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ABSTRACT

EFFECT OF APPROACH CHANNEL SHAPE ON THE FORMATION OF
VORTICES AT SINGLE-HORIZONTAL INTAKES

Sonmez, Can Metin
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Mustafa Gogiis

September 2019, 76 pages

In an experimental setup of a water intake structure composed of a reservoir-pipe
system, the formation of air-entraining vortices under symmetric flow conditions were
investigated for different approach channel shapes. In the first set of the experiments
the approach channel walls were kept parallel to each other and be perpendicular to
the head-wall of the intake structure. In the following sets of the experiments these
walls were located at different angles to the head-wall. A series of experiments were
conducted on the model with varying approach channel shapes and a wide range of
discharges to determine the critical submergences required for the formation of
vortices. Consequently, the effect of the approach channel shape on the formation of
air-entraining vortices were investigated. Experimental results show that critical
submergence is mainly affected by Froude number and approach flow channel shapes.
Moreover, a dimensionless equation, related with hydraulic and geometrical
parameters, was obtained by using dimensional analysis for the critical submergence.
Furthermore, empirical equations were derived to calculate critical submergence by
using regression analysis. After that, simplified empirical equation was obtained by
eliminating some of the dimensionless parameters. Furthermore, data obtained from

the experiments and from the empirical equations are compared with each other’s.
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Oz

TEKIL - YATAY SU ALMA YAPILARINDA YAKLASIM KANALI
SEKLININ VORTEKSLERIN OLUSMASINA ETKISI

Sonmez, Can Metin
Yiiksek Lisans, insaat Miihendisligi
Tez Danigmani: Prof. Dr. Mustafa Gogiis

Eylul 2019, 76 sayfa

Bir rezervuar-boru sisteminden olusan bir su alma yapisi deney diizeneginde, simetrik
akim sartlar1 altinda yaklasim kanallarinin farkli sekillerdeki durumlarinda hava
kabarcikli vortekslerin olusmalar1 incelendi. Ik basta yaklasim kanalimn yan
duvarlar1 birbirlerine paralel ve su alma yapisinin alin duvarina ise dik olacak sekilde
deney guruplar1 yapildi. Daha sonraki deney gruplarinda ise, bu duvarlar alin duvarina
farklr agilarda tespit edildi. Model iizerinde genis bir debi araliginda farkl sekillerde
yerlestirilecek yaklasim kanallari ile bir seri deney yapildi ve her birisinde vortekslerin
olusmasi i¢in gerekli olan su alma yapisinin “kritik batiklik” degerleri tespit edildi.
Neticede, yaklagim kanali seklinin su alma yapisinin 6niinde hava kabarcikli vortex
olusumuna etkisi arastirildi. Deney sonuclar1 neticesinde kritik batiklik degerinin
genel olarak Froude sayisindan ve yaklasim kanali seklinden etkilendigi tespit edildi.
Kirik batiklik degeri i¢in gerekli hidrolik ve geometrik 6zellikler kullanilarak boyutsal
analiz yapilip boyutsuz bir denklem elde edilmistir. Kritik batiklik degerini
hesaplamak i¢in regrasyon analizi yontemi kullanilarak ampirik denklemler elde
edilmistir. Sonrasina bazi boyutsuz parametreler ampirik formiillerden elimine edilip
basitlestirilmis ampirik denklem elde edilmistir. Sonrasinda deneylerden elde edilen
sonuglar ile bahsi gecen ampirik denklemlerden elde edilen sonuglar

karsilastirilmistir.
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CHAPTER 1

INTRODUCTION

1.1. Introduction to Hydropower Plants and Intake Vortices

Water is the main life source for human beings. Water been primarily used to drink
and irrigation. When humans established large societies, they have needed excessive
electrical energy demand. When mankind realized the power of the water, they used

it to produce electrical energy by constructing hydropower plants.

On the other hand, there are alternative energy production methods rather than
hydropower generation, such as thermal power and nuclear power generation.
However, these energy production methods have negative effects on environment.
Thermal power plants pollute the air by burning fossil fuels. Nuclear power plants,
producing radioactive waste, is a great threat to Mother Nature and humans. The
destructive effects of Chernobyl tragedy are still in our minds. Contrary to thermal
and nuclear power generation, hydropower is fueled by water, so it is a clean source
of energy. It is, however, very significant that humans should use the water resources

effectively and wisely since they are increasingly depleted.

The major structure of hydropower is hydroelectric dam. It converts the potential
energy to kinetic energy. Then Kinetic energy is converted to electrical energy by
turbine and generators. Firstly, intake structure collects water from reservoir and then
water falls down through penstocks. Finally, the water strikes and turns the blades of

turbines and consequently, electrical energy is produced.

Proper design of intakes is needed in order to satisfy two interdependent factors;
minimizing cost along with maximizing efficiency. If position of the intake is close to
the bottom of the reservoir, there are two consequent troubles. Cost of construction

will be increased and excessive sediment accumulation may probably occur into the



intake structure. If position of the intake is close to the water surface, the design will
be economical and there is no risk of sedimentation. On the other hand, formation of
vortices will be observed in the case where intake location is closer to water surface.
Thus, the intake position should be arranged in such a way that there is neither vortices

nor sedimentation and the structure is economical.
1.2. Critical Submergence

Distance between the free surface and the intake can be known as submergence. There
are some types of intakes in terms of flow direction. Horizontal intakes are generally
used for dams. For horizontal intakes, critical submergence can be defined as vertical
distance between the water surface and top point of the horizontal intake when air-
entraining vortices on the free surface begin to from. Figure 1.1 shows the critical
submergence of various intake structures. Critical submergence of intakes is usually

denoted by Sc.

§:§§\>.§§\\\é'\‘?§\.\\

horizontal ntake b = floc

V‘L‘ N
d

SN, /B intake direction —j—_ﬁ.’- intake direction &j—%
—T e = =~

Figure 1.1 Critical Submergence of Various Intake Structures (Knauss, 1987)

Critical submergence should be satisfied in order to avoid vortices on the free surface

since these vortices cause serious problems on the hydropower system such as;



significant reduction in flow capacity, increasing head loss of the system, decrease in

efficiency, excessive cavitation and vibration problems in hydraulic machines.
1.3. Triggers of Vortex Formation on Free Surface

Many studies have been conducted in order to clarify the main reasons of vortex
formation. The vortices can be formed by three basic reasons according to Durgin &
Hecker (1978). Figure 1.2 shows these basic reasons of vortex formation, which are

listed below;
a) Eccentric position of the intake relative to symmetrical approach flow
b) Shear layers due to high velocity gradient

¢) Rotational wakes due to obstructions

e ) o | e
7 \/ -~
@ e

(a) (b) (c)

Figure 1.2 Basic Reasons of VVortex Formation (Durgin & Hecker, 1978)

1.4. Intake Types

Type of intakes has importance on critical submergence definition. They also affect
classification of the air-entraining vortices. Intakes can be classified according to
intake orientation and structural distinction, related with location of the intakes. Figure

1.3 shows the classification of intakes.
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Figure 1.3 Classification of Intakes (Knauss 1987)
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1.5. Vortex Types

Vortices can be classified in terms of their occurrence location, free water surface or
subsurface vortices. Free water surface vortices result from swirling motion on the
water surface. Since swirling occurs water surface, it contains air bubbles. On the other
side, subsurface vortices, occur generally near the bottom and wall of the reservoir,

induce swirling motion at the intake.

Another vortex classification is based on the strength of vortices. Visual method is
used for this classification. Although visual method is obviously a subjective
technique, it practically gives us important information about quality of design and
performance of intakes. In literature, Knauss (1987) pointed out visual classification
system, which has developed at the Alden Research Laboratory, ARL. He has explained
vortex type with the words of “swirl, eddy, dimple and vortex tail” in terms of visual
method. Formation of vortex tail begin with swirl motion of water. Then it is transformed
into dimple by gaining strength. At the last stage, vortex tail occurs and it reaches to the

intake. Figure 1.4 shows the phases of vortex tail formation.

Figure 1.4 Phases of Vortex Tail Formation (Baykara, 2013)



Vortices can be classified into six steps during process of its formation. Figure 1.5

shows these six-vortex types.

1.

Swirling motion stars at the free water surface. This can be seen as slight lines

at water surface.

Swirling motion picks up speed and consequently surface dimples occurs,

which start to appear with naked eyes.

Stronger dimple causes a tail, which stretches towards the intake. This tail does
not contain air entrained bubbles. This phoneme can be observed if dye is put

into water.

Whereas Type 4 vortex is stronger than Type 3 vortex, Type 4 vortex still does
not contain air entrained bubble. However, it contains floating objects such as

trash.

If the Type-4 vortex gains more strength, it captures air bubbles. Consequently,

these air bubbles reach out the intake.

This type of vortex is the strongest one. Full air core is formed and its length
starts from water surface to the entrance of intake. Therefore, it has conical

shape with full of air and its appearance looks like a rope.
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1.6. Scope of the Study and Outline of the Thesis

Aim of this study is to investigate critical submergence under the different approach
channel shapes by experimental setup of water intake structure. The experimental
setup mainly consists of a reservoir, horizontal intake pipes and approach channel
walls. By adjusting various approach channel angles, different approach channel
shapes are experimentally performed under symmetric flow conditions and wide range
of discharges. These different approach channel shapes were applied to three different
horizontal pipe diameters. Vortex Type 6 was used to determine critical submergence.
Consequently, empirical equations of critical submergence were developed by using

dimensional analysis for various symmetrical approach channel shapes.

Literature review related with vortex formation is presented in Chapter 2. After
literature review, modelling of air entrained vortices and dimensionless parameters for
the experimental model are demonstrated in Chapter 3. In Chapter 4, experimental
setup and steps of performing the experiments are presented. Chapter 5 includes
results of the experiments and their evaluation. Conclusions and recommendations are

presented in Chapter 6.



CHAPTER 2

LITERATURE REVIEW

Analytical and numerical studies have been conducted in order to understand vortex
formation and estimate submergence. However, these studies have resulted in
complex equations for solution. Also, they use some assumptions in order to simplify
the complexity. This simplification may ignore the unique nature of each hydraulic
condition. Consequently, physical models are commonly preferred in order to deal

with the complexity of vortex and real case problems.

Anwar (1967) performed investigations on vortices at low head intakes based on
theoretical and experimental results for various types of flows. A tank, of which the
top was closed, was used for the experiments. Answar pointed out that occurrence of

vortices could be prevented by using floating raft on the water surface.

Answar (1968) studied prevention of vortices at intakes. In order to investigate how
to prevent swirl and vortices formation, theoretical and experimental researches were
conducted for various types of flows. It was claimed that position of intake plays an
important role on vortex formation. In other words, inadequate submergence
fundamentally causes vortices on the free water surface. Moreover, according to this
study, occurrence of weak vortices or dimple waves were not dependent on radial
Reynolds number, Rer=Q/(vSc), if it was greater than 1x10°. Answar also indicated
that increase in roughness of rigid boundary layer together with increase in radial
Reynold number could prevent the vortex formation at intake. Using floating raft at

the free water surface causes increase in roughness.

Gordon (1970) researched 29 existing hydroelectric intakes in order to generate design
criteria about critical submergence. This study is one of the most adopted study in the

literate. Gordon stated that there were 3 main factors, effecting formation of vortices.



- Velocity at the intake, Vi
- Submergence, Sc

- Intake diameter, Di

As expected, Gordon (1970) developed the formulas by using these parameters. The
formulas provide us to find critical submergence for symmetrical and asymmetrical
flow conditions. Equations 2.1 and 2.2 show the relationship between critical
submergence and Froude number for symmetrical and asymmetrical flow conditions,

respectively.

S
— = 1.70F 2.1
D, r (2.1)
S
EC = 2.27Fr (2.2)

i
In these equations, critical submergence and diameter of intake are indicated as “Sc”

and “Di”, respectively and “Fr” represents Froude number (=V;/,/gD;). Critical

submergence is the vertical distance from free water surface to the summit point of
the intake.

Reddy and Pickford (1972) observed formation of vortices at horizontal intakes in
conventional pump sumps. They claimed that approach channel shape is important
factor for the formation of vortices. Also, it was stated that Reynolds number,
Re=ViDilv, effects not significant due to the free water surface. Consequently,
Reynolds number is eliminated from formulation of critical submergence. The
relationship between critical submergence and Froude number is formulized as

follows;
S¢/D; = Fr (2.3)
If the vortex prevention devices are used, and

S¢/D; =1+ Fr (2.4)
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If the vortex prevention devices are not used

Daggett and Keulegan (1974) searched surface tension and viscosity effect on
formation of vortices. Different types of fluids, having different viscosity and
surface tension, were used in the cylindrical tanks on the experiments. At the end of
the experiments, they stated that after Reynolds number exceeds 5x10°, its effect on
the formation of vortices can be ignored. Similarly, radial Reynolds number can be

negligible when it is greater than 3x10°.

Zeigler (1976) conducted studies on the model of Grand Coulee Third Powerplant to
investigate the effects of using trash rack, floating and submerged rafts on the
formation of air entrained vortices. It was observed that intensity of vortices was
decreased by using trash rack at the intake. Also, effects of using various grid size of
trash rack on vortex formation was observed. Furthermore, in order to prevent
vortices, floating and submerged rafts were used. Using these rafts decreased
significantly occurrence of air-entrained vortices. However, it was observed that
floating rafts were more efficient than submerged rafts to prevent air-entrained

vortices.

Anwar et al. (1978) studied air entrained vortices in a horizontal intake. They stated
that surface tension and viscosity were not affecting the formation of vortices under
the conditions that the radial Reynolds number and Weber number, We=pVi?Di/o,
are greater than 3x10* and 1x10%, respectively. They also concluded that critical
submergence is not affected by bellmouth entrance. In other words, using bellmouth

entry does not change the critical submergence compared to simple intake.

Jain et al. (1978) studied with two geometrically similar models of circular tanks to
observe effects of surface tension, viscosity and model ratio on the formation of
vortices. Each tank had horizontal intake and different fluid types in order to obtain
different surface tension and viscosity values. It was found that both viscosity and
surface tension does not affect the critical submergence depth when Reynolds

number is within the range of 2.5x10°<Re<6.5x10° and Weber number is within the
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range of 1.2x10°<We<3.4x10% Moreover, it was mentioned that increase in
viscosity of the fluid caused reduction in critical submergence due to reducing
circulation. It was also stated that geometric similarity was satisfied as long as
circulation parameter was kept constant. Therefore, there was only one factor caused
to irregularities for Froude scaled models, which was different Reynolds number of
the model and protype. A correction factor, K, was introduced to deal with those
irregularities. Consequently, the relationship between critical submergence, Froude
number, viscosity parameter and circulation number were formulized as;
K2E = 5.6N242Fr05 (2.5)
D;
In that equation, K is the correction factor and Ny is a parameter function of
viscosity, Nv=g°°Di*/v. Nris the circulation number and equal to Nr=I'Sc/Q and Fr
is the Froude number. This equation is valid in case of 5.3x10°< Ny, 0.1875 <
Nr<1.95 and 1.1<Fr<20.

Gulliver and Rindels (1983) presented a graph, which shows critical submergence
versus Froude number (Figure 2.1). This graph was generated to observe critical
submergence from past data, belonging to Gordan (1970) and Reddy and Pickford
(1972).
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Knauss (1987) studied critical submergence of air entrained vortices for some large
intakes, belonging to power plants. He advised that critical submergence should be 1
to 1.5 times of the intake diameter. It was stated that the requirements for submergence

can be found by the formula given in Figure 2.2.

S./D=2Fr + 112

large size intakes - medium and small size installations, e.g. all kinds
Z of outlet control structures, intakes at navigation
locks, diversion tunnels and water supply reservoirs
cooling water inlets and especially pump intakes

for power plants,
especially pumped
storage systems ; Ly P
im/s<v=<3m/s 2m/s <v < 6m/s (mean value: &4 m/s)

(mean value: 2m/s)

Figure 2.2 Recommended Submergence for Intakes with Proper Approach Flow Conditions,
(Knauss, 1987)

Yildirrm and Kocabas (1995) had experimentally and theoretically investigated
critical submergence of intakes in uniform open canal flow. They had aimed that
vortex problem was solved by using potential flow for the combination of point sink
and uniform open canal flow, which is known as Rankine’s half bodies. According to
their theoretical and experimental results, critical submergence was equal to radius of
imaginary spherical sink surface. In that case, half of the velocity in uniform canal
flow is equal to radial velocity. As it can be seen in Figure 2.3, flow was thought to be
superposition of uniform canal flow and point sink. They have found that there was

slight difference between experimental and theoretical results.
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Figure 2.3 Uniform Flow , Point Sink and Critical Spherical Sink (Y1ildirim and Kocabag, 1995)

After establishing theoretically potential flow solution of the vortex problem, they

derived a formula related with critical submergence as;

1/2

& = L (C i) (2 6)
D; 2v2\ 94U, '
Where;

Sc, Di, Cq, Viand U are critical submergence, internal diameter of intake pipe,
discharge coefficient, intake pipe velocity and velocity of uniform canal flow,

respectively.

Jiming et al. (2000) performed experiments related with critical submergence of large-
scaled models with double entrance pressure intakes. 1:30 scale model of Three
Gorges Dam, which is the world’s largest hydropower station in terms of installed
capacity, was used in the experiments. Two empirical equations, related with critical
submergence at double entrance intakes, were derived for symmetrical and non-
symmetrical flow condition. Also, these equations were compared with Gordon’s

(1970) empirical equations.
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Yildirim et al. (2000) theoretically and experimentally investigated effects of flow
boundary on critical submergence of an intake. Horizontal intake pipe, located at the
dead-end wall of a flume was used in the experiments. It was stated that the deviation
between theoretical solution, i.e. potential solution, and the analytical results increases
when the distance between the intake pipes and dead-end wall is smaller than critical

submergence.

Gurbizdal (2009) experimentally studied formation of air-entrained vortices at
horizontal intakes to show the effect of model scale on the phenomenon. In these
experiments, four different intake pipes, placed in a large reservoir, were used. It was
stated that model length scale ratio, side wall clearance ratio, Reynolds number and
Froude number play an important role on critical submergence. It was also indicated
that when ratio of side wall clearance to intake dimeter (b/D;) is larger than 6, its effect
on critical submergence is negligible. An empirical formula given below was derived

to determine critical submergence considering the above-mentioned dimensionless

parameters;

. by 0565

2C¢ _ Fr0.865 (_) Re0:0424 2.7
5 =Fr B, ¢ (2.7)

Equation 2.7 is valid under the conditions of;
0.51 <Fr<4.03, 1.597 <b/Di < 5.147 and 2.96x10*< Re < 2.89x10°

Yildirim et al. (2009) conducted experiments with two vertical intakes to show the
effect of intake size and location on critical submergence. From the results of the study
it was concluded that critical submergence of dual intakes is higher than critical

submergence of single intakes.

Tastan and Yildirnm (2010) investigated effects of dimensionless parameters and
boundary friction on critical submergence of an intake. Experiments were performed

in both no-circulation imposed cross flow and still water. It was stated that obtaining
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the critical submergence flow and geometrical conditions affect the limiting values of

Froude number, Reynold number and Weber number.

Sarkardeh et al. (2010) experimentally investigated effects of intake head wall slope
and trash rack in front of the intake on critical submergence as well as type and
strength of intake vortices on a horizontal intake. The strength of voices was
determined by an Acoustic Doppler Velocimeter device, which measures the
tangential vortex velocity. Experiments were performed under condition of different
intake head wall slopes, Z= 2:1, 3:1, 4:1 and vertical. Experiments were performed
with and without trash rack. From the results of the experiments it was concluded that
type and strength of vortices decreases if slope of the head wall increases. Also, it was
stated that presence of trach rack reduces the strength and type of the vortices.
Consequently, an empirical formula given below was derived to determine the critical

submergence as a function of related dimensionless parameters;

For type 5, type 6 vortex and circulation number, Nr> 0.016;

S 1
EC — 2_00(2)0.008(Fr)0.334(T)0.369 (2.8)
i

For type 3, type 4 vortex and circulation number, Nr> 0.011;

S 1
D_C — 2.43(Z)O'OOB(FF)O'334(T)0'369 (29)
i

Where Z is the head wall slope. T is the cross-sectional trash rack opening. Without a
trash rack T is equal to 1.00. In their experiments, T is equal to 0.75 in case of presence

of a trash rack.

Baykara (2013) conducted a series of experiments to prevent vortex formation at
horizontal intakes by testing anti-vortex devices. In the experiments, six pipes of
different diameters were used with various discharge range under symmetric approach
flow conditions. Horizontal plates, located on top of the pipe, were used as an anti-

vortex device and its effect on the formation of air-entrained vortices was investigated.
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Consequently, some empirical equations were derived for specific range of
dimensionless side wall clearance, 2b/Di, where b is the distance between the
centerline of the intake pipe and one of the side walls, which was divided in three

groups as maximum, minimum and intermediate values of Sc/Di.

For maximum values of S¢/Di, 1.33 < 2b/Di < 4.00,

-3.489
& — Fr5792Re3-246\\ 4333 (@) (2.10)
. D, '
i 1
For minimum values of S¢/Di, 2.00 < 2b/Di < 8.00,
-0.602
i — Fr0-039Re—0:357\/g—0425 (@) (2.11)
i D;
For intermediate values of S¢/Di, 3.33 < 2b/Di < 12.00,
S, 2y ~0261
Z€ — Fr0336Ra—0.229y70.401 (_) 2.12
r e e D; (2.12)

i
Tastan and Yildirim (2014) investigated the effects of Froude, Reynolds and Weber
numbers on formation of air entrained vortices by using a semi-theoretical approach.
It was stated that Sc/Di ratio can be modeled in case of only kinematic similarity is
satisfied. Flow and geometrical properties can be ignored if Sc¢/Di ratio is identical for
intakes that have velocity ratios at the intake and critical spherical sink surface are the

same.

Zaloglu (2014) experimentally investigated effects of symmetrical and asymmetrical
approach flow conditions on formation of air entrained vortices at water surface.
Various symmetrical and asymmetrical approach flow conditions were created by help
of adjustable lateral walls, made of plexiglass. The experiments were performed for a
wide range of discharges and different pipe diameters, 25.0 cm, 19.4 cm and 14.4 cm.
Consequently, after analyzing the results of the experiments, some empirical equations
were derived and their results were compared with those of existing studies in the

literature.
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Haspolat (2015) conducted a series of experiments related with formation of air-
entrained vortices in a model, composed of a reservoir and horizontal intake, in order
to estimate critical submergence. The experiments were performed under symmetrical
and asymmetrical approach flow conditions by using adjustable side walls. The similar
experiments were repeated with four different pipe diameters for a wide range of
discharges. Also, floating rafts with various dimensions on the water surface were
used as anti-vortex devices in order to prevent formation of vortices. Consequently,
empirical equations were derived considering Sc/Di and other related flow and

geometric parameters;

For symmetrical approach flow conditions, Equation 2.16 was derived with a

correlation coefficient of R?=0.966:

S Zb —-0.241
c ) (2.13)

ZC€ _ Fr0-193Re—0.331yy/00.544 (_
i D;

Where 2b is the side wall clearance.

For asymmetrical approach flow conditions, Equation 2.17 was derived with a

correlation coefficient of R?=0.949;

S
E(; — Fr0.154Re—0.315We0.462 (lIJ)0'071 (2_14)
Where vy is a parameter, equal to [(bi+b2)/Di].(bi/b2). bi is the small side wall
clearance, which is the distance between the intake pipe centerline and the closer side
wall to the intake pipe, and bz is the large side wall clearance, which is the

corresponding distance for the other wall.
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CHAPTER 3

MODELLING OF AIR ENTRAINING VORTICES

3.1. Introduction

In the solution of problems related to hydraulics, many experimental and some
theoretical studies have been conducted. However, experimental research has
generally been preferred rather than computational or theoretical studies due to some
reasons. Before construction of many hydraulic projects, which needs huge
investments, small scale hydraulic models are tested in order to obtain feasible
solutions. Theoretical solutions may give unrealistic results because they may ignore
the unseen reasons behind the problems. Also, computational solutions may
underestimate the real case situation due to complexity of the phenomenon. Because
of these reasons, scale modelling of prototype is inevitable solution for many hydraulic

structures before designing and construction.

Air-entrained vortex formation at free water surface is one of the major complicated
problem for intake structures. The vortex formation depends on approach flow
conditions, geometrical properties of the structure and fluid properties that are used in
the experiments. Considering all the above-mentioned properties, experimental

studies are preferred to investigate the vortex formation at intake structures.
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3.2. Application of Dimensional Analysis to the Related Parameters
The parameters related to the formation of vortex study are divided in three groups;

- Flow Properties: Average velocity of flow in the intake pipe (Vi), average

circulation imposed to flow (I') and gravity acceleration (g).

- Fluid Properties: Fluid density (p), dynamic viscosity of the fluid (n) and

surface tension of the fluid (o).

- Geometric Properties of the Intake and Reservoir: Intake pipe diameter (D),
the distance between the right and left approach channel side walls at the
frontal face of the intake structure (W), the vertical distance between the
bottom point of the intake and the base of the reservoir (a), and the angles
between the approach channel side walls and the front face of the intake
structure (0). In this study, it is assumed that the approach channel side walls
are sufficiently long and therefore their lengths are not considered as additional

parameters in the analysis.

Considering the common type of a horizontal intake as shown in Figure 3.1, Sc is
defined as the critical submergence, which is the distance between the free surface
level and the intake at which air- entraining vortex form. So, Sc can be described as a

function of the independent variables as given below;

Se=fi (p,no,gV;,I,D;,a, W, L,0) (3.1)
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Figure 3.1 Horizontal Intake Structure Sketch with geometrical parameters

After Buckingham’s © theorem applied to Equation 3.1, the dimensionless terms given

below are obtained:;

SC—fWLaFRWKe 3.2
Di_ Z(DilDilDil I, e, e, 0 ) ( . )
where
W L . . .
DD = Dimensionless terms related to the geometrical parameters

i Vi

= Ratio of bottom clearance to intake diameter

D;
Vi
Fr = Intake Froude number =
gDh;
ViDip

Re = Intake Reynolds number = T
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pViZDi
We = Intake Weber number = ———
r

Ko = Intake Kolf number = DV,

0 = the angles between the side walls and the front face of the intake structure

In this study, the vertical distance between the intake pipe and bottom of the reservoir,

called as bottom clearance a, is zero. Thus, % parameter can be removed from
Equation 3.2. Equation 3.2 can be expressed in the form of Equation 3.3

& =f, (W,L, Fr,Re, We, K, 0) (3.3)
D; D; " D;

Within the scope of this study the length of the approach channel was assumed to be
as L=100cm for the case of 6=90° although the actual length was 200cm. For other
approach channel configurations tested, 6=77° and 66°, the lengths of the approach
channel became a little larger than 100cm for a given 0, resulting in numerically very
close values of L/Di. Therefore, for a selected 6 case, one may eliminate the term of
L/Di from Equation 3.3.

W
D_i - fZ (D_l’ FI', Re; We, KO' 9) (34)

Equation 3.4 is valid for a prototype and its model. In order to satisfy a complete
similarity between the prototype and model, all the corresponding m terms must be the
same in both systems. This condition results in for the length ratio of the model as
Lr=1 if the same fluid is used in both systems. This situation is not practically possible,
therefore, some parameters that are less important for formation of vortices, should be
omitted from the general equation. Since the vortex formation is a free surface
phenomenon and is affected by gravity, Reynolds and Weber numbers may be

neglected and Froude number is selected as a main parameter.
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3.3. Effect of Froude Number

Past studies related with formation of vortices state that Froude number is the most
important dimensionless parameter for the vortex formation. For example, Gordan
(1970) revealed that critical submergence was only expressed as a parameter of Froude
number. Therefore, Froude similitude law was used to model the air-entraining
vortices, however, this results in incomplete similarity of model and prototype, which
causes scale effect. Moreover, in order to ignore effect of viscous and surface tension
forces on the model, many of past studies stated limit values for Reynold and Weber

numbers, which are discussed in the next titles.
3.4. Effect of Reynolds Number

In hydraulics, Reynolds number is one of the important dimensionless parameters
especially in pipe flows, which shows the viscous effect of flow on the phenomenon.
It was stated in the past studies that effect of Reynolds number on the formation of
vortices can be negligible if it exceeds a certain limit value. After Radial Reynold
number, Rer, exceeds 3x10%, its effect on vortex formation can be negligible. Also,
Jain et al. (1978) stated that when Reynold number, Re, is greater than 2.5x103, its

effect on vortex formation is negligible.
3.5. Effect of Weber Number

Surface tension forces in the flow are associated with Weber number, which is a
dimensionless parameter. Weber number similarity should be satisfied to avoid scale
effect on dynamic similarity of model. However, when Froude similitude law is used
for a small scaled model, similarity of Weber number can not be used for this model.
This scale effect problem has been investigated by many researchers. Weber number
can also be ignored if it exceeds a limit value as it is in Reynolds Number. Anwar
(1977) stated that effect of surface tension forces is negligible when Weber number
exceeds 1.2x102. Similarly, Jain (1978), Padmanabhan and Hecker (1984) stated that
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effect of Weber number on the formation of vortices is independent from surface

tension forces, if the limit values are larger than 6x102 and 3.2x10° respectively.
3.6. Effect of Kolf Number

Kolf number is a dimensionless parameter which indicates effect of circulation on the
flow. Main parameters for circulation consist of approach flow conditions, geometric
properties of water intake structure and discharge of the flow. All these parameters are
shown in Equation 3.4. In this study, circulation parameter I' can be removed from
equation 3.4 since no forced circulation is created. Therefore, the final form of the
equation is shown below for symmetrical approach flows;

W
D_i =f, (Ei' Fr,Re, We, 0) (3.5)
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CHAPTER 4

EXPERIMENTAL SETUP AND METHODOLOGY

4.1. Experimental Setup

The experimental study has been conducted in METU Hydromechanics Laboratory to
observe the formation of vortices at horizontal intake structures. The experimental
setup consists of a large reservoir, an approach channel with adjustable side walls,
horizontal intake pipe and a rectangular open channel with a sharp-crested weir at the
end to measure the flow discharge. The reservoir has a rectangular plan view with
dimension of 310x310m and 220cm height as seen in Figures 4.1 and 4.2. Figures 4.3-
4.5 show the photographs of the experimental setup, which are taken from different
points of view. Side and rear walls of the reservoir are concrete and front face is
plexiglass to enable visual observation of vortex formation. Moreover, the horizonal
intake pipe, made of plexiglass, is mounted into the frontal plexiglass wall. The
reservoir is fed by one steel pipe with a valve, located at the back side of the rear wall.
Another steel pipe at the back side is used to drain the reservoir. The reservoir has
both dead and active volumes. Dead volume is at the bottom of the rigid slab
diaphragm in order to decrease the effect of turbulence on the incoming flow. The
zone, above the rigid slab diaphragm, can be defined as active volume. Also, there is
a screen layer, which is made of bricks, at the rear side of the active volume in order
to provide uniform flow to the active volume though the horizontal intake pipe (Figure
4.6). At the beginning of the experiment, water fills the dead volume of the reservoir.
After dead volume is full of water, water level begins to increase at the active volume
of the reservoir. After water level reaches a specific level, vortex formation is observed
for different pipe and approach flow wall-slope configurations. Water flows from the
reservoir into the concrete pool by means of a plexiglass horizontal intake pipe. This

pool is connected to the concrete rectangular open channel. There is a sharp crested
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weir at the end of the channel. This weir is calibrated with an acoustic flowmeter
before conducting the experiments for each pipe to be tested. In this experimental
study, three different plexiglass pipe diameters of Di=30cm, 20cm and 10cm, as
horizontal intake are used together with different approach channel wall-slope
configurations. A pump is used in the model to supply adequate discharge for vortex
formation when the intake pipe diameters are Di=20cm and 10cm.
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Figure 4.1 Sketch of the Experimental Setup in Plan View Without Pump (Zaloglu, 2014)
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Figure 4.2 Sketch of the Experimental Setup in Side View Without Pump (Zaloglu, 2014)
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Figure 4.4 Front View of the Experimental Setup without Pump, Di=30cm

29



Figure 4.6 Screen Layer and Active Volume of the Reservoir
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4.2. Experimental Methodology

Approach channel side walls, made of plexiglass, were attached to the front face and
existing plexiglass side walls with a certain angle by using silicon binder before
starting the experiment and this process was repeated for each set of the experiment.
After approach channel side walls were attached, at least one day was waited to have
the silicon binder dried. After that, concrete reservoir was filled with water by opening
the inflow pipe behind the concrete rear wall. Then, the valve at the horizontal pipe,
was opened slowly to avoid vibration and fluctuation on the free water surface. In the
case of no pump, discharge in the horizontal pipe was adjusted by the valve on the
pipe. In the case of using the pump, the discharge was adjusted by the pump valve.
After that, water level was decreased slowly by means of using the drain pipe, which
is connected to the dead volume. This process was continued during decreasing the
water level very slowly until observing the suction of air bubbles into the intake.
Sometimes full air core vortices and sometimes air-entrained bubble vortices, which
are called as “deceptive vortices” were observed. These types of vortices form due to
disturbances in the flow pattern and unsteady nature of the flow in the reservoir. To
overcome this misleading formation and ensure that the vortices were not deceptive,
each test was performed at least two times for the same setup and flow conditions.
After ensuring that the vortex was not deceptive, the discharge was read from acoustic
flowmeter and the water level was measured from the piezometer tube (Figure 4.7).
In this study, this process was repeated for three different intake pipe sizes. For each
pipe, three different approach channel side-wall angles were examined. Therefore, one
set of the experiment was performed for one intake pipe diameter, and one approach
channel side-wall angle at various discharges. In each experimental set at least 5
different discharge values were tested. Figures 4.8-4.16 show the sketches of the plan

views and photographs of the experimental setup.
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Figure 4.8 Sketch of Plan View and a Photo of the Experiential Setup for Di=30cm, W/D;i=4.00,

L/Di=3.33 and 6=90° (dimensions are in cm)
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Figure 4.9 Sketch of Plan View and a Photo of the Experiential Setup for Di=30cm, W/D;=2.50,
L/D;i=3.43 and 0=77° (dimensions are in cm)
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Figure 4.10 Sketch of Plan View and a Photo of the Experiential Setup for Di=30cm, W/D;=1.00,
L/D;i=3.67 and 0=66° (dimensions are in cm)
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Figure 4.11 Sketch of Plan View and a Photo of the Experiential Setup for Di=20cm, W/D;=6.00,
L/D;i=5.00 and 6=90° (dimensions are in cm)
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Figure 4.12 Sketch of Plan View and a Photo of the Experiential Setup for Di=20cm, W/D;=3.75,
L/D;i=5.15 and 0=77° (dimensions are in cm)
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Figure 4.13 Sketch of Plan View and a Photo of the Experiential Setup for Di=20cm, W/D;=1.50,
L/D;i=5.50 and 6=66° (dimensions are in cm)
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Figure 4.14 Sketch of Plan View and a Photo of the Experiential Setup for Di=10cm, W/D;=12.0,
L/Di=10.0 and 6=90° (dimensions are in cm)

35



SCREEN,
MADE OF
BRICKS
EXISTING
//HEMGMS&\\\\\\
SIDE WALLS
s B=120 -
NEW o
APPROACH
CHANNEL —
s wspDEWALLS & [ b
(= m =)
| %) & —
W=75
° [
Al S

22,5| 32,5 32,5 |22,5
Di=10

Figure 4.15 Sketch of Plan View and a Photo of the Experiential Setup for Di=10cm, W/D;=7.50,
L/D;i=10.3 and 0=77° (dimensions are in cm)
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Figure 4.16 Sketch of Plan View and a Photo of the Experiential Setup for Di=10cm, W/D;=3.00,
L/D;i=11.0 and 6=66° (dimensions are in cm)
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4.3. VVortex Observations

Many vortex formations were observed during the experiments. These vortices usually
occurred in a sequence, which were defined by Alden Research Laboratory. At the
beginning, eddies are observed at free water surface. These eddies turn into dimples
with small decrease in water level. When water level decreasing slowly, the dimples
gain strength and finally air-entrained bubbles and vortex tail are formed. Therefore,
according to the observations, formation of vortices occurs in order of; surface
disturbance, swirl motion, formation of eddies, dimples, vortex pulling floating trash,
vortex pulling air bubbles and finally full air core. In this study, only type 6 vortices
were taken into consideration to determine critical submergence. Figures 4.17 — 4.19

show some photographs of the observed vortices in the experiments.

Figure 4.17 Dimple Formation on the Water Surface
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Figure 4.19 Full Air Core Vortex
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CHAPTER 5

ANALYSIS AND EVALUATION OF THE EXPERIMENTAL RESULTS

5.1. Introduction

In this chapter, experimental results and its discussion are presented for symmetrical
various approach flow conditions. Variation of critical submergence to intake
diameter ratio, Sc/Di, depends on Froude, Reynold and Weber numbers, W/Di and 6.
Necessary geometric and hydraulic data such as distance between the right and left
approach channel side walls, discharge, velocity and critical submergence were noted
during the experiments to calculate the relevant dimensionless parameters, which are
indicated in Equation 3.5 and tabulated in the Appendix. Then, graphical
representations were used for the analysis of the data obtained from experiments.
Regression analysis was applied to the data to obtain empirical equations for variation

of S¢/Dias a function of aforementioned dimensionless parameters.

Three different intake pipe diameters were tested and effects of various approach
channel shapes on critical submergence were discussed. Table 5.1 shows the ranges
related with important hydraulic and geometric parameters used in the calculations for

different symmetrical approach channel shapes tested.
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Table 5.1 Ranges Related with Important Hydraulic and Geometric Parameters Used in the
Calculations for Different Symmetrical Approach Channel Shapes

Interval of Number
Di (cm) - - -

Qi (It/s) | Sc/Di Fr Re We | WI/Di |0(degree)| Of Obs.
61.002 | 1.203 0.503 | 257869 | 3063 4.00 90

30 ~ ~ ~ ~ ~ ~ ~ 19
26.983 | 0.217 0.223 | 114063 599 1.00 66
53.382 | 1.550 1.213 | 338486 | 7919 6.00 90

20 ~ ~ ~ ~ ~ ~ ~ 15
25.998 | 0.745 0.591 | 164846 | 1878 1.50 66
42.897 | 3.510 5.514 | 544006 | 40895 | 12.00 90

10 ~ ~ ~ ~ ~ ~ ~ 15
20.359 | 2.617 2.617 | 258186 | 9212 3.00 66

5.2. Flow Zones in front of the Intake Structure

Figure 5.1 (a) shows the 3-dimensional frontal view of Figure 4.8 where the bottom
clearance of the intake structure a=0, the angle of the approach channel side walls
0=90°, W=B=120cm and Di=30cm. The flow coming from the approach channel of
width B=120cm is forced to pass through the entrance section of the intake structure
of which the diameter is D=30cm. During this process three dead zones where
rotations occur, form around the entrance section of the intake structure which are
designated by zones (1), (2) and (3) as depicted in Figure 5.1. In the zones (1) and (2)
which are located between the entrance section of the intake structure and the side
walls of the approach flow channel, flow rotations are observed mainly over the
horizontal planes. As for zone (3) which is the region just above the intake structure
and extends to the free surface along the head wall of the intake structure, rotating
flows occur mainly over the vertical planes. Combination of all these rotating flows

increases the possibility of having strong vortices in front of the intake structure.

When the angle of the approach channel side walls decreases, such as 6=77°, the
volumes occupied by zones (1), (2) and (3) decreases as seen in Figure 5.1 (b).

However, the flow moving towards the intake structure through the approach channel
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accelerates and therefore, the intensity of the flow rotations expected in zones (1), (2)
and (3) increases. As the distance between the side walls is decreased, the flow
velocity in the approach channel and therefore, frictional drag of the side walls on the
flow will increase and finally, the horizontal area in the approach channel over which
the rotational flow occurs will be a larger percentage of the total area (Gogus et al.,
2016). In this case one may expect the formation of air-entraining vortices at larger

values of Sc¢/Di than those of 6=90° case of the approach channel side walls.

As 0=66°, the side walls of the approach channel coincide with the sides of the intake
structure-entrance section; the dead zones of (1) and (2) are not available anymore,
but there is still dead zone (1) with pretty much reduced volume (Figure 5.1 (¢)). In
this case the incoming flow hits the head wall of the system in zone (3) with a high
velocity and then tries to move down towards the intake structure. During this process
very strong disturbances occur above the intake structure due to the flow rotation in
zone (3) and high-speed flow coming to the intake structure along the approach
channel side walls. These flow irregularities may result in early formation of air-

entraining vortices compared to the cases of 6=77° and 90°.

The locations and functions of the dead zones (1), (2) and (3) for the experimental
setups of Di=20cm and 10cm are very similar to those explained above for Di=30cm
(Figures 5.2 and 5.3).
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Figure 5.1 Dimensional frontal views of the experimental setups with dead zones of (1), (2) and (3)
for Di=30cm; (a) 6 =90°, (b) 6 =77° and (c) 6 =66°
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Figure 5.2 Dimensional frontal views of the experimental setups with dead zones of (1), (2) and (3)
for Di=20cm; (a) 6 =90°, (b) 6 =77° and (c) 6 =66°
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Figure 5.3 Dimensional frontal views of the experimental setups with dead zones of (1), (2) and (3)
for Di=10cm; (a) 6 =90°, (b) 6 =77° and (c) 6 =66°

5.3. Variation of S./Di with Dimensionless Flow Parameters under Different

Approach Flow Conditions

After necessary geometric and hydraulic data are collected from experiments,
variation of Sc¢/Diwith Froude, Reynolds and Weber numbers as a function of W/Di
and 0 were analyzed. Consequently, graphs of these parameters were presented in
Figures 5.4-5.12.

In general, when all of these figures are analyzed it is seen that the trends of the
measured data for S¢/Di are very similar with Fr, Re and We for a given pipe diameter;
the only difference is at the numerical values of Fr, Re and We. For a given W/Di and
0, Sc/Di increases with increasing Fr, Re and We. The increasing rate of Sc¢/Di varies
as a function of Fr, Re and We. For the pipe of Di=30cm, up to a Froude number of

about 0.35 the case W/Di=1.00 and 6 =66° gives the minimum S¢/Di values compared
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to those of 6=77° and 6=90°. For a Fr up to 0.35, the value of S¢/Di increases with
increasing 6. On the other hand, for Froude numbers larger than about 0.35, Sc/Di
values increase with decreasing 6. The reason of this situation is as explained in
Section 5.2; increasing Fr means that the discharge of the system is increasing, and
the rate of change of velocity of the flow through the approach channel is increasing
more as the flow approaches to the intake. Therefore, maximum S¢/Di values ae
obtained for the case of minimum 6, 66°, tested at large Froude numbers. In Figure
5.4, the observed minimum and maximum S¢/Di values are 0.20 and 1.20, respectively,
for 6 values tested and Froude numbers varying between 0.22 and 0.50. From this
figure it can be recommended that the approach channel side walls of 6=77° gives the

maximum S¢/Di values for the range of Fr tested.

The results of the experiments conducted in pipes of diameters less than 30cm; 20cm
and 10cm, show a little bit difference from the pipe of Di=30cm (Figures 5.7-5.12).
These figures point out that within the limits of Fr tested, Sc/Di increases at a certain
rate with increasing Fr, Re and We for a given W/Diand 6. Minimum S¢/Di values are
obtained from the setups of Di=20cm and 10cm for the case of 6=90° while the
maximum S¢/Di values belong to the case of 6=66°. Since the pipe diameters are
smaller than Di=30cm in these last cases, the air-entraining vortices are obtained at
larger Fr than those of Di=30cm. Large Froude numbers imply large rates of velocities
through the approach channel and therefore more intensely rotational flows in front of
the intake, which result in large Sc/Di values. For a given pipe diameter, Di=20cm or
10cm, and Fr, the value of Sc/Di increases with decreasing 6. The minimum S¢/Di
values are obtained with approach channel side walls angle of 6=90° for the cases of
Fr larger than 0.50. For Froude numbers larger than about 2.50, the difference between
Sc/Di values to be obtained from the setups of different 6 values gets much smaller
(Figure 5.10).

The related figures of Sc¢/Di versus Re and We also reveal that within the ranges of Re
and We tested, one can not state that Sc/Di is independent of Re and We. Only in the
figures of Di=10cm, Figure 5.11 and 5.12, it is seen that at large values of Re and We
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the rate of change of Sc/Di with the related parameters is not so important. From this
point one may say that at larger values of Re and We which were not tested, the effect

of Re and We on Sc/Di may be considered negligible.
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Figure 5.4 Sc/Di versus Fr for Di= 30cm as a Function of Different W/D;, L/D; Values and 6(degree)
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Figure 5.6 Sc/Di versus We for Di= 30cm as a Function of Different W/D;, L/D; Values and 6(degree)
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5.4. Variation of S¢/Dj with Dimensionless Parameter of W/D;

Figure 5.13 shows the combined graph of the data points given in Figure 5.4, 5.7 and
5.10 in the form of S¢/Di versus Fr which covers all the data obtained within the scope
of this study. In general, three sets of data trends are observed in this figure. Except
the data points of Fr less than about 0.35, for the remaining part of the data points
lying on top of the figure belong to the experimental setup of 6=66°. The second one
just below it is for 6=77° and the last one at the bottom is for 6=90°. In this figure there
Is no data for the range of Fr between about 1.21 and 2.62. The reason of this is not to
have related data to be obtained from the experiments of intake structures having the

diameters between 10cm and 20cm.

Referring to Figure 5.13 one can plot Figures 5.14-5.16 which show the variation of
Sc/Di with W/D; for selected constant Froude numbers. From these figures it is seen
that, except the lowest Froude numbers (0.25, 0.30 and 0.40) obtained from the
experiments of Di=30cm, as W/Di increases for a given Froude number, S¢/Di values
slightly decrease. This situation also implies that the angles of the side walls, 0,
increases from 66° up to 90°. Figures 5.14-5.16 can be used to estimate the value of
Sc/Di for a given Fr and W/Di.
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5.5. Derivation of Empirical Formulas for Dimensionless Critical Submergence
5.5.1. The General Case

Variation of Sc¢/Di depends on the dimensionless parameters indicated in Equation 3.5.

By referring this equation, Equation 5.1 can be written for the dimensionless critical

submergence.

S W cl

D_c- = (E) Fre?2Re®we9°> (5.1)
1 1

In order to get an empirical equation of Sc¢/Di, regression analysis was performed by
using computer program of DataFit V9 and consequently, regression variables of c1,

c2, ¢3, ¢4 and c5 were found as follows;
c¢1=-0.081

c2=0.718
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c3=0.075
c4=-0.078
c5=-0.038
with correlation coefficient of R?=0.971

After substituting the constant regression variables in Equation 5.1, the empirical
equation of S¢/Di can be given in the form of Equation 5.2. This equation is valid for

the limit values of the dimensionless parameters, expressed in the Table 5.1.

L <w>_0.081 Fr0'718Re0'°75We‘°'°786‘0'°38 (52)
D;

Figure 5.17 shows comparison of the measured Sc/Di data from experimental results
and calculated S¢/Di data from Equation 5.2. Majority of these data are within £30%
error lines, which are shown in Figure 5.17 as well. From this figure, errors between
the measured and calculated Sc/Di values were determined for each data.
Consequently, variation of “percentage of data” with “values of error percentages”,
except for a few data, is shown in Figure 5.18 for the data obtained from the
experiments and Equation 5.2. Figure 5.18 reveals that about 70% of the data are
within £10% error lines while about 90% of the data are within £30% error lines.
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5.5.2. Simplified Empirical Equations for S¢/Di

Dimensionless terms of 6, W/Di, We and Re were eliminated respectively from
Equation 5.2 one by one assuming that their effect on Sc¢/Di is negligible in order to
obtain more simple empirical equations of S¢/Di. Consequently, Equations 5.3, 5.4,
5.5 and 5.6 were derived by using regression analysis. These equations are valid for
the limit values of dimensionless parameters expressed in Table 5.1.

Se _ (W™ 0.729 R 20.0801\7n—0.086

E = (D_l) Fr Re We (5.3)

with R?=0.971

Sc 0.609R ,0.008 0.008

D - Fro°%”Re”""*We™" (5.4)
i

with R?=0.963

Sc 0.616 R 20.013

D= Fr®¢*°Re® (5.5)
i

with R?=0.963

Sc 0.722

D Fr® (5.6)
1

with R?=0.942.

If the correlation coefficients, R?, of the aforementioned equations are compared with
each other, it is seen that they are slightly smaller than the general case which is

indicated in Equation 5.2.

Figures 5.19, 5.21, 5.23 and 5.25 show comparison of the measured Sc¢/Di data from
experimental results and calculated Sc¢/Di data from Equations 5.3, 5.4, 5.5 and 5.6,
respectively with £30% error lines. Figures 5.20, 5.22, 5.24 and 5.26 show variation
of “parentage of data” with “values of error percentage” for the data obtained from the

experiments and Equations 5.3, 5.4, 5.5 and 5.6, respectively. From the analysis of
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these figures it can be stated that the percentage of data within the error lines of +30%
varies from about 90% (Equation 5.3) to 80% (Equation 5.6) while those data within
the error lines of £10% varies from about 67% (Equation 5.3) to 30% (Equation 5.6).
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Figure 5.19 Comparison of The Measured Sc/Di Data from Experimental Results and Calculated
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Figure 5.20 Relation between Parentage of data and Values of Error Percentage for Data Obtained

from Experiment and Equation 5.3
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Figure 5.21 Comparison of The Measured Sc/Di Data from Experimental Results and Calculated
Sc/Di Data from Equation 5.4
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Figure 5.22 Relation between Parentage of data and Values of Error Percentage for Data Obtained
from Experiment and Equation 5.4
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Figure 5.23 Comparison of The Measured Sc/Di Data from Experimental Results and Calculated
Sc/Di Data from Equation 5.5
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Figure 5.25 Comparison of The Measured Sc/Di Data from Experimental Results and Calculated
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5.6. Comparison of Present and Haspolat’s (2015) Studies

Haspolat (2015) conducted similar study with the same experimental setup. As
mentioned in the Chapter-2 (Literature Review), Haspolat estimated critical
submergence for symmetrical approach channel flow conditions. Consequently, an
empirical formula was derived to estimate critical submergence as a function of Fr,Re,
We and 2b/D;i as indicated in Equation 2.13 (Sc/Di=Fr0-193Re 0-331\We0544(2h/Dj)0-241),

In this equation, 2b is side wall clearance defined in Chapter 2.

Figure 5.27 shows a sketch of the side walls used in both studies. As it is seen from
Figure 5.27, all the side wall angles, 8, used by Haspolat are 90° whereas side wall
angles used in this study vary as a function of the side wall configurations tested
(6=90°, 6=77° and 6=66°). The distance between the right and left approach channel
side walls along the head wall of the intake (W) for the present study is equal to the
sidewall clearance (2b) used by Haspolat. Therefore, the values of W/Di and 2b/Di are
the same as indicated in Figure 5.27. Figure 5.27 also shows the dead zones for the
both studies which are designated by (1), (2) and (3).

PRESENT STUDY
APPROACH CHANNEL
SIDE WALLS

HASPOLAT'S
STUDY
SIDE WALLS

Figure 5.27 Sketch Showing the Approach Channel Walls Used in the Present and Haspolat’s Studies
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Since the present experimental setup contains different side walls angles, 6, two
different empirical equation of present study was used in the comparison. Equation
5.2 (Sc/Di = (W/D;) 008t Fr0.718 Rg0075 \\g0078 §0038) and Equation 5.3 (Sc/Di =
(W/D;) 0089 Fr0-729 Rg0.080 \\/e-0.086) " helonging to the present study, was used for the
comparison. Equation 5.2 regards effect of 6 whereas Equation 5.3 ignores effect of
0.

When the side wall angles are 90°, both studies consist of dead zone of only (3). In
this case, all the geometric properties are the same for both studies. Present and
Haspolat’s studies were compared with each other in terms of S¢/Di values obtained
by using the empirical equations of Sc¢/Di derived from the both studies for the
experimental data of the present study (Figure 5.28); Equation 2.13(Haspolat) and
Equation 5.3(present study). As it can be seen from Figure 5.28, all the data are within
the error lines of £15% except a couple of data. From this figure one can say that there is
a good agreement between the both empirical equations used here to estimate the value of
Sc/Di.
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Figure 5.28 Comparison of the Calculated S¢/D; values from Haspolat’s Relationship (Equation 2.13)
and Present Study (Equation 5.3) for the case of 6=90°

When side wall angles, 8, are 77° and 66°, the present study consists of dead zones of
(1), (2) and (3) whereas Haspolat’s study has dead zone of only (3). In this case, the
approach flow geometric properties are different for the both studies. Therefore, in
this case Equation 5.2 for the present study and Equation 2.13 for Haspolat’s study
were compared with each other using the present study data (Figure 5.29). The side
wall angles used in the derivation of Equation 2.13 in Haspolat’s study are all 90°
whereas the experimental data of the present study was obtained with approach
channel side walls having different 0 values. Therefore, as Figure 5.29 prevails, all the
data points appear within the error lines £25%. From the analysis of Figure 5.29 it can
be stated that especially at small values of W/D;i (or 2b/Di); 1.0, 1.5, 2.5 and 3.75, Equation
2.13 estimates larger values than those of Equation 5.2. The reason of this situation can
be explained as follows: as the value of W/D;i gets smaller the effect of boundary blockage

on the value of Sc¢/Di increases and therefore, Sc/Di values are observed at larger
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submergence. As the value of W/Di gets larger than about 3.75, the agreement between

Equation 2.13 and 5.2 becomes much better.
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Figure 5.29 Comparison of the Calculated S¢/D; values from Haspolat’s Relationship (Equation 2.13)
and Present Study (Equation 5.2) for the case of 6=66° and 6=77°
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In the present study, formation of air-entraining vortices was investigated in a physical
model for different symmetrical approach channel configurations. Series of
experiments were performed with various discharges and intake pipe diameters.
Consequently, the critical submergence was observed for each experiment. Empirical
formulas related with the hydraulic and flow parameters were derived to estimate
critical submergence. Simplified empirical equations were also obtained from general
form of the empirical equations. The following conclusions can be drawn from the

results of this study.

1. Increase in dimensionless parameters of Fr, Re and We causes increasing of

Sc/Di values for all the approach channel configurations tested.

2. For a given constant Fr, Re or We, S¢/Di values tend to increase with the
decrease of W/Di as indicated in Figures 5.4-5.12. Also, it can be stated that
effect of W/Di on critical submergence may be accepted as negligible if W/D;i

values start to exceed 6 as stated by Girbuzdal (2009).
3. The experimental setups having the approach channel side walls perpendicular

to the intake head wall, 6=90° give almost all the time minimum S¢/Di values
compared to those of 6=66° and 6=77°.
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4. Empirical equations were derived to obtain critical submergence from
dimensionless parameters of Sc/Di, W/Di and 6 for a given Fr, Re and We with

high correlation coefficients.

5. Eliminating some of the dimensionless terms, Re, We, W/Di and 0, from the
general empirical equation of Sc¢/Di (Equation 3.5) do not affect the critical

submergence significantly.
The following recommendations can be presented for future studies:

1. Similar studies can be performed with the same approach flow conditions by

using intake pipes of different diameters.

2. A large scale model of the experimental setup can be used to repeat the study

to get information for the effect of scale effect on the values of Sc/Di.
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APPENDICES

A. Experimental Results

In this part, experimental results are shown in tabular from. In these tables discharge,
critical submergence and the related dimensionless parameters are presented. The
main geometrical properties with intake velocity and discharge are shown in the
Figure A.1.
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Figure A.1 Simple Sketch of the Main Geometrical Properties with Intake Velocity and Discharge

Physical properties of water, which are used to obtain the flow parameters such as

Froude, Reynolds and Weber numbers, are taken as;
g=9.81 m/s?

v=1.004x10° m?/s

6=7.28x10"2 N/m

p=998 kg/m®
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Table A.1 Experimental results of critical submergence and related important flow parameters for
Di=30cm, W/Di=4.00, L/D;=3.33 and 6=90°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 60.75 | 21.65 | 0.722 | 0.859 | 0.501 | 256816 | 3038
2 53.07 | 20.60 | 0.687 | 0.751 | 0.438 | 224326 | 2318
3 48.86 | 20.40 | 0.680 | 0.691 | 0.403 | 206546 | 1965
4 42,17 | 17.85 | 0.595 | 0.597 | 0.348 | 178268 | 1464
5 36.01 | 11.30 | 0.377 | 0.509 | 0.297 | 152222 | 1067
6 29.15 7.60 0.253 | 0.412 | 0.240 | 123207 | 699

Table A.2 Experimental results of critical submergence and related important flow parameters for
Di=30cm, W/D;j=2.50, L/D;=3.43 and 0=77°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 60.128 | 22.10 | 0.737 | 0.851 | 0.496 | 254174 | 2976
2 53.640 | 20.80 | 0.693 | 0.759 | 0.442 | 226748 | 2368
3 46.900 | 1190 | 0.397 | 0.663 | 0.387 | 198257 | 1811
4 42,788 | 11.80 | 0.393 | 0.605 | 0.353 | 180874 | 1507
5 35.715 | 10.20 | 0.340 | 0.505 | 0.295 | 150975 | 1050
6 26983 | 7.10 | 0.237 | 0.382 | 0.223 | 114063 | 599

Table A.3 Experimental results of critical submergence and related important flow parameters for
Di=30cm, W/D;i=1.00, L/D;=3.67 and 0=66°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 61.002 | 36.10 1.203 0.863 | 0.503 | 257869 | 3063
2 52.903 | 30.60 1.020 | 0.748 | 0.436 | 223633 | 2304
3 51.769 | 28.70 0.957 0.732 | 0.427 | 218837 | 2206
4 47.244 | 28.30 0.943 0.668 | 0.390 | 199711 | 1837
5 41.490 | 8.80 0.293 0.587 | 0.342 | 175385 | 1417
6 36.418 | 7.00 0.233 0.515 | 0.300 | 153947 | 1092
7 27.300 | 6.50 0.217 0.386 | 0.225 | 115403 | 613
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Table A.4 Experimental results of critical submergence and related important flow parameters for
Di=20cm, W/D;=6.00, L/D;=5.00 and 6=90°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 53.382 | 28.85 | 1.443 | 1.699 | 1213 | 338486 | 7916
2 44517 | 21.10 | 1.055 | 1417 | 1.012 | 282275 | 5505
3 40.053 | 20.75 | 1.038 | 1.275 | 0.910 | 253966 | 4456
4 34710 | 16.65 | 0.833 | 1.105 | 0.789 | 220090 | 3347
5 25.998 | 1490 | 0.745 | 0.828 | 0.591 | 164846 | 1878

Table A.5 Experimental results of critical submergence and related important flow parameters for
Di=20cm, W/D;=3.75, L/D;=5.15 and 0=77°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 53.145 | 30.20 | 1510 | 1.692 | 1.208 | 336984 | 7846
2 45.191 | 22.80 | 1.140 | 1.438 | 1.027 | 286549 | 5673
3 40.365 | 2155 | 1.078 | 1.285 | 0.917 | 255945 | 4526
4 34.615 | 20.60 | 1.030 | 1.102 | 0.787 | 219488 | 3329
5 27.378 | 18.80 | 0.940 | 0.871 | 0.622 | 173599 | 2082

Table A.6 Experimental results of critical submergence and related important flow parameters for
Di=20cm, W/D;=1.50, L/D;=5.50 and 0=66°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 53.102 | 31.00 | 1550 | 1.690 | 1.207 | 336711 | 7833
2 44.059 | 27.00 | 1.350 | 1.402 | 1.001 | 279371 | 5393
3 40.887 | 23.00 | 1.150 | 1.301 | 0.929 | 259258 | 4644
4 35.036 | 21.60 | 1.080 | 1.115 | 0.796 | 222157 | 3410
5 26.895 | 20.10 | 1.005 | 0.856 | 0.611 | 170537 | 2009
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Table A.7 Experimental results of critical submergence and related important flow parameters for
Di=10cm, W/D;=12.00, L/D;=10.0 and 6=90°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 42,897 | 30.30 | 3.030 | 5.462 | 5.514 | 544006 | 40895
2 36.807 | 29.50 | 2.950 | 4.686 | 4.732 | 466774 | 30108
3 30.332 | 28.80 | 2.880 | 3.862 | 3.899 | 384660 | 20447
4 25.916 | 22.90 | 2.290 | 3.300 | 3.332 | 328658 | 14926
5 20.726 | 19.90 | 1.990 | 2.639 | 2.664 | 262834 | 9546

Table A.8 Experimental results of critical submergence and related important flow parameters for
Di=10cm, W/D;=7.50, L/D;=10.3 and 0=77°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 42.637 | 3240 | 3.240 | 5429 | 5.481 |540708 | 40401
2 36.278 | 29.70 | 2.970 | 4.619 | 4.664 | 460066 | 29249
3 29.956 | 29.10 | 2.910 | 3.814 | 3.851 | 379892 | 19943
4 25.280 | 23.40 | 2.340 | 3.219 | 3.250 | 320593 | 14203
5 20.359 | 22.00 | 2.200 | 2592 | 2.617 | 258186 | 9212

Table A.9 Experimental results of critical submergence and related important flow parameters for
Di=10cm, W/Di=3.00, L/Di=11.0 and 9=66°

Obs | Qi(lt/s) | Sc (cm) | Sc/Di | V(m/s) Fr Re We
1 42,563 | 35.10 3.510 5.419 5.472 | 539770 | 40261
2 35.897 | 3130 | 3.130 | 4571 | 4.615 | 455234 | 28638
3 30.010 | 30.30 | 3.030 | 3.821 | 3.858 | 380577 | 20015
4 25.691 | 24.60 | 2.460 | 3.271 | 3.303 | 325805 | 14668
5 20.383 | 23.80 | 2.380 | 2.595 | 2.620 | 258490 | 9233
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