condition does control for all values after a

40s simulation of the flow.

The goodness of fit between the observed and simulated values are evaluated
using the R? representation as shown in Figure 5.6 and the data from Table
5.3.

Figure 5.6 shows that there is good agreement between the predicted

discharge coefficient and the experimental observations of the stepped weir.
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y =1.0341x + 0.0015
R?2=0.99

Calculated data
W-3D

O-G T T T T T T
0.7 0.8 0.9 1 11 1.2 1.3 1.4

Experimental data

Figure 5.6: Comparison of the discharge coefficient obtained from numerical
solutions with experimental data.

Table5.3: Numerical simulations without antivortex structures.

Steps L Head angle Weir height Qt Fi Cq Cq
(N) (m) 0° (m) m/s flow3d | experimental
4 0.45 45 0.14 0.027 0.25 | 1.13 1.08
0.020 0.20 | 1.35 1.28
4 0.45 45 0.08 0.027 0.48 | 0.75 0.70
0.019 0.37 | 0.94 0.90
8 0.45 45 0.14 0.027 0.28 | 1.07 1.02
0.019 020 | 1.34 1.12
8 0.45 45 0.08 0.027 0.47 | 0.73 0.71
0.017 0.34 | 0.90 0.85
10 0.45 45 0.14 0.027 0.24 | 0.87 0.83
0.019 0.18 | 0.99 0.95
10 0.45 45 0.08 0.027 0.46 | 0.70 0.67
0.019 0.36 | 0.81 0.77
4 0.45 60 0.14 0.027 0.27 | 1.12 0.95
0.019 0.20 | 1.09 1.02
4 0.45 60 0.08 0.027 0.48 | 0.70 0.65
0.019 0.36 | 0.80 0.76
8 0.45 60 0.14 0.027 0.24 | 0.90 0.88
0.018 0.18 | 0.97 0.95
8 0.45 60 0.08 0.027 0.44 | 0.58 0.56
0.020 0.36 | 0.69 0.66
10 0.45 60 0.14 0.027 0.24 | 0.84 0.86
0.018 0.17 | 0.88 0.83
10 0.45 60 0.08 0.027 0.44 | 0.59 0.55
0.019 0.35 | 0.67 0.65
4 0.30 45 0.14 0.027 0.37 | 0.87 0.84
0.018 0.27 | 0.95 0.92
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Steps L Head angle Weir height Qt F1 Cq Cq
(N) (m) 0° (m) m3/s flow3d | experimental
4 0.30 45 0.08 0.027 0.68 | 0.72 0.68
0.019 0.52 | 0.93 0.89
8 0.30 45 0.14 0.027 0.37 | 0.83 0.78
0.018 026 |1 0.96
8 0.30 45 0.08 0.027 0.66 | 0.75 0.71
0.018 0.53 | 1.02 0.98
10 0.30 45 0.14 0.027 0.36 | 0.85 0.80
0.018 0.27 | 0.97 0.94
10 0.30 45 0.08 0.027 0.67 | 0.69 0.65
0.018 0.49 | 0.79 0.76
4 0.30 60 0.14 0.027 0.36 | 0.95 0.92
0.020 0.26 | 0.96 0.98
4 0.30 60 0.08 0.027 0.65 | 0.69 0.64
0.017 0.47 | 0.75 0.72
8 0.30 60 0.14 0.027 0.36 | 0.88 0.86
0.015 0.22 | 1.02 0.98
8 0.30 60 0.08 0.027 0.63 | 0.60 0.55
0.015 0.41 | 0.67 0.65
10 0.30 60 0.14 0.027 0.36 | 0.88 0.85
0.018 0.27 | 0.90 0.86
10 0.30 60 0.08 0.027 0.62 | 0.61 0.55
0.016 0.44 | 0.65 0.64

After examining various models, the suitable duration for results extraction

in the analyzed numerical model is determined to be 45 s. Figure 5.7 shows

the flow path through the weir at different points in time. After entering a

stepped crested labyrinth weir, the flow exits the channel after 45 seconds in

a steady state.
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Time =0.00

Velocity Selected (m/
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Figure 5.7: Flow path through the weir at different points in time (sec).
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5.4.1.2 \Water Surface Profiles

The water surfaces produced from numerical simulation and experiment are
compared for the F; =0.34 and 0.67, as shown in Figure 5.8(a-c), to confirm
the Flow 3D simulation results in the stepped labyrinth side weir on the axis
A-A. The computational and experimental surface profiles are pretty similar

in Figure 5.8.

In this Figure, the vertical axis is the water depth ratio to the side weir height
(y/P), and the horizontal axis is the dimensional ratio of the location in the
direction of the channel length over the weir opening length (x/L). The water
depth upstream of the side weir opening is slightly lower than the water depth
downstream of the side weir opening. Secondary flow resulting from the
lateral flow causes this water surface condition, and the flow diversion
causes the separation zone at the downstream end of the side weir. The same
effect is observed in studies by (Emiroglu et al., 2011) and (Abbasi et al.,
2020), and according to them, the reason for this occurrence is the result of
the current deviating from the main channel and entering the side weir, they
have noticed how the head angle affects the separation zone. Because of the
increased effective length of the 45° labyrinth side weir, the difference in
water surface levels upstream and downstream is the largest. The findings
demonstrated that as the number of steps increases, the water surface along
the side weir in the main flume (sections A-A, and B-B) gets more divergent
and disturbed. Additionally, the surface level fluctuations at the side weir's
beginning and end increase noticeably. According to Figure 6, section A-A,
the water surface drop is higher at the start of the side weir, particularly with

four steps, and the drop decreases as the number of steps increases.
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Figure 5.8a: Water surface profiles along the stepped weir side and centre-
line at the straight channel for four steps.
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Figure 5.8b: Water surface profiles along the stepped weir side and centre-
line at the straight channel for eight steps.
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Figure 5.8c: Water surface profiles along the stepped weir side and centre-
line at the straight channel for ten steps.
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Scenario I1:

In this scenario, all types of antivortex structures are used because
engineering design accuracy is required. The simulations are run by
installing the antivortex in the location of the vortex and varying the
location and dimensions of the antivortex structures with height
(p=0.08m,0.14m), length (L=0.30m,0.45m), and steps (N=4,8,10). All anti-
vortex structures are installed at 35%, 60%, and 45% of "d," and the most
efficient distance "d" is determined to be 45%. These simulations are then
repeated by increasing the dimensions of the antivortex structures by 30-40%
while keeping a stationary "d" of 45%. Figure 5.9 shows a three-dimensional
flow field model for simulation. The layout design of antivortex structure
dimensions is demonstrated in Figure 5.9 by streamlines and reported in
Table 5.4 by comparing with results of the model (N=4, P=0.14m, L=0.45m).

Table 5.4: Selecting the efficient hydraulic geometry of antivortex structures.

Description of anti- | C4 before | Cq after Nots Fig.
vortex model adjustment | adjustment

Typel with full 0.79 0.89 Low distraction | 5.9a
length of the crest for the vortex

height (p) and 0.35d

Type2 with (0.5p) |[0.83 0.87 Low distraction | 5.9b
and (0.35d) for the vortex

Type4 with (0.5p) |0.82 0.85 More turbulent | 5.9¢c
and (0.60d) flow
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Figure 5.9: Flow field models with antivortex for selecting most efficient
hydraulic geometry.

107



Chapter five Numerical Simulation

Figure 5.10 show the vortex position at F1=0.67 for each model used in this
study and the rest of them in appendix A. based on the ease of construction
and the engineering judgment of the authors. These simulations present the
exact position of the vortex. In all cases, the vortex location in upstream of
the weir, and its effect extent when the number of steps increased, it is
observed that the vortex core become wider and extend with decreasing in

weir height.
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000 013 025 038 0.51
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Figure 5.10: Cont.
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Figure 5.10: the vortex position for the stepped models. (A): N=4, (B):
N=8, (C)N=10.

Scenario Il1:

In this scenario, simulations of a stepped labyrinth weir included angles of
45° and 60°, runs by changing the crest height (P), side weir length (L), and
step number (N) for the Froude number 0.67. The intensity of the secondary
currents is another essential factor influencing the discharge coefficient in

labyrinth side weirs, in Figures 5.11 to 5.13, the flow entering the side weir
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forms vortices, because the flow path is changed from the main channel to
the side weir, collisions with the weir wall, and side weir geometry. The
secondary flow formed by the lateral flow leads to a separation zone, and the
reversed flow area at the length of the side weir, causes the water surface
level fluctuations along the opening length (L) of the stepped labyrinth side
weir. The vortex generation complicates the secondary flow near the apex of
the stepped labyrinth side weir as shown in Figure 5.11a and the cross-
section vortex development at the bed of the channel represented by the 2D
clip in Figure 5.11b. As the flow deviates from the X to the Y direction in
lateral flow, vortex generation plays an essential role in flow interaction.
Vortex development is due to the y component of velocity, as indicated in
sections I, Il, and Ill. The diameter of a vortex is larger at the upstream end
of the labyrinth side, whereas weir velocity vectors indicate vortex develop-
ment near the side weir bed in section 11, i.e., in the center of the labyrinth
side. The lateral flow depends upon the opening length of the side weir, crest

height, Froude number, step number, and head angle as follows:
A-length of Side Weir:

Secondary flow increases as the length of the side weir increase due to: a
greater value of deviation angle, kinetic energy, and extending further along
the length. To represent this effect, Figure 5.11(a,b) illustrates simulations
of a stepped labyrinth weir, including angles 60°, runs with the crest height
(P=0.14m), side weir length (L=0.30 and 0.45m ), and step number (N=4)
for the Froude number 0.67. For (L/B =1 and 1.5), the flow collides with the
first step and then rises to splits into two parts, either reverse flow to create
a vortex or outflow. Consequently, the vortices are bounded by the sides of
the step preventing the area of influence of these vortices from extending
more toward the entire length of the side weir. However, in section I, Figure

5.11, based on two different values of L/B, the vortex core for L/B=151s
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significantly bigger than the other value along the crest height because of
the area of influence of these vortices increases with the increasing opening
length of the SLSW. Emin Emiroglu et al., (2014) concluded similar results
and mentioned that the intensity of secondary motion caused by lateral flow
increases as the overflow length increases. When the relative side weir length
rises, the deviation angle and kinetic energy develop toward the side weir as
the secondary flow increases. Aydin et al., (2015) and Ansari & Patil, (2022)
also found a similar pattern of variation. In contrast, weir velocity vectors
indicate vortex formation near the side weir bed in sections Il, and Ill, i.e.,

in the center and downstream of the labyrinth side.
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Figure 5.11b: Secondary flow in the four-step cross-section with L/B=1.5,
6°=60, F1=0.67, p=0.14m.

2-Crest Height Effect:

Figure 5.12 (a,b) illustrates simulations of a stepped labyrinth weir, including
angles 60°, runs with the crest height (P=0.14,0.08m), side weir length
(L/B=1), and step number (N=8) for the Froude number 0.67. The flow
collides with the second step and then rises to splits into two parts, either
reverse flow to create a vortex or outflow. Therefore, the influence is more
extended within the side weir, preventing incoming currents from crossing
over the entire length of the downstream crest. as shown in Figure 5.12b, in
section I, it can be observed that the vortex core for P=0.08m is significantly
wider and more extending than the other value along the crest height leading
to strong secondary motion near the weir side boundary. The strength of this
secondary motion next to the boundary depends on the crest height of the
side weir and reduces as the crest height of the side weir increases due to
weir surface friction of the SLSW. The same results revealed by (Aydin,
(2012); Aydin & Emiroglu, (2013); Emiroglu & Kaya, (2011)), they
concluded that the intensity of this secondary motion near the boundary is
influenced by the crest height of the side weir and reduces as the crest height

of the side weir increases due to friction on the weir surface. In contrast, weir
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velocity vectors indicate vortex formation near the side weir bed in sections

I1, and I11, i.e., in the center and downstream of the labyrinth side.
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Figure 5.12a: Secondary flow in the eight-step cross-section with L/B=1,
0°=60, F1=0.67, p=0.14m.
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Figure 5.12b: Secondary flow in the eight-step cross-section with L/B=1,
6°=60, F1=0.67, p=0.08m.
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3-Head Angle Effect

Two representative views of the velocity vectors are shown in Figure 5.13
(a,b) . these figures represented the simulations of a stepped labyrinth weir,
including angles 45° and 60°, runs with the crest height (P=0.14m), side weir
length (L/B=1), and step number (N=10) for the Froude number 0.67. the
flow collides with the third step and then rises to splits into two parts, either
reverse flow to create a vortex or outflow. Therefore, the influence is more
extended within the side weir, preventing incoming currents from crossing
over the entire length of the downstream crest. as shown in figure 5.13a, in
section I, it can be observed that the vortex for 6=45 is significantly more
extending along labyrinth weir length than the other value leading to increas-
ing the secondary motion. On the other hand, weir velocity vectors show
vortex formation along the side weir bed in sections Il and Ill, i.e., in the
middle and downstream of the labyrinth side. Abbasi et al., (2020); Ansari
& Patil, (2022); Emiroglu et al., (2011) also revealed the same results.
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I I m
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Figure 5.13a: Secondary flow in the ten step cross-section with L/B=1,

0°=45, F,=0.67, p=0.14m.
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Figure 5.13b: Secondary flow in the ten-step cross-section with L/B=1,
0°=60, F1=0.67, p=0.14m.

3.2.3 Air-Core Forming Process

The secondary flow motion will develop above the crest of the weir at
upstream when the main flow is split up to the entire side weir. The
simulation shows that the red colors have the highest velocity, while the blue
colors have the lowest velocity. as shown in Figure 5.14a, the vortex
indicates a slight drop, and the surface profile displayed a smooth curve as
well at L/B=1, 6'=60, Q=17 L/s, p=0.14m, N=4.

The vortex is formed when the water level overflowed the crest of the weir.
The entire vortex had a small core to the bottom of the weir, with a degree
of depth proportionate to the amount of inflow. Figure 5.14 (b) and
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Figure5.14 (c) are the results of inflows Q = 19 L/s and Q = 27 L/s, respec-
tively and L/B=1, 6°=60, p=0.14m, N=4.

when the inflow is small, the air core takes a restrictive shape with little
deformation, as shown in Figure 5.14(b). However, as the inflow is gradually

increased, the air core became wider and deeper, and it begin to form a spiral

surface profile that circled the vortex, as shown in Figure 5.14(c).
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Figure 5.14: Air core forming process display in four model of a SLSW.

The swirl flow gradually intensified, and its center began to drop, at low
Froude numbers, (approximately F1 < 0.17), it only causes a small drop in
the water surface level. The fluctuation in the water surface increased as the
Froude number increased (F1 > 0.17). Three types of vortices are observed
at a fixed flow rate by changing the water level in the flume. Figure 5.15
(a,c) shows the vortices observed in the experiments. Figure 5.15(a) shows
the surface swirl at L/B=1, 6°=60, p=0.14m, N=4, and F;=0.16, Figure
5.16(b) the surface dimple at L/B=1, 6°=60, p=0.14m, N=4 and F,=0.40, Fig-
ure 5.15(c) the dye core to the weir at L/B=1, 6°=60, p=0.14m, N=4 and
F,=0.67.
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Figure 5.15: Types of vortices observed in experiments.
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Figure 5.16 demonstrates the lateral flow over the labyrinth side weir
represented by velocity vectors. In Figure 5.16a four-step model, the vortices
are bounded by the sides of the step preventing the area of influence of these
vortices from extending more toward the entire length of the side weir. In the
case of an increase in the number of steps (Figure 5.16 b and c), the influence
IS more extended within the side weir, preventing incoming currents from
crossing over the entire length of the downstream crest, resulting in
decreased side weir performance. Although, in the case of the triangular
labyrinth side weir (Figure 5.16d), changes in the flow direction and
collisions with the triangular wall cause vortices. Abbasi et. al., (2021) also
concluded the same results and mentioned that the flow path changed from
the main channel to the side weir, and the current entering the side weir
generated significant vortices inside the triangular LSW, thus, the hydraulic
performance of the LSW was reduced. These vortices disrupt the side weir
flow direction in all cases, reducing the discharge capacity, especially in
SLSW. It can view vertical flow patterns in the y-direction by using a 3D

clip to define the location where plot values are along with the fluid.

Iy

FLOW-3D
a-four steps model
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FLOW-3D

b-eight steps model

FLOW-3D

d-triangle LSW

Figure 5.16: Lateral flow along the opening length of the LSW represented
by velocity vectors at L/B=1, 6°=60, p=0.08m, and F;=0.67.
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Scenario 1V

In this scenario, simulations of a stepped labyrinth weir included angles of
45° and 60°, runs by changing the crest height (P), side weir length (L), and
step number for the Froude number range from 0.35 to 0.67. The discharge
coefficient is calculated using Schmidt method, and the results are reported
in Table 5.5.

As shown in Figure 5.17, the simulation shows that the red colors have the
highest velocity while the blue colors have the lowest rate, it can view
vertical flow patterns in the y-direction, as shown in sections I, and Il, by
using a 3D clip and velocity vectors to define the location where plot values
are along with the fluid. Only a four-step model is presented here to maintain
clarity in the presentation. A graphical presentation with the eight and ten-
step models is presented in Appendix B. As shown in Figure 5.17 vortices
are bounded by the sides of the step, preventing the area of influence of these
vortices from extending more toward the entire length of the side weir. The
antivortex structures decrease vortices and flow velocity inside and around
the labyrinth side apex by tracking the flow direction, resulting in a more
uniform lateral flow as shown in Figure 5.18. Abbasi et al., (2020) also
concluded the same results and mentioned that the flow path changed from
the main channel to the side weir, and the current entering the side weir
generated significant vortices inside the triangular LSW. Consequently, the
hydraulic performance of the LSW is reduced. Moreover, they concluded
that using an antivortex inside the side weir improves the hydraulic
performance by decreasing secondary flow motion intensity and increasing

the discharge coefficient.
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Figure 5.17: Vortex formation in four step model representing by velocity
vectors at L/B=1, 6°=45, p=0.14m, and F;=0.67, N=4.
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Figure 5.18: Vortex prevention by using antivortex structures at L/B=1,
0°=45, p=0.14m, and F;=0.67, N=4.
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Table5.5: Numerical simulations with antivortex structures.

N P L 6 Q Antivortex F1 Cd Cd
(m) | (m) m3/s type flow 3D experiment
4 0.14 | 0.30 | 45 0.027 |1 0.36 0.96 0.91
4 0.14 | 0.30 | 45 0.027 | 2 0.35 0.91 0.88
4 0.14 | 0.30 | 45 0.027 |3 0.36 0.92 0.88
4 0.14 | 0.30 | 45 0.027 | 4 0.36 0.91 0.87
8 0.14 | 0.30 | 45 0.027 |1 0.37 0.95 0.90
8 0.14 | 0.30 | 45 0.027 | 2 0.37 0.98 0.95
8 0.14 | 0.30 | 45 0.027 |3 0.36 0.93 0.88
8 0.14 | 0.30 | 45 0.027 | 4 0.36 0.94 0.88
10 0.14 | 0.30 | 45 0.027 |1 0.35 0.92 0.88
10 0.14 | 0.30 | 45 0.027 | 2 0.35 0.90 0.86
10 0.14 | 0.30 | 45 0.027 | 3 0.34 0.89 0.85
10 0.14 | 0.30 | 45 0.027 | 4 0.34 0.89 0.84
4 0.08 | 0.30 | 60 0.027 |1 0.70 0.77 0.75
4 0.08 | 0.30 |60 0.027 |2 0.68 0.75 0.72
4 0.08 | 0.30 | 60 0.027 | 3 0.68 0.72 0.70
4 0.08 | 0.30 |60 0.027 | 4 0.68 0.74 0.70
8 0.08 | 0.30 |60 0.027 |1 0.68 0.75 0.71
8 0.08 | 0.30 |60 0.027 |2 0.67 0.73 0.69
8 0.08 | 0.30 |60 0.027 |3 0.66 0.71 0.67
8 0.08 | 0.30 |60 0.027 | 4 0.66 0.70 0.65
10 0.08 | 0.30 |60 0.027 |1 0.66 0.72 0.68
10 0.08 | 0.30 | 60 0.027 |2 0.66 0.69 0.67
10 0.08 | 0.30 |60 0.027 |3 0.65 0.70 0.66
10 0.08 | 0.30 |60 0.027 | 4 0.65 0.69 0.66
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Chapter Six
Conclusions and Recommendations
6.1. Conclusions

1- Free-surface vortex developed upstream of stepped labyrinth side weir as

the number of steps decreased at specific Froude numbers.

2- The swirl flow gradually intensified, and its center began to drop at low
Froude numbers (approximately F1 < 0.17), it only caused a slight drop in
the water surface level. The fluctuation in the water surface increased as the

Froude number increased (F1 > 0.17).

3- The area of influence of these vortices increases with the increasing
number of steps, in four steps model, the vortices are bounded by the sides
of the step, which restricts the area of influence of these vortices against
extending more toward the length of the side weir, contrary to the case of an
increase in the number of steps where the influence is more extended within

the side weir. As a result, the side weir performance is decreased.

4- The performance of the antivortex structures improves the discharge
coefficient with increasing step number and head angle, which is significant

with decreasing weir length ratio (L/B=1).

5- Among the selected models of the antivortex structures, typel is the most
effective model in decreasing the vortices in the stepped labyrinth side weir

area.

6-Typel increases the discharge coefficient by about (19%) as an average as
compared with the case of no antivortex under the same range of Froude
Number. While Type4 increased it by 11% and had a minor effect among all
other types.
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7-The discharge coefficient values of the stepped weirs with antivortex
structure that have the best performance (Typel with crest height P = 0.5 P)
outperform the selected antivortex (Type 6 with crest height P = 1 P in the
study of Emiroglu et al.,2017) in the literature with 5% higher.

8-Antivortex structures significantly increase the discharge coefficient with
the increase of the weir height ratio (P/y1) that lead to improve weir perfor-
mance and dissipating the vortex that extends along the length of the weir as
the number of steps increases (N), especially for weirs with head angle
0=45".

9-The installation of antivortex structures increases the weir discharge

capacity at similar flow depths with an increase in the step number.

10- The antivortex inside the stepped labyrinth side weir increases hydraulic
performance by reducing secondary flow motion intensity. The antivortex
decreases the velocity of flow inside the side weir. The intensity of the
secondary flow inside the side weir decreases as the flow velocity lowers,

which significantly affects the discharge performance.

11- Results indicate that the water surface profile has a higher water surface
drop at the beginning of the side weir, especially with four steps, and the
drop decreases as the number of steps increases. As a result, the antivortex
installation improves discharge efficiency by reducing vortex formation and

surface fluctuation.

12- The most significant error for the stepped labyrinth side weir between
experimental data and numerical results is 3.07 percent, which supports the
capability of the numerical model to estimate flow requirements across a

stepped labyrinth side weir.
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13- It can be suggested that the LES model gives better solutions for small
values. because the laminar solver cannot capture the vorticity near the walls

caused by low turbulence values, which affects the formation of the vortex.

14- Several simulations are investigated for cases to select the most efficient
shape and dimensions of the antivortex structures. The comparison showed
that the Flow 3D and the LES turbulence model are the most suitable for
modelling free surface rotating flows where the former was the most

economical and the latter was the most accurate.

15- The numerical model confirms its capacity to estimate flow requirements

across the side weir.
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6.2 Recommendations

1- Studying the hydraulic performance of asymmetrical SLSW in subcritical

flow.

2- Studying the discharge coefficient of stepped trapezoidal piano key side

Weir.

3- Improving the efficiency of stepped trapezoidal piano key side weir using

anti-vortices in subcritical flow.

4- Refinement of the velocimetry technique to resolve the vortex core veloc-
ity profiles in greater detail. The result would lead to resolving the depend-
ence of the tangential velocity field on the z—axis in this region as well as

other trends.

5- Investigating, in detail, the growth of the turbulent vortex core by
measuring the maximum tangential velocities as a means to indirectly

observe the turbulent eddy viscosity.
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