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ABSTRACT

The present work has been mainly an experimental investigation with the broad objectives of
studying the discharge and pressure characteristics of vertiéal gate with different types of
non-stream lined and stream lined lip shabes at gate bottom. These lips have been placed at
the gate bottom and experiments have been conducted in total for fourteen types of lip shapes
and four types of bed conditions including three raised ogee crests, marked by variations in
the upstream face and one plane bed. In total, six non-stream lines lip shapes and eight steam
lined lip shapes ha\)e been tested for their discharge and pressure characteristics.

Certain simplifications to the existing relationships for computation of discharge through
gates are done to bring out similarity between these relationships and relationships baséd on
field data. It is also observed that higher discharge coefficients are obtained in the case of
weirs located above raised c?est. Discharge coefficient variations are found sensitive to the lip
effects. To account for lip effects, correction factors are developed which can be used for
different bed cpnditions and lip types. These correction factors, when multiplied with existing
relationships of discharge coefficient, lead to a better match with the observed values of
discharge coefficient.

Among non-streamlined lip types, lip having equal lip width to lip length is found
effective as leads to higher coefficient of discharge than other non-streamlined lip types for
a given relative gate opening. For a given lip type, the discharge coefficient is found to bé
higher when the gate is located above raised crest than the plane bed. This behavior is
observed for all the lip types. Regarding pressure variation, the ratio of observed to
hydrostatic pressure is found below one. This is influenced by the type of bed profile. For
example: ogee weir having upstream face as 2H: 3V is foynd to experience a lesser pressure

v



than type 1H: 3V and upstream face vertical. Ratio of observed pressure (P) to gate opening
(a) is found to have an increasing trend with the ratio of upstream specific energy (E) to gate
opening. Also, this trend is found to be non-linear for different lip types. Only few lip types
have been identified which have uniform distribution of pressure across the gate thickness. |
Based on the C4 variation, ratio of observed to hydrostatic pressure and uniformity of
pressure variation, ranking of overall performance of various lip shapes is done. The best

performing lip types are identified among non-stream lined and stream lined lip types.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION AND MOTIVATION

Flow through vertical gates is encountered in a variety of situations in various
hydraulic structures, such as barrage, cahals, spillways, and power plant intake. On the
-upstream side of the gates, there is storage of water which applies hydrostatic pressure on
the gates when these are fully closed. However, when the gates are raised to pass the
desired discharge, the flowing water generates pressure on the bottom portion of the gate
which is named as the lip of the gate. Depending on the magnitude of hydrodynamic force
generated, the vibrations are setup in the gate. Engineers are also interested in the smooth
closure of the gate. If one considers a situation when the pressure generated on the lip is
working in the upward direction, it will offer resistance to the smooth gate closure. For
this reason, it is of great practical significance to estimate this upward pressure or thrust
acting oﬁ the gate. There have been limited studies to modify this up thrust through
suitable choice of lip shapes (gate bottom geometry). However, some of the studies (Rao
and Singla, 1986) have used electrical analogy to study the relative performance of certain
lip shapes. Their work is based on Ohm’s law which is valid only when the response of
the system is linear. In real situation, the flow is often turbulent below the gates and
therefore, it is expected that Ohm’s analogy may not be valid. However, the work of Rao
and Singla (1986) clearly indicates that lip geometry thus influence the up thrust. It is also
known that lips with different geometries will guide the flow in different manner and

therefore, itis most likely that forthe same  bed type and



same gate opening, the discharge paséing through lips of different shapes will remain no
more same.

In many practical situations, gates operate above horizontal bed. However, there
are situations when the gates are located above raised crest. There are many studies which
indicate the variation in discharge characteristics of flow through gates and the manner in
which they operate above horizontal bed or raised crest. For tﬁe same lip shape, if there
are two gates having same operating head through the gate, for the same opening of the
gate the discharge through both the gates will differ if one is located above the horizontal
floor and the other gate is located above the raised crest. Similarly, the pressure
characteristics will also differ for the two gates though the lip shapes are same.

Literature review, detailed in next chapter, indicates that there is a need to
undertake study on flow characteristics including discharge and pressure variations for
different combinations of lip shape and the nature of the bed below gate. The present

study is largely based on this need.

1.2 OBJECTIVES OF PRESENT WORK
In view of the above, the objectives of the present study are identified as follows:
1 To study the discharge characteristics of vertical gates located above horizontal floor
as well as raised crest for- streamlined lip shapes.
2 To study the discharge characteristics of vertical gates located above horizontal floor
as well as raised crest for non-streamlined lip shapes.
3 To study pressure characteristic of vertical gates located above horizontal floor as well

as raised crest for streamlined lip shapes.
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To study pressure characteristic of vertical gates located above horizontal floor as
well as raised crest for non-streamlined lip shapes.
To identify the lip shape which can pass more discharge and which experiences

minimum upward thrust for gates located on horizontal floor as well as raised crest.

1.3 ORGANIZATION OF THESIS

Chapter 1 deals with the motivation of the present study and outlines the need for further
work regarding flow characteristics for streamlined and non- streamlined lip shapes.
Chapter 2 deals with the literature review related to discharge characteristics for flow
through gates located over different types of bed. It also degls with the lip shapes used by
earlier investigators and deals with the various équations to compute flow through gates
Chapter 3 deals with the experimental setup and details of experiments done on gates
having different lip shapes. The experiments are organized in four broad categories in
terms of the nature of the bed, i.e., horizontal and Ogee crest of three types. For each type
of bed condition, eight streamlined lip shapes and six non- streamline lip shapes are
considered.

Chapter 4: In this chapter the discharge characteristics for four types of bed conditions
and eight streamline shapes are evaluated using available equations in the literature. Small
orifice and large oriﬁ;:e formulations are used to test the applicability of existing
equations. To correctly represent the discharge characteristics suitable correction factors
are developed.

Chapter 5: In this chapter, the discharge characteristics for four types of bed conditions
and six non-streamlined shapes are evaluated using available equations in the literature.

Small orifice and large orifice formulations are used to test the applicability of existing

3



equations. To correctly represent the discharge characteristics, suitable correction factors
are developed.

Chapter 6: In this chapter the pressure characteristics for four types of bed conditions
and eight streamlined shapes are evaluated.using available equations in the literature. Lip
shape experiencing minimum pressure is identified.

Chapter 7: In this chapter the pressure characteristics for four types of bed conditions
and six non streamlined shapes are evaluated using available equations in the literature.
Lip shape experiencing minimum pressure is identified.

Chapter 8: It deals with the evaluation of relative performance of different lib types for
different bed conditions.

Chapter 9: It deals with the conclusions and salient findings of the present work.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION
Sluice gates are widely used in irrigation networks for flow control and measurement. This
chapter summarizes the findings of few important investigations on sluice gates; The flow from
the gate could be either free or submerged by the tail water. Similarly, the bed below the sluice
gate can be a horizontal floor or raised sill or crest. In this work, only the free flow conditions
have been investigated. This work focuses on the flow characteristics through a’ sluice gate
having different lip shapes. In the sections to follow, the literature review is confined to the

objectives of the study, as indicated in Chapter 1.

2.2 SLUICE GATE LOCATED ABOVE HORIZONTAL FLOOR

2.2.1 Discharge Through A Normal Sluice Gate:

Fig. 2.1 shows the definition sketch for flow through a Sluice Gate.

xR

Fig. 2.1: Definition sketch for flow through a sluice gate (Source: Roth and Hager, 1999)
In Fig. 2.1, Q=discharge, h,=approach flow depth, a=gate opening, x=stream wise coordinate

measured from the gate section, z=vertical coordinate measured form the channel bottom,
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Froude similarity law. For a<50 mm, the curves Cq4 (A) split. However, at lesser gate openings,
the effects of viscosity become significant, indicating a scale effect. For extremely small values

of A, surface tension dominates the flow, and C, decreases sharply.
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Fig. 2.3a = Discharge coefficient C, as a function of relative gate opening 4, (Source: Roth ahd
Hager,1999)

As stated by Roth and Hager(1999), all curves for C4 (A) start close to 0.60, decrease to a minimum value
Cqm with the corresponding relative gate opening A, and increase again varying essentially with the gate

Reynolds number Ra =a(2ga)' v
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Fig. 2.3b: Variation of Ar, with Reynolds number R, (Source: Roth and Hager, 1999)

The curves in Figs. 2.3b and 2.3¢ are for the Reynolds number R,<5X10* Fig 2.3b is governed by
Eq. 2.3 and Fig 2.3c is governed by Eq. 2.4

A=0.05+0.40 log(R./1000) (2.3)
Cdm=0.60-f;10g(Ra/1000) (2.4)
Further, substituting Dg=(C4-Cqm)/( Cao-Cam) all data for C4 can be expressed as a function of

A=A/A, with C4,=0.594 as the base value for small Ao.( see Fig 2.3d)

De= (1-An) _ _ (2.5)
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION
Sluice gates are widely used in irrigation networks for flow control and measurement. This
chapter summarizes the findings of few important investigations on sluice gates. The flow from
the gate could be either free or submerged by the tail water. Similarly, the bed below the sluice
gate can be a horizontal floor or raised sill or crest. In this work, only the free flow conditions
have been investigated. This work focuses on the flow characteristics through a' sluice gate
having different lip shapes. In the sections to follow, the literature review is confined to the

objectives of the study, as indicated in Chapter 1.
2.2 SLUICE GATE LOCATED ABOVE HORIZONTAL FLOOR

2.2.1 Discharge Through A Normal Sluice Gate:

Fig. 2.1 shows the definition sketch for flow through a Sluice Gate.

h 1] hsa

Fig. 2.1: Definition sketch for flow through a sluice gate (Source: Roth and Hager, 1999)
In Fig. 2.1, O=discharge, hs=approach flow depth, a=gate opening, x=stream wise coordinate

measured from the gate section, z=vertical coordinate measured form the channel bottom,



xg= position - of ridge (see below), h,=piezometric head on channel bottom, x.=position of
maximum shock wave height 4, and 4,=axial downstream depth. The general equation for sluice
gate discharge is given as,

Q=Cqab:f2ghy 2.1

where a is the gate opening and b is the width of the gate and C; is the coefficient of discharge.

2.2.1.1 Henry’é approach (1950)
Henry (1950) suggested curves of C4 versus hg/a with hi/a as the third parameter, where h, is the
tail water depth. The graph plotted is shown in Fig 2.2. Henry’s work was authenticated by
Rajaratnam and Subramanya (1967). This was further reinforced by Swamee (1992) who
developed following equations for Henry’s curves for free and submerged flow, respectively:

Free flow

Cq=0.611[; 71" (2.2)
For submerged flow
(ht)o Y '] 0
C=0.61 1[ ]° 072£1.032 |- E }‘0'1 (2.3)
(L R

It is to be noted that the equation proposed by Swamee has been reported to give poor results by

Sepulaveda et al. (2009) and Belaud et al. (2009).
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Fig 2.2: Discharge characteristics of normal sluice gate (Henry,1950)

2.2.1.2 Roth and Hager’s approach (1999)

This is another useful work on the variation of discharge coefficient which takes care of viscous
and surface tension effects. Roth and Hager related discharge coefficient with relative gate
opening. Figure 2.3a shows C4 as a function of (A), where A=a/ho=relative gate opening. It was

observed by authors that for gate opening a=50 mm, all data follow a single curve, based on the



Froude similarity law. For a<50 mm, the curves C4 (A) split. However, at lesser gate openings,
the effects of viscosity become significant, indicating a scale effect. For extremely small values

of A, surface tension dominates the flow, and C4 decreases sharply.
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Fig.2.3a  Discharge coefficient C, as a function of relative gate opening 4, (Source: Roth and
Hager,1999) '
As stated by Roth and Hager(1999), all curves for C4 (A) start close to 0.60, decrease to a minimum value

Cam With the corresponding relative gate opening A, and increase again varying essentially with the gate

Reynolds number Ra =a(2ga)"*v’".
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The curves in Figs. 2.3b and 2.3¢ are for the Reynolds number R,<5X10* Fig 2.3b is governed by
Eq. 2.3 and Fig 2.3c is governed by Eq. 2.4
An=0.05+0.40 log(R./1000) | 2.3)

Cdm=0.60-:—slog(Ra/1000) Q.4)

Further, substituting Dg=(C4-Cam)/( C4o-Cam) all data for C4 can be expressed as a function of
A=A/A, with C4,=0.594 as the base value for small Aq.( see.Fig 2.3d)

De= (1-A,)? ey



0.60 e —  aamn

4@-55 *

- Cdm
R
i I
/
/
| l

N o i X
3.5 . 4.5 ' 5.5
log Ra

Fig. 2.3c: Variation of Cdy, as a function of Reynolds number R, (Source: Roth and Hager,1999)

1.0

0.6}
-
[}
0.2
0.2 L 1 | -
' 0.4 0.8 1.2
A* hl

a(mm)=(¥) 10, (#) 15, (1) 20, (@) 30, (A) 50, (W) 80, (O) 120 '(Source: Roth and Hager,1999)

Fig.2.3d:D4 as a function of A,,

10



For b=500 mm, the gate opening must be at least a=50 mm for satisfying the Froude similarity

law. Equation 2.5 is a generalization, including both gravitational and viscous effects.

2.2.1.3 Habibzadeh et al. Approach (2011)

Based on theoretical considerations, Habibzadeh et al. (2011) theoretically derived an'equaiion
for discharge coefficient of sluice gates in rectangular channels under orifice-flow (both free and

submerged conditions) as shown in Fig 2.4.

The discharge coefficient for free flow through a sluice gate can be obtained as follows.

CamCe J1=D( 4k~ 1/8) | 26)

where C4= Coefficient of discharge, C.=Contraction coefficient, f=Dimensionless parameter,

and k=energy loss factor.

The validity of the discharge coefficient relationship for the discharge equation of free and
submerged sluice gate was investigated using the experimental data of Rajaratnam and
Subramanya (1967) which covered a wide range of Froude number from just greater than 1 up to
11.1 and submergence from 0.12 to 4.5. A comparison between the calculated C4 values using the
relation presented by Swamee (1992) as well as proposed model with the experimental results of
Rajaratnam and Subramanya (1967 ) showed that a value of 0.611 was assigned to C, where-as
the value of k was found to be 0.062 on the basis of minimum sum of absolute deviations

method.

Authors also attributed the main source of energy loss in a free flow condition due the large scale
turbulence structure in the upstream pool, i.e., the recirculating region. The turbulent part of this

region which occupies most of it is responsible for the velocity gradient that in turn produces
11



turbulence and results in energy loss. For submerged flows, a flow entrainment of approximately
25 % in terms of discharge per unit width occurs within the distance between f;he gate and the
vena contracta (Rajaratnam and Subramanya, 1967). This entrainment of the shear layer ‘is
believed to be turbulent, considering the large magnitude of entrainment in a short length. The
excess energy loss in the submerged flow is attributed to this shear-layer action that results in a
larger value of the energy-loss factor k. Comparing the values of k for free and submerged flows,
it is concluded that the energy loss in‘the shear layer causes an increase in £ of approximately
42%, which is a representation of the contribution of the shear layer to the energy-loss process.
One of the important: observation lof this study was that the value of the energy-loss factor &

depends on the geometry of the sluice gate edge .
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Fig.2.4 Definition sketch for flow under vertical gate in plane bed condition (Free flow)
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2.2.2 PRESSURE VARIATIONS
2.2.2.1 Discharge Through a Normal Sluice Gate

The studies on pressure variations are very much limited. The work of Roth and Hager (1999)
provides useful information on the variation of bottom pressure head along the channel length
covering a region from upstream of gate to sufficiently downstream from the gate section. The

authors defined a dimensionless pressure head term as

_ (hg ) .
Hy = oo 2.7)

Where 4, is the pressure head at gate bottom; A, is the approach flow depth, 4, tail water depth
The authors plotted H, as a function of dimensionless location X=x/a, where x is the distance

measured with respect to gate and a is the gate opening.
-1 :
H,=1—exp (—;(X - 1.7)2) (2.8)

Authors also observed that Eq. 2.8 better reproduced the data than the work of Montes (1997),

who did not consider the flow with a scale effect.

2.2.2.2 Gate Pressure Variation

Roth and Hager (1999) considered the variation of gate pressure and observed that the ratio Il of
effective to hydrostatic pressure force varies exclusively with relative gate opening, A, provided

viscous flow effects are excluded. The relationship proposed is as follows:
1T = 075 + 0.25 exp(—2.15 41%) 29

Where, A = a’ho. For small A, Il is very close to 1 and for large gate openings, Il decreases to

. about 0.80.

13



Belaud et al. (2009) used energy and momentum balance to estimate pressure force on the
upstream face of the gate as well as the variation of contraction coefficient. Their expression for
pressure force includes an integral term and involves dependence on the relative gate opening,
upstream Froude number and contraction coefficient. Thus, it lacks the simplicity of Roth and
Hager(1999) approach. For free flow, the contraction coefficient is theoretically obtained as
0.6182. They also reported that Swamee (1992) relationship did not perform well in their study
domain. A good discussion on the scale effects is also provided by authors because the
experimental values of contraction coefficient were observed to be higher than the theoretical
predictions. Authors also supported this ‘mismatch by providing support from the work of Speerli
and Hager (1999), where at smaller laboratory scales, fluid viscosity, surface tension, relative
boundary roughness and exact geometry may be important. These effects can be further
pronounced at lower values of gate Reynolds number, as shown by Roth and Hager (1999) and

Clemmens et al. (2003).

2.2.2.3 Pressure Variation at the Vena Contracta
Rajaratnam and Subramanya (1967) observed that pressure at vena contracta can also deviate
from hydrostatic pressure distribution. The authors showed that pressure deviation from
hydrostatic varies linearly with z, the vertical distance measure from the bed. If the depth of

water at vena contracta is hy, the pressure deviation Ap can be expressed as

apsa(1- i) p mg’g, for 0<z<h,, Ap=0 otherwise (2.10)

In eq. 2.10, Q is the flow rate through a gate of width B and p is the mass density of the water.
The value of A was assigned as 0.08 and the vena contracta was observed at a distance of 1.25
times of the gate opening. Belaud et al. (2009) used Eq. 2.10 in developing an expression for the

pressure distribution on gate.
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2.3 SLUICE GATES LOCATED ABOVE RAISED CREST
The presence of sill under sluice gate has a positive effect on the flow characteristics as it
increses the coefficient of discharge no matter what shape is used. Both shape and height plays an
important role in the enhancement of the discharge coefficient. For the shapes tested,(see Fig
2.5) it is concluded by Alhamid et.al.,(1999) that circular sill is the most effective shape
compared to all other shapes and triangular shape is the most effective compared to other
polygonal sill shapes. An equation for computing the flow discahrge was developed for both

silled and non-silled gate conditions.
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Fig. 2.5 Shapes and dimensions of tested sills
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Sills located under the gates are used mainly to réduce height of the gate and consequently its
weight. Many investigators have studied the effeét of sills on the free out flow characterstics, e.g.,
Ranga Raju and Visavadia (1979), Salama (1987), Negm et.al. (1993), and Negm (1995),. These
studies have experimentally investigated the effect of trapezoidal sills of different dimensions on
the coefficient of discharge. Generally, these studies showed that the presence of sills under the

gates increases the coefficient of discharge and this increase depends on sill dimensions.

This work presents the results of an experimental investigations on the effect of sill height
and lshape, including polygonal and non polygonal shapes, located under sluice gate on the
coefficient of discharge, A definition sketch relevant to a gate located over a sill is shown in
Fig.2..6. Experiments were carried out in a horizontal rectangular flume for free gate out flow
conditions. Also, an equation for the evaluation of the coefficient of discharge for both silled and

non-silled gates were developed and its performance was compared with data of other

investigators.

Fig.2.6 Definition sketch for gate located over raised crest (source:Alhamid1999)

Similar to an ordinary sluice gate, the discharge below gates located over sills in rectangular

channels may be expressed as:
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q=C,ay2g(hy, - Z) (2.11)

Where ‘q’ is the discharge per unit width, ‘hg’ is the upstream flow depth above the channel bed,
‘a’ is the gate opening, ‘Z’ is the sill height above the bed, ‘g’ is the gravitational acceleration
and ‘C4’ is the coefficient of discharge. For this study, C4 was computed using Eq. (2.11) and

effect of sill shape and height are discussed hereafter,
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Fig. 2.7 Free orifice flow

Many polygonal sills, upstream slope, downstream slope and crest shape are the main shape
parameters, while for non-polygonal, the above are invalid. Hence, a common shape factor, or

factors, are required to represent all shapes.

Many shape parameters were tried by author to represent the different shapes efficiently.
Finally, the sill wetted parameter ‘P’, and sill hydraulic radius ‘R=A/P’ where ‘A’ is the sill
cross sectional area, were found as suitable shape factors.

Using non linear regression analysis, an equation was obtained in the following form:
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1+ §)0,3618(1 N hOI: a)o,0434

C, = 0,630 =9 yoous ___a

hy +15a a +%)0.5169(1 _ R y03887

h-a 2.12)

According to Alhamid (1999), this equation can be used for both silled and non silled free gate
flow and can predict C4 values with a maximum error of less than 6%. For non silled gate, ‘Z’
will be equal to zero, ‘P’ will be infinity and head is equal to hy  however, equation (2.12) will
reduce to an equation which is different than Swamee’s equation for free flow, i.e., Eq. 2.2.. In
Indian conditions, different sill types are already in use and these are shown in Fig. 2.5. To the
best of knowledge, there is no work reported on the performance of gates located above raised

- crest type, as shown in Fig. 2.7 with different lip shapes.

2.4 USE OF LIP SHAPES
Hydraulic gates ére subjected to flow-induced vertical vibrations which may cause serious
accidents un'less,designed adequately against these vibrations. Design engineers are interested in
reducing this effect by suitably shaping the gate bottom in vertical lift gates. The different lip
shapes including flat lip, upstream curve, 45° wedge, 45° wedge with curve and vertical lip and
stream line shapes were tested by Rao and Singla (1986). It was found that streamline lip gives
smooth flow under the gate, less pulsating force and good bearing surface. It is also concluded
that it is practicable and preferable to other lip shapes. Some of the lip shapes, as used by Rao

and Singla (1986) are shown in Fig. 2.8.
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Fig. 2.8.Lip shapes tested by Rao and Singla (1986)
Rao and Singla tested the performance of lip shapes using electrical model. However, their work
was limited to only few lip shapes. Also, authors did not investigate the discharge characteristics

of gates having these lip shapes.

2.5 MISCELLANEOUS

In this section of the review, certain studies which are not directly linked with the objectives of
the present work are included. The purpose of inclusion of these studies is that these describe the
latest information available on the flow through sluice gate and may provide useful insight for
future investigations. Also, field based investigations provide the need for developing simple

relationships for computation of discharge coefficient only in terms of relative gate opening.

2.5.1 Flow Characteristics
Montes (1997) looked into irrotational flow and real fluid effects under planar sluice gates. Based
on his analysis, he observed that the trend of the computed contraction coefficients for the .
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gravity-affected flow is quite different from the no-gravity case. Also, there is a continuous
decrease of C, with an increase in g/E, a trend opposite to the no-gravity case with similar
geometry. Here, E is the upstream energy. Other flow parameters calculated from the inverse
method included the surface profiles, velocity, and inclination distributions, as well as the
pressure distribution along the bottom of the channel and along the gate. The comparison of the
potential flow solutipn with experimental data revealed that real fluid effects appear to have only
slight influence on the velocity and pressure distributions, which seem to be in good agreement
with the small amount of experimentation available. The contrast of the coefficient of contraction
with the experimental data was found less favorable. Boundary sheér effects were found to be a
feature of real fluid flow, and they increased the magnitude of the coefficient of contraction with
respect to the potential flow valués. Author afgued that this difference can be best explained by
considering the energy loss introduced by the maintenance of a vortex region upstream of the
gate. This argument was also indirectly supported by the calculafions performed on the
development of .the boundary layer along the gate and on the channel bottom. The study
concluded that the displacement thickness o-n the gate and on the channel below the gate is too
small to account for the experimental deviation of the coefficient of contraction from the inviscid

flow values.

Ohtsu and Yasuda (1994) focussed on investigations related to understanding of flow
characteristics below sluice gate. The results of the theoretical and experimental study on
characteristics of supercritical flow and the jump location below a sluice gate in a horizontal
smooth rectangular channel were summarized as follows:

1. The one-seventh power-law velocity distribution in the boundary layer is confirmed.
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2. The distribution of the relative turbulence int-ensity -( ’u” a»/U) in the boundary layer is similar

to that of the boundary layer in airflow with zero pressure gradients. Further, the low-turbulence
intensity always occurs in the flow outside the boundary layer.

3. The velocity distribution in the fully developed flow is approximated by the one-seventh

power law, and the distribution of the relative turbulence intensity ( ’“,z /) for the fully

developed flow is similar to that‘of an uniform open-channel flow.

" 4. The predicted boundary-layer growth is verified by the accurate measurements of mean
velocities and turbulence intensities.

5. For the developing flow and the fully developed flow, the calculated water-surface profile is
verified experimentally. Futthermore, the critical point is determined.

6. The inflow condition of the hydraulic jump below a sluice gate is predicted from the boundary-
layer growth and the water-surface profile.

7. From the exact analysis of the water-surface profile, the movement of the location of a

hydraulic jump to variation in tail water level is determined.

2.5.2 Field Investigations
Lozano et al. (2009) undertook a massive filed investigation where in four rectangular sluice
gates were calibrated for submerged-flow conditions using nearly 16,000 field-measured data
points. Gl, G2, G3, and G4 are vertical sluice check gates with rectangular opening and separate
the main canal from the pools as discussed in Lozano et al. (2009). The Energy-Momentum (E-
M) method underestimated discharge under the gates when it was applied using a contraction
coefficient equal to 0.61. The calibration of this coefficient using the field-measured data yielded

values greater than 0.61 (between 0.629 and 0.652, depending on the gate). The use of calibrated
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contraction coefficients eliminated the under estimation of discharge that was observed with C.
equal to 0.61. For gates G2, G3, and G4, the performance of the E-M method (a physically based
method) with a calibrated, constant contraction coefficient was almost as good as the
performance of the best—performing.conventional, empirical discharge equation with discharge
coefficient varying with gate opening and/or water levels. Only at gate G1, a gate with non

regular canal approach, use of a constant contraction coefficient did not give satisfactory results.

Authors concluded that provided that calibration data are available to determine the empirical
parameter values, the conventional discharge equation can be applied to rectangular sluice gates
when the hydraulic variables Ak and a are within certain ranges. The variation of the discharge
coefficient, Cg4, with the head differential, Ak, and the vertical gate opening, a, suggested that Cq
can be expressed as a function of these two variables. This research demonstrated that, for the
sluice gates considered in the case study, the best empirical fit was obtained by expressing Cq as a

parabolic function of the gate opening, a.

Therefore, the conventional discharge equation, with a discharge coefficient expressed as a
function of hydraulic variables, is more advisable than the E-M method when the gate placement
results in a water flow regime different from that for which the E-M method was derived. The

case of gate G1 in this study is one such example.

A remarkable result was the offset of the calibrated Cy4 for the gate structure at the head of the
canal (G1) when an old gate was substituted by a new one with the same dimensions. This
observation reflected the sensitivity of C4 to changes in the gate structure and thus the need to

check the calibration periodically or whenever changes in the structure are introduced.
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Based on this data set, the uncertainty of calibrated sluice gate measurements was found to be the
order of 5-15%. The greatest uncertainty in the variables considered in this study was in the
calculated coefficient of discharge. The discharge uncertainty in each of the four gates in this
study decreased with increasing gate opening, and it decreased slightly with increasing upstream-

downstream differential heads.

2.6 SUMMARY
It can be seen from the review of literature that even for free flow conditions and simple gate
(with flat bottom), discharge relationships differ. It is also not known how these relationshif)s will
behave in cziserof gate having different lip shapes. The problem is more intéresting when the sill
types used also differ. Apparently, no work appears to have been done on gates having different
lip shapes located above raise weir crest. Thus, there is a need to study the flow characteristics of
such gates and to evaluate their performance using various relationships for discharge coefficient

and pressure.
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CHAPTER 3

EXPERIMENTAL SET UP

3.1 INTRODUCTION

In this Chapter the experimental setup is designed. Different lip shapes (eight streamlined
and six non streamlined) were fabricated and were used in the experimental studies. The
experiments were performed with different lip shapes placed at gate bottom and piezometric -
pressures were measured by piezometers placed at gate bottom lip. The experimental studies
were carried out at four types of beds viz. plane bed and three types of raised crest (ogee type). In
this setup different lip shapes aré used for investigation namely plane, inclined and vertical. The
experiments were performed with different crest types for different lip shapes and the instrument

used to measure the pressure is piezometer.

3.2 EXPERIMENTAL SET UP:

The experimental setup.as shown in photograph (see Fig.3.1) was designed and fabricated
in Hydraulics laboratory of Civil engineering department of IIT Roorkee. A schematic diagram of
the experimental setup is shown in Fig 3.2. It consists of a rectangular flume of 0.30 m wide and
0.55 m high with Plexiglas walls provided on both side of the flume having a length of 7.1 m.
The top of flume was open to atmospheric pressure so that it gives an effect of an open channel
flow in this flume. At the inlet of rectangular flume, a surge tank made of concrete of size 1m
length x 1 m wide x 1.5 m height was pro‘vided such that the water coming from ovefhead tank
placed at the roof of the laboratory, become stabilized before entering into open channel flume
through trash rack and gated channel. The plexi glass rectangular open channel was connected to
the rectangular concrete surge tank for supplying water to the vertical gate. The gate chamber

was placed at down stream end of the flume at a distance of 7.1 metre from the tank through the
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aforesaid plexi wall open channel. The slope of the open channel was kept negligible for 7.1 m
length and in the downstream of the géte, a slope of 2 cm for 1 m length was provided for free
flow condition. In the gate chamber, a vertical sluice gate was piaced and was operated by
electric motor of 0.28 hp and gate was raised and lowered by a gearéd arrangement to provide
different gate openings from 0.025 m to 0.7 m from the bottom of the open channel.

The height of water (h,) upstream of the gate was measured by a pointer gauge placed in the open
channel at different gate openings (a). The flow downstream of the gate was in a free flow
condition. It was possible to measure the gate openings through a linear scale attachment over the
gate having a least count of 1 mm. The dimension of vertical sluice gate was 0.30 m width, 1.2
cm thickness and 0.70 m height. The experimgnt was conducted for different lip shapes attached
at the bottorﬁ of the gate by means of screw arrangement. The piezometer was placed to measure
the pressure head at gate bottom. The discharge was measured at a V-notch tank placed in the
downstréam side of open channel at an accuracy of + 0.001 m by méasuring the height of water
at V-notch. Then the water is pumped to over head tank and again the procedure was repeated for

different lip shapes.
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Fig. 3.1 Photographic view of Flume
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Fig. 3.3 Photographic view of gate Chamber

3.3 GATE

It consists of a steel vertical gate of 30 cm width a rack fixed on side of the gate on downstream
side of the gate so that the gate could raised and lowered by means of the pinion operated by an
electric motor,as shown in Fig. 3.3. The bottom of the gate is fixed with different lip shépes
attached to the gate bottom by means of screw fasteners. A linear scale is fastened with a gate
body which moves along with the gate movement. The gate openings from the bed level are

measured by this linear scale through a fixed pointer placed with flume walls.

3.4 BED CREST SHAPES

3.4.1 Plane Bed Crest

A plane horizontal rectangular Channel bed was used under the gate and observations

were taken at various gate openings from 0.025m to 0.07m by moving the gate in upward

and downward directions
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3.4.2 Ogee Shaped Overflow Crest

Ogee shaped over flow crests as shown in Fig.3.4, Fig.3.5 & Fig.3.6, were used as per IS
specification code IS 6934 to conduct the studies. There were three types of Ogee crest shapes
used in the study and they were placed under the vertical sluice gate on the bed of open
channel(see Fig 3.7). The gate was placed on the top of the crest and piezometric pressures were
observed at  different  gate opénings similar  to the plain bed gate

opening

j{. +l§[ =1 Not to scale

LW 2% Sam o]

Fig.3.4 Schematic diagram of raised crest upstream face vertical
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Fig.3.6 Schematic diagram of raised crest upstream face 2H:3V
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Fig.3.7 Schematic diagram of experimental setup with raised crests placed below Gate

3.5 SURGE TANK
It is made of concrete and it stabilizes the flow of water before entering to the flume. It also
creates a head of water to the flume. Bottom of the surge tank is connected to incoming waterpipe
from overhead tank through sluice valve to control the discharge to the surge tank. Photographic

view of surge tank is shown in Fig.3.8.

Fig.3.8 Photographic view of surge tank
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3.6 V-NQT CH

At the outlet of the flume a V-notch (see Fig.3.2) is placed to measure the discharge of water
flowing under the gate. The discharge was measured at a V-notch placed in the downstream side
of open channel at an accuracy of + 0.001 m by measuring the height of water at V-notch as
given in Table no.3.1. The formula to calculate the discharge is the one recommended by the U.S
Department of the Interior, Bureau of Reclamation in their Water Measurement Manual for
calculations with a fully contracted, 90° V-Notch, sharp crested weir with free flow conditions.

The discharge was measured at V-notch tanks by measuring the height of head of water ‘h’ at V-

notch by means of a pointer gauge so that the discharge is computed by Eq.3.1.
O=136n"" (3.1)
where, Q = discharge in m*/sec and
h = head of water at V-notch tanks in m.

The sensitivity of discharge “Q” with reference to the unit change in the value of head can be
computed as below. ‘

Differentiating Eq. (3.1),

dQ = 1.36 X 248h*3dh ' (3.2)
Dividing Eq.3.2 by 3.1,

dQ _ 1.36x2.48h"*%dh
Q L 1.36 he:18 3.3)

Simplifying Eq.3.3, we get,

A _ 2.48ﬂ (3.4)
Q h

32



The discharge calculated for a head of 0.1500m using Eq. 3.1 is obtained as 0.012309 m3/sec.
On 'substituting in Eq.3.4, an increase of 1 mm as Ah causes a cbrresponding increase of

0.000204m3/sec in the value of discharge.

3.7. PIEZOMETER

It is used to measure the pressure head at the bottom of the gate by means of placing nine
piezometer tubes at three equidistant points (P, P, and P3) along the channel width as shown in
Fig. 3.2 (plan). It is also placed along the bottom thickness of the gate at equidistance
perpendicular to the bottom surface of lip profile as shown in Fig.3.2 (section Y-Y). The
piezometer tubes of 3 mm diameter were welded to lip surface and this piezometer points at
bottom of the gate were connected to the piezometer placed at a height of 58 cm above the
ground level. Its dimension is 28.6 cm stand height at piezometric tubes and tubes were inclined
at an angle of 13.9° from horizontal surface. Piezometer head was measured in cms of water by
the tubes laid on the surface of the piezometer parallel to its base. Fig.3.9 shows the photograph

.of piezometric tube set up.
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Fig.3.9 Setup of piezometer tubes

3.8 LIP SHAPES

Fourteen lip shapes were used in the present experimental investigations and readings of pressure
at the bottom were measured at different discharges at different bed conditions in the open
channel.

In order to provide various geometrical shapes at the bottom of the gate, fourteen types of lip
shapes, as shown in Fig.3.11 were fabricated. The lip shapes were made up of mild steel so that
they do not déform due to hydraulic pressure. Different lip shapes were fastened at the bottom of
the gate in order to take obsérvations of pressure under the gate by means of piezometers. Three
combinations of lip shapes were used. They are (1) flat angular lip shapes with angles varying
30°, 45°, 60° and 75° (2) compound lip shapes with combination of angular surface and curved
surface. (3) different lip shapes having only curved shapes. The lip shapes were broadly classified

into streamlined and non streamlined types. The figures of the lip shapes are drawn below. The
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thickness of each lip shape was kept equal to the thickness of the gate and pizometers point were
drilled along the perpendicular to surface of Lip bottom.

(a). Non- streamlined Lip Shapes:-

S— T  —— € D y 10 Y ‘ B
1=3.730 11730 1=D L=0'57D L=1.5D0
- [ &
Lip A LipB Lip C LipD LipM
«——D0—7
!
!
—ons
Lip E
(b). Streamlined Lip Shapes:-
e Ry e o ] o
1=1.73D =D L=057D 1=0.730
. as* &'
2 /]

Lip G Lip H

L=1.730 £=1.5D

=1.3D

LipL LipN

LipJ

Figure No. 3.10 a and b: Schematic diagrams of Lip Shapes & their nomenclatures
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3.9 SUMMARY
The experiments were formed for different lip shapes. Pressures head were measured at different
location of gate for different lip shapes. The data collected from the experiments were used for
further processing and used for determining the coefficient of discharge.
The maximum error in pressure measurement was restricted upto 5% and the error in discharge

measurements was restricted to 2.5%.
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CHAPTER 4
DISCHARGE CHARACTERISTICS OF NON-STREAMLINED LIP

SHAPES

4.1 INTRQDUCTION
The discharge characteristics of sluice gates having non-streamlined lip shape will be dealt in this
chapter. The variation of discharge coefficient with relative gate opening will be analyzed. The
idea is to find the lip shapes which givé maximum value of discharge coefficient throughout the
operational range of relative gate openinvg. The variables which have been changed to see the
corresponding effect on discharge are (1) upstream heéd (2) gate opening and (3) channel bed
profile under the sluice gate. The variation of discharge coefficient has been plotted against
various: parameters to identify the dependence of discharge coefficient on those parameters. The
shape of the lip, as determined by the observational data, plays an impoftant role in the discharge

coefficient of the sluice gate.

4.2 DISCHARGE COEFFICIENT CALCULATION

The measurements of the discharge have been taken using a V-notch in the downstream of the
flume. The formula to calculate the discharge is the one recommended by the U.S Department of
the VInteﬁor, Bureau of Reclamation in their Water Measurement Manual for calculations with a
fully contractéd, 90° V-Notch, sharp crested weir with free flow conditions. The discharge was
controlled using sluice valve. Six discharges have been analyzed with ten different gate openings

each, thus making sixty readings for each combination of a lip and bed profile.
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4.3 THEORETICAL APPROACHES USED TO COMPUTE VALUES OF
DISCHARGE COEFFICIENT

The observed Cq has been compared with the computed coefficients of discharge as given by
Swamee (1992), Roth and Hager (1999), Alhamid (1999), Ansar and Chen (2009) and
Habibzadeh et al. (2011). The details about the theory and formulae suggested by these authors
have been extensively covered in Chapter 2. The approaches subscribed by Swamee, Roth &
Hager, and Habibzadeh et al. do not incorporate the casés for raised crest. The work by Alhamid
(1999) and Ansar & Chen (2009) takes into account the cases where a raised crest is provided

under a sluice gate. Nevertheless, none of these studies deal with the effect of the sluice gate lip.

4.4 FORMULA FOR OBSERVED C4

Two formulae have been used to calculate the 6bserved coefficient of discharge. The formula
which is only accurate for small openings, for now on referred to as small orifice formula, is used
by all the prévious investigators:

Q=CaB(2gho)"’ 42)
In Eq. 4.2, a = gate opening aﬁd ho= the hea'd‘ above the bottom of the gate, g=acceleration due to
gravity and B= gate width, measured perpendicular to flow. Integrating elementary discharge
equation through a strip of thickne'ss dh between the limits hy and hg-ay, leads to Eq. 4.3, which is

more appropriate to use for large gate openings.
0=29C,B|(h)" -(h,-q,)” | 4.3)

The small orifice formula has been used by all the previous investigators including Swamee
(1992), Roth and Hager (1999), and Habibzadeh et al. (2011). The existing formulae have not
been developed for gates having different lip shapes. It was discussed in Chapter 1 that the
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discharge characteristics _will vary with the lip shapes and the types of bed below the gate. If one
considers the use of small orifice or large orifice formula, the coefficient of discharge, Cg is likely
to be estimated differently, particularly at larger gate openings. To have a feel about the .
performance of some of the relationships for discharge computations, an attempt is made to
compute discharge coefficient using existing formulae and compare this with the observed Cjq

values computed using equation (4.2).

4.5 THE ANALYSIS OF C4 USING THE SMALL ORIFICE FORMULA FOR WEIR
CREST TYPE (1H:3V)

The agreement diagram for raised crest (1H:3V) is shown in Fig.4.1 for lip shapes A,B,C,D,E
and M using the relationships of Swamee (1992), Roth and Hager (1999), and'Habibzadeh et al.
(2011). It is noted that a considerable part of the data falls beyond an error band width of+10 %
line. Fig. 4.1 also indicates the tendency of these relationships towards over prediction of
discharge coefficient in majority of the situations. Thus, there is concentration of points more
above the line of perfect agreement than that below the line of perfect égreemen—t. The
relationship of Swamee (1992), relatively does better than Roth and Hager (1999), and
Habibzadeh et al. (2011) relationships. However, the difference between the computed Cgy
between these three approaches is not in wide disagreement with each other.
One can argue that the relationships of Swamee (1992), Roth and Hager (1999), and Habibzadeh
et al. (2011) are not meant for gates located on raised crest. For this reason, two relationships,
-which have been exclusively developed for gate l‘ocated above raised crest are used to compute
Cq. Fig 4.2 shows the agreement between Cy complited and Cq4 observed using the relationships of
Alhamid (1999) and Ansar & Chen (2009). A comparison of Figs 4.1 and 4.2 presents a very
interesting behavior. The Cq4 relationships which are meant to perform better in case of gates

located above raised crest fail to do so, as seen from Fig. 4.2.
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4.6 ANALYSIS OF DATA FOR RAISED CREST (2H: 3V)
Figs. 4.3 and 4.4 are shown to indicate agreement between computed and observed discharge

coefficient. It can be seen that none of the relationships including Alhamid (1999) and Ansar &

Chen (2009) have performed well for the raised crest type (2H:3V).

42



08 08 —
ot 1 5% errorline 075 | ©OHabibzadeh st.al {2011) /,4 p 5% arroe fine
) ) aRoth & Hager (1559) i'd P
0, - it
ot 10% error line o7 aSwames (1592) 10% error line
D oes 3 o085
E. 06 g- 06 |
£ s ¢
Q 085 [Py U oss ﬁ,\
‘{, ..q ! SHahibzadeh etal v i
O 05 A‘“A 4 kN“L 05 ELfpS
s Roth & Hager (1999) ¢
0.45 045 1/
,f + Swainee (1992} A
04 ;/ ; : ; 04 44 . : ;
0.4 05 06 01 08 0.4 05 06 07 08
C4Observed (Small Orifice) C4Observed (Small Orifice)
Lip A LipB

Fig.4.3a: Agreement diagram for raised crest (2H: 3V) for lip A and B for Habibzadeh et Al,
Roth and Hager and Swami

0.0 L 0.8
0 Habibzadeh 2 I o Habibzadeh .
08 go?:‘(ﬂ;é er "/ 5% errotline 0.75 1 ot.al (2011) 4 5% error line
L] I T
o1 1999) 10% error line 0.7 A Roth & Hager 10% ervor line
a wamee
T 0 {1992 B0.65 -
2 5
2 os & 056 |
£ 30.55 S
8 o8 o ﬁ?f’ L
(¥} $ sk
8 0.8 0.5 T
0.45 0.45 ."'/‘//
04 ¥4 . 0.4 * .
0.4 08 08 07 03 04 0.5 0.6 0.7 0.8
i Cd Observed (Small Orifice)
Cd Observed {Small Orifice)
Lip C LipD

Fig.4.3b: Agreement diagram for raised crest (2H: 3V) for lip C and D for Habibzadeh et Al,
Roth and Hager and Swami

08 .
SHabibzadeh et.al e . " 08 B =
2011 o ] error line -l
078 1 . Kotk Hoger 1999) g ) ors B vager S 5% arror lins
07 3 | swamen(1992} R emor lind ot 80 1952) < A 1o% arcerins
EQ“ § 0.6 g
g o E o8
g 045 @ E 055 o #2903
Gos Ry,
(3' 0s L% ¥ 0s {94
045 177 048 17~
04 'y / o /" <
0.4 08 06 [ 0.9 0.4 0.6 [:X ] o7 0.8
Cd Observed (Small Orifics)
C4 Observed (Small Orifice)
AY
LipE , LipM

Fig.4.3c: Agreement diagram for raised crest (2H: 3V) for lip E and M for Habibzadeh et Al,
Roth and Hager and Swam1

43



_|5% error line |8%% errer line

o
&
&
2
-
=
-/

10% ervor fine 10% error line

08 5 06
=
=]
-3

0.55 § .55
(83
8

05 05

o Ansar & Chen

Cq4 Computed

oAnsar & Chen (2009)

0.45 0.45 A LZWQ)
u Athamid [1995) " Alhamid (1929)
04 + r + 0.4 + T T
0.4 05 08 07 0.4 05 0.6 0.7
Cd Observed (Small Orifice}
C, Observed {(Small Orifice)
Lip A Lip B
Fig.4.4a: Agreement diagram for raised crest (2H: 3V) for lip A and B D for Ansar and Chen,
Alhamid
07 3 : o7 -
¢ %o o, ™ I/’._,I" p "| 0% emonine ° o5p "'!’ - 6% error fine
0.65 . ol ,
g WLeTreiiine age #d 10% error line
g, 0.6 o 06
]
Y E 055
; :
g 05 © s
L} . S Ansar & Chen o Ansar & Chen
245 1 . KR (1999} g . Sﬁmla {1999)
0.4 + - 04 + T .
04 05 06 o7 0.4 0.5 08 o7
Cd Observed (Small QOrifice) Cd Obsarved (Small Orifics)
Lip C Lip D
Fig.4.4b: Agreement diagram for raised crest (2H: 3V) for lip C and D D for Ansar and Chen,
Alhamid
0.7 1 07

_15% ertorline |s*% erroriine

0.65

L
10% error line o/_c/o 10% error lIne

. 08 06
H %
. S §
0.55 0.56
E §
0 08 Fos
o Cm
g o5 < Ansar& Chan 2009} ol SAnsar & Chen (2009)
s Alhamid {1999) 2 4 / =Alhamid {1899)
04 My . 0.4 .
04 05 06 oy 0.4 0.5 0.8 [ %4

C4 Observed (Small Orifice)

C, Observed (Small Orifice)

LipE Lip M

Fig.4.4c: Agreement diagram for raised crest (2H: 3V) for lip E and M D for Ansar and Chen,
Alhamid

44




4.7 ANALYSIS

VERTICAL

OF DATA FOR RAISED CREST WITH

The third profile of Ogee weir which has been tested in this work has a raised crest in which

upstream face is vertical. Fig 4.5 and 4.6 again show the comparison between Cy4 computed by

different relationships. Once again, the performance of this relationship is very similar to what

has been reported with reference to Figs. 4.1 to 4.4.
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4.8 ANALYSIS OF DATA FOR PLANE BED.

Certain experiments were also planned for flow through gates located above horizontal plane bed.
The idea was that for such beds, the relationships of Swamee (1992), Roth and Hager (1999), and
Habibzadeh et al. (2011) may do well if lip effects are not significant.

Figs. 4.7a—c show the agreement diagram between computed and observed Cqy for few lip shapes.
It can be seen that this relationship predicts the Cq in general within an error band of + 10 %.
However, looking at the relative comparison between computed and observed Cq for different lip
types, one tends to infer that the C4 values are being influenced by the lip shapes. For example,
for lip A, there is tendency for C4 being over predicted and tendency for lip B is also over
predicted, while the tendency for Lip C only being under predicted. In lips D and E, the
computed Cy’s are being under as well as over predicted. If one compared the magnitude of Cy
values for a given a/hg value, the difference in C4 values for either of the géte locations whether

above raised crest or plane bed, the lip effects are noticeable.
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4.9 ANALYSIS OF C4 USING LARGE ORIFICE FORMULA

4.9.1 Analysis of Data for Raised Crest (1H:3V)

The major objective of this section is to asses where the large orifice formulation can lead to a
better match with the observed C4 values. To investigate this, the agreement diagrams are
developed for raised crest (1H:3V) for lip shapes A,B,C,D,E,M, as shown in Figs. 4.8a-c using
Swamee (1992), Roth anfi Hager (1999), and Habibzadeh et al. (2011) relationships. Sirﬁilarly,
Figs. 4.9 a-c are developed using Alhamid (1999) and Ansar & Chen (2009) relationships. From
Figs. 4.8 to 4.9, following points are worth notable.

Compared to small orifice formulation, the large orifice formulation helps in reducing the
over prediction of the C4 values. This feature is observed in Figs. 4.8a-c and can be well
appreciated using a comparison with Figs. 4.1a-c. Also, Fig. 4.9 indicates that Alhamid (1999)

relationship has performed relatively better with the large orifice formulation.
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Performance of large orifice formulation is also evaluated for other bed types and similar

4.9.2 Analysis of Data for Other Bed Types

behavior is observed, as for bed type 1H:3V. Te avoid repetition, figures for other bed types are
given in Appendix attached in C.D. form with the present Thesis. The performance of Swamee
(1992), Roth and Hager (1999), and Habibzadeh et al. (2011) as well as Alhamid (1999) and

Anwar and Chen (2009) is very similar to that shown in Figs. 4.8 and 4.9.
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4.10 DEVELOPMENT OF CORRECTION FACTOR

It can be seen from Figs 4.1 to 4.9 that there is a need to improve the predictions for discharge

coefficient for various lip shapes and bed profile combinations for large as well as small orifice

formulations. For the relationships of Alhamid (1999), the correction factors have been

developed because there is Alhamid (1999) only who had given equations of flow characteristics

on different types of raised crest profiles located under vertical sluice gates in literature. To

develop the correction factors, the ratio of observed to computed discharge coefficient was

plotted with respect to relative gate opening and then, these trends were fitted.

Tables 4.1 to 4.4 present the correction factors which can be used with the relationship of

Alhamid for computing discharge through the gates located above raised crest. Multiplying these

correction factors with the C4 computed using Alhamid, one can predict Cq values which are in

close agreement with the observed C4 values.

Table 4.1: Correction Factors for Raised Profile (1H: 3V)

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)
Lip A 1.2703 A %7 16119 AP
LipB 1.2805 A "7 16278 A7’
Lip C 1.1838 A "™ 15325 A "™
Lip D 1511 AP 1.8656 A """
Lip E 1.4836 AT 1.8404 A%
Lip M 14836 A O™ 18404 A0
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Table 4.2: Correction factors for Raised Profile (2H: 3V)

Lip Shape Correction Factor | Correction Factor
(Large Oriﬁce) (Small Orifice)

Lip A 1.4238 AT 1.7689 AT

Lip B 1.3288 A "% 16687 A°"'"

Lip C 1.2867 A7 1.6268 AT

Lip D 1.56357 A V77 1.8847 A"

LipE 1.4273 AP0 1.7701 A *T%

Lip M 1.4105 A 7% 1757 AT

Table 4.3: Correction factors for Raised Profile (Vertical)

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)

Lip A 1.1368 A "7 1.8035 A

Lip B 1.323 A" 1.6709 A™™F

Lip C 1.2851 A% 16332 A"

LipD 1.5084 A 1.8623 A°T"

LipE 1.4809 A" 1837 A%

Lip M | 1.4809 AT 1837 A%

Table 4.4 shows the correction factors to be used with the relationship of Swamee (1992).
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Table 4.4: Correction factors for Plane Bed

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)

Lip A 0.8759 A 70 1.0867 AT

Lip B 0.7562 A %7 0.9542 A "%

LipC 0.7412 A %% 0.9398 A "7 '

LipD 0.7848 A 0.9818 A"

LipE 0.9327 A "W 1.1264 A "7

For bed type 1H:3V, F'igs. 4.10a-c and 4.11 a-c show the agreement between the computed Cq
and observed Cq using correction factors for small as well as large orifice formulations. It can be
seen from these figures that use of correction factors is helpful to compute discharge under

various lip shapes.
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The formula as proposed by Alhamid (1999) can be multiplied with the correction factors

generated from experimental data for various lip and bed profile combinations.
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4.11 COMPARATIVE EVALUATION OF PERFORMANCE OF DIFFERENT NON
STREAMLINED LIP SHAPES.

It is of interest to iden.ltify a lip shape which can maximize coefficient of discharge for the same
gate opening. For three types of raised crest and plane bed, the Cq variations have been shown
with relative gate openings and Figs 4.12 to 4.15 present the combined variations of discharge
coefficients for various lip shapes. It can be seen from Fig 4.12 to 4.15 that lip C has the higher
Cq values at various relative gate openings. Thus, this can be considered as the best shape among
non-streamlined lip shapes investigated in this chapter.

The better performance of lip C is further justified by ranking of the lips as can be seen in

Chapter 8.
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Non-Streamlined Lip Shapes
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4.12 C4 VARIATION AS PER CERTAIN EXISTING MODELS

To assess the potential and power of different approaches such as Swamee(1992), Roth and
Hager (1999); Habibzadeh et.al.(2011) this section looks into simplification of various
approaches and tries to identify the relative merits of using various approach formulations

comparatively .

4.12.1 Simplification of Swamee Approach:

The equation proposed by Swamee for the variation of discharge coefficient under free flow

condition can be written as:

[ g8 70072 _
Ca = ! .“h_; .
0.611 [1“5(55)1 (4.4)

In equation 4.4, a is the gate opening and hy is the approach flow depth u/s of the gate.
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Using binomial expansion, the numerator and denominator in Eq. 4.4 can be linearised.

Considering the first two terms of the binomial expansion, Eq.4.4 becomes

-0 _ s — 00 (e}
€, = 0611[1— 0072 (hn)] [1—0072x 15 (%)] (4.5)
Eq. 4.5 can be written as:

C,= 0611 [1 —a, (h;‘u)] [1 ta, (hi“)] (4.6)

Where e, =0072 anda, =0.072X15 . Eq4.6 further simplifies to:
, N2
C; = 0.611 [1 —(a, +ay) ( ni,) + aya, (hi;) ]

— e B a\?
C,= 0611 [1 ~1152% + 0.07776(;) ] 4.7)

4.12.2 Simplification of Roth and Hager approach:

In Roth and Hager approach, Cy is related with relative gate opening. In Chapter 2, relevant
equations and charts were provided to use this approach. For the sake of presentation, some of the

key equations are reproduced here.

A_ =0.05+.40 (log (1‘;;0)) » . (48a)
Cdm=0.60-;1510g(Ra/1000) (4.8 b)
D¢=( Cg -Cdm)/(Cdo-Cq m) (4.8 c)
D¢=(1-A,)"  where A;=A/An ' (4.8 d)
(Ca-Cam)=[0.6-Cam][ 1+A4" -2A] (4.6¢)

Combining the above equations and simplifying , one obtains

e [0.60 - 510 (5] + (Ftoe (ap)) [ + - 67 - 26D @7
or
Ca=Tlap+a,() +a, ;iu)ﬁ | . (4.8)
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In Eq 4.8,a,=0.6 and,

= 1 Rq . —2 ;
a= g log (1000) 0.65+0.40 log(:::')] (4.83)
: - 2
_1 ( kg 1 :
2= e log (1000) 065 tlo (ﬂz__ “:| (4.8b)
L. & 1000

4.12.3 Habibzadeh et al. Approach

Habibzadeh et al. (2011) proposed the following equation for variation of discharge

coefficient,Cyq
Ca=C.(1- (A +k— )™ 4.9)
In eq. 4.9,C; is coefficient of contraction and is normally taken as 0.61. k is a constant and equals

0.062.

For free flow. B is defined as

B = M’;u}_m (4.10)

Substituting for £ in Eq. 4.9 and simplifying, one obtains

S 0.5k 05 , D25k  0.25%
Ca= €, [1- 0.5k 23— T + B2 04y .11)
Using binomial expansion of the terms in {}, and retaining first two terms, one obtains,

» a a2 a 3}

C;= [ao + a, e +a, (;) +a, (g) ] : (4.13)
Where,
ag="=% | (4.13 a)
a,= —0.5k X 0.611 (4.13 b)
a=05k x 0.6112 (4.13¢)

a;=—0.25k X 0.6113 : | (4.13 d)
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It can be seen from the present analysis that Eq. (4.13) has better potential than Eq.(4.8) and
Eq.(4.7). This is because Eq. (4.13) is a third order polynomial and has a better ability to fit the

data than a second or the first order polynomial.

4.13 SUMMARY
In this chapter the discharge characteristics of non-streamlined lip shapes are evaluated. It is
observed that in the presence of lip the existing relationship for discharge coefficient
computations deviate from the observed values. To include the effect of lip in discharge
coefficient computation correction factors have been proposed. The agreement between
computed and observed discharge coefficient using correction factors is found to work well.
Among various non-streamlined lip shapes, lip C which has a 45 ° inclination from the
horizontal and same lip length and same lip width is found to give higher value of discharge
coefficient than the other lip types tested in this study. Relationships of Swamee, Roth and Hager
and Habibzade et al. are revisited to look into similarity in their functional forms and it is
observed that these relationship show similar variation between the discharge coefficient and
relative gate opening. Swamee (1992) ,Roth and Hager (1999) relationship are governed by a
second order polynomial relationship between discharge coefficient and relative gate opening
where as the Habibzade et al.(2011) relationship is governed by a third order polynomial
relationship. Simplification of these relationships also supports the field based variations between

discharge coefficient and relative gate opening, as suggested by Lozano et al. (2009).
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Chapter 5

PRESSURE CHARACTERISTICS OF NON-STREAM LINED LIP SHAPES

5.1 INTRODUCTION

The pfessure characteristics of sluice gates having non-stream lined lip shape are considered in
this chapter. Six types of non-stream lined shapes are analysed for pressure variations. The idea is
to find the lip shape which experiences minimum upward/downward pressure throughout the
operational range of relative gate opening. The variables which have been changed to see the
corresponding effect on pressure are (1) discharge, (2) gate opening and (3) channel bed profile
under the sluice gate. Four types of channel bed profiles are considered. Three bed profiles are
top surface profiles of ogee shaped weirs. The upstream slope of these ogee weirs varies and is
considered as 1H:3V. 2H:3V and vertical face. The fourth profile is a flat or plane bed. This
chapter deals with variation of pressure with a range of dimensionless parameters, including

relative gate opening.

5.2 PRESSURE VARIATIONS
The measurements of the pressure ﬁave been taken using a peizometer. Each lip was provided
with nine holes for pressure measurement connected to a peizometer each. The arrangement of
these holes is symmetric; three holes each on the extreme edges of the lip and three at the center
of the lip. The average of these nine readings has been taken as the average pressure on the lip. In
actual practice, sluice gates are usually operated within the range of 0-0.5 relative gate opening.

Therefore, experiments have been done within this range of relative gate opening. -
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5.2.1 Pressure versus Relative Gate Opening

Rather than plotting pressure as a function of the actual opening, the plot has been made against

relative gate opening A. In this work, relative gate opening is represented as

A=a/h,

.1

Therefore, for a particular upstream depth and gate opening, one can compare the pressure

experienced by each lip shape. This comparison yields the lip shape with minimum pressure.

5.2.1.1 Raised crest (1H: 3V)

For this situation, pressure variation for three lip shapes is shown in Fig. 5.1 a.
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A comparison of Figs. 5.1-5.3 indicates that increasing the slope of the upstream face helps in
reducing the observed pressure on the lip. For example, for lip shape C, the ratio of observed to
hydrostatic pressure is close to 0.4 at smaller relative gate opening in Fig. 5.2 a, whereas it is

below 0.3 in case of Figs. 5.1 a and 5.3 a. As Figs. 5.1a and 5.3a pertain to situations where

face is certainly supported. However, Fig. 5.1a and 5.3a indicates that there is not much

lip types D, E and M
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reduction in pressures if upstream face slope is changed from 1H:3V to vertical.

slope of upstream face is steeper than that for Fig. 5.2a, the increase in the slope of upstream




Comparative evaluations of performance of different lip types in terms of pressure variations
indicated the better performance of lip C. Although the lip D appears to work better in terms of
pressure, however, it is not good in terms of discharge. Further, for a given gate thickness, lip D
has a longer lip length. A longer length will also mean more hydrostatic pressure. In case of lip
C, lip length is same as gate width. Thus, in case of lip C, a lesser hydrostatic pressure will exist

on the gate than in case of lip type gate D.

5.2.1.4 Plane bed

As lips C and D did better in terms of pressure distribution in case of raised crest, performance
of only these two lip shapes are reported here. In case of plane bed, profile M was also excluded
from experimentation as the literature indicatéd existence of non-uniform pressure distribution
on the gate bottom and thus, lip type M is more prone to creating vibration of the gate which is
undesired due to unstability. Thus, for lips C and D, variation of observed to hydrostatic

pressure is shown in Fig. 5.4 a and Fig. 5.4b.
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Fig. 5.4a: Variation of pressure ratio for lip C on a gate located above flat bed.
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A comparative evaluation of Figs. 5.4 a and b only reveals the better performance of lip C than

lip D.
5.3 USE OF OTHER DIMENSIONLESS VARIABLES IN PRESSURE PLOTS

5.3.1 Critical Depth Based Dimensionless Terms

Ansar and Chen (2009) used two depth terms to express the variation of discharge. These depth

terms are represented as y.; and y.; and can be expressed as:

1,
] /3
va=(%) " | S

In eq. 5.1, Q is the discharge, B is the width of gate and g is the acceleration due to gravity.

Vo2 T Dz/"'(ho - zo)1f3 (CI +c; ) (5.2)

By =g
In eq.5.2, hy is the upstream water depth with respect to lip of weir, zp is the height of the weir

crest, ¢;=0.91 and ¢,=0.28. D is expressed as

D =min(a,h, - z,) ‘ ' (5.2a)
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The critical depth is a function of discharge and increases with increase in discharge. Thus, such
a graphical representation provides the idea of the variation of discharge with increase in the
critical depth; thus, it was assumed that this can be also a reasonable choice to study the variation
of pressure. With this in consideration, dimensionless plots between observed to hydrostatic
pressure are shown using two dimensionless terms yci1/hg and ye/hg. As the objective is to see
whet-her such plots are able to reduce the scatter, only plots in respect of lip type C are given.
Figs. 5.5 and 5.6 show the variation of pressure ratio, with the use of y./hg and yy/hg,

respectively. Each of these Figures includes four types of bed conditions, as discussed earlier.
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It can be seen from Fig. 5.1a that for lip A, the plot is initially scattered but converges as the
relative gate opening area increases and the ratio of observed to hydrostatic pressure varies from
0.5 to 0.1. For lip B, the situation is similar to that for lip A. The initial value of relative gate
opening sees an increase in the observed to hydrostatic pressure ratio which varies from 0.5 to
0.1. For lip C, the value of the pressure ratio remains below 0.3 throughout. Also, the pressure
ratio attains a negative value with an increase in relative gate opening area value above 0.25.

For other three lip types, i.e. D, E and M, the variation of observed to hydrostatic pressure is

shown in Fig. 5.1 b.
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In lip D, the ratio of observed to hydrostatic pressure drop further when compared with lip C.
Lip E experiences the values of pressure ratio below 0.6 but the values remain positive, though
the plot has a scatter. In lip M, the observed to hydrostatic pressure values show less variation

and remain within a range of + 0.20.

5.2.1.2 Raised crest 2H : 3V)
An upstream slope of ogee weir with 2H:3V slope indicates a milder slope than 1H:3V. To see

the effect of this change in the upstream slope, the pressure distribution is shown for lip type A,
B and C in Fig. 5.2a.
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It can be seen from Fig. 5.2a that change in the upstream slope leads to an increase in the
pressure on lips. For example, f'or Lip A, the initial value of the preslsure ratio corresponding to
lowest gate opening is increased from 0.5 to 0.65. Similarly, for Lip B, there is increase in the
initial value from 0.6 to 0.656 and for Lip C from 0.3 to 0.4. |
Fof lip types D, E and M, the corresponding plots are shown in Fig. 5.2 b. A comparison betweén
Figs. 5.1 b and 5.2 b indicates that for lip D, again the slope reduction of the upstream face of the
ogee leads to an in;:rease in the pressure. This is further supported by variation shown for lip E.

However, for lip M, there is not much difference between values of pressure ratio for Figs. 5.1 b

and 5.2 b.
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5.2.1.3 Raised crest (Vertical)

From the preceding sections, it has been seen that change of the slope of the upstream face affects
the pressure on a lip. Just to probe further, a third situation where the upstream face of the weir is
kept vertical was considered. The main consideration in such experimentation was to see if

further pressure reductions are possible.

Thus, pressure variations are shown for different lip types, as shown in Figs. 5.3a and 5.3b.
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5.3.2 Specific Energy Based Dimensionless Term

It is shown in the literature that the bottom pressure below the gates follows a liner variation
between ‘p/ya’ and ‘E/a’. Here p is the pressure, a is the gate opening and E is the upstream

specific energy defined as
E=h +%2 (5.3)
o ¥, -
In eq. 5.3 ,vq is the velocity corresponding to flow rate Q and the flow depth hg
When E’é—"; is small, Eq. 5.3 can be approximated as

E:ho , (5 4)

For the linear variation between i- and -, as shown in Fig. 9 of Montes (1997), one can write the

following expression.

;‘; = @, + @, - (5.5)
From Eq. 5.4 and 5.5, one has
Th = @y e (5.6)

The left hand side in Eq. 5.6 indicates the ratio of observed to hydrostatic pressure as @y and a,,
which are shown to be positive for flat bed and flat gate bottom. Thus, the use of the plot
between the ratio of observed to hydrostatic pressure versus dimensionless energy term can also

convert to ratio of pressure versus relative gate opening plot if @ is zero.

The purpose of the above analysis is just to indicate some commonality between the use of

relative gate opening vis a vis E/a as an abscissa to relate the ratio of observed to hydrostatic
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pressure. To have an idea about the trend of variation for different bed conditions, lip C has been

considered.

Figs. 5.7a-d present the plots between ratio of observed to hydrostatic pressure versus E/a for

raised crest type 1H:3V, 2H:3V and vertical and flat bed.
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From Figs. 5.7a-d, one can observe that in general, the variations are non-linear for raised crest

while the variation between pressure ratio term and E/a is linear for plane bed. Literature also
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indicates that for flat bed and flat lip shape, negative values of p are not present (Montes, 1994).

Thus, occurrence of negative values is only due to lip effect.

5.4 UNIFORMITY OF PRESSURE VARIATION

Uniformity of pressure distribution has been viewed as one of the important criteria to select lip
shape. If the pressure deviates from average pressure, this also signifies that gate will experience
more vibration because of non-uniform pressure distribution along the lip base. With this in view,

certain uniformity diagrams are presented in terms of a factor Kp defined as:

Ky =2(h, - h) /(P"j) (5.7)

Where h,= Hydrostatic Pressure Head;

h=Observed Pressure Head;

P =Density of water and

v,=Velocity of water in the flume

The units of Kg=m’s’/kg It can be converted to dimensionless ks where k= pgKp
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All the above uniformity diagrams, as given in Fig. 5.8a-f, suggest that lip C experiences in
general uniform pressure along the lip base and for this reason, if pressure variation is accepted as

a sole criteria to select suitable non-stream lined lip type, one can favor the lip C as a desirable lip

type.

5.5 SUMMARY
Evaluation of six non-stream lined lip types is done when these lips are attached to the gate
bottom. For different typeé of bed conditions, it is observed that lip type C which has same lip
width as lip length is the best performing lip considering the uniformity of pressure distribution
along the lip base as well as magnitude of pressure. The pressures on lip are observed to be
influenced by the bed conditions below the gate. Bed with ogee profile having upstream face
slope as 1H:3V achieves lesser pressure in comparison to the the bed with ogee profile having
steeper upstream face slope. Use of pressure to gate opening (a) versus upstream specific energy
(E) to gate opening diagram seems no more linear, as was percieved in the literature for flat beds
and flat gate bottom. A linkage between the ratio of observed to hydrostatic pressure versus
relative gate opening as well as between the ratio of observed to hydrostatic pressure versus E/a -

is also established
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Chapter 6

DISCHARGE CHARACTERISTICS OF STREAMLINED LIP SHAPES

6.1 INTRODUCTION
Use of streamlined shépes has found lot of attention in the literature. The existing perception is
that such lip shapes allow a smooth passage of flow and therefore these shapes may help in
reducing the losses. This may be helpful in increasing the discharge for-a given operating head
and gate opening. In view of this, eight type of stream lined shapes are considered for gate
located over four type of bed including raised crest (1H: 3V), raised crest (2H: 3V), raised crest
(with upstream vertical face), and flat bed. The variation of discharge coefficient has been plotted

against various parameters to identify the dependence of discharge coefficient on bed and lip

types.

6.2 VARIATION OF DISCHARGE COEFFICIENT
The computation of discharge coefficient can be done either using a small orifice formula or large
orifice formula, as described in Chapter 4. To see the effectiveness of the small as well as large
orifice formula agreement diagram were developed for different type of lip shapes and bed

condition. The presentation in this section is organized as follows.

6.2.1 Use of Small Orifice Formula

Using small orifice formula, the agreement diagrams using Habibzadeh et al. (2011), Roth and
Hager (1999) and Swamee (1992), for raised crest (1H: 3V) is presented for eight streamlined
types i.e. lip F, G, H, I in Fig. 6.1a and lip type J, K, L and N in Fig. 6.1 b. Similarly, Figs. 6.1¢c
and 6.1d show the agreerﬁent using Ansar and Chen(2009) and Alhamid (1999) for lip types

F,G,Hand [, and for lip shapes J,K,L and N, respectively.
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Fig. 6.1 c: Agreement between observed and computed discharge coefficient using small orifice

formula for different lip types F,G, H and I in a gate located over a weir of upstream slope 1H:3V
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Fig. 6.1 d: Agreement between observed and computed discharge coefficient using small orifice

formula for different lip types J,K,L and N in a gate located over a weir of upstream slope 1H:3V

It is again observed that C4 values computed using Ansar and Chen (2009) and Alhamid (1999)
do not show good agreement with the observed C4 Also ,the performance of Ansar and Chen
(2009) and Alhamid(1999) are inferior to those computed using Habibzadeh et al. (2011), Roth

and Hager (1999) and Swamee (1992) . Similar analysis is done for raised crest (2H: 3V), raised
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crest (upstream face vertical) and for plane bed. These agreement diagrams are giveén in the

appendix attached in C.D. form with the present thesis.

6.2.2 Use of Large Orifice Formula

The agreement diagram between computed and observed Cq4 is shown for eight lip shapes and
raised crest (1H: 3V). Fig 6.2a shows the agreement diagram for lip F,G,H and | using three
approaches Habibzadeh et.al(2011),Roth and Hager (1999) and Swamee(1992).. Again, many
values are found to deviate from the error band width of & 10%. However, when compared with
Fig 6.1.a, it can be seen that the agreements have been relatively better when large orifice
formula is used.

A comparison between Figs. 6.1.b and 6.2.b again indicates that large orifice formula has a
tendency to shift the points below the line of perfect agreement, particularly in lip J,K and L. For
lip N only few points deviate from the + 10% error band width . For example for lip J, K, L,
Swamee relationship predicts low values of discharge coefficient in the lip types used in Fig
6.2.b.

Fig 6.2.c helps in assessing the merit of Ansar and Chen (2009) and Alhamid (1999) relationship
for lip type F, G, H and 1. It can be seen that for lip F when the Cj observed lies in the range of
0.5 to 0.6, the C4 computed using Ansar and Chen and Alhamid relationship lies between 0.6 to
0.8. Thus, these relationships overestimate the value of dischargé coefficient. Similar trend is

observed for other lip types G, H, and L
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Fig. 6.2 d: Agreement between observed and computed discharge coefficient using Large orifice

formula for different lip types J,K,L and N in a gate located over a weir of upstream slope 1H:3V

To further substantiate the relative performance of Ansar and Chen and Alhamid relationship Fig.
6.2d is developed for lip types J,K,L and N. A relative comparison between Fig. 6.1d and 6.2d

reveals that the agreement is certainly not better in case of raised crest with the use of raised crest

relationship for discharge computations.
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On the contrast, the performance of Habibzadeh et.all (2011), Roth and Hager (1999) and

Swamee (1992) seem to work better. For other weir types, the agreement diagrams using large

orifice formula are given in Appendix.

6.3 DEVELOPMENT OF CORRECTION FACTORS

Considering that there was a lot of deviation between the observed and computed Cy using

different relationships, correction factors are developed for different types of lips, as given in

Tables 6.1a to 6.1d for different bed types. The formula of Alhamid which is only available

formula for raised crest, can be multiplied with the correction factors generated‘ from

experimental data for various lip and bed profile combinations.

Table 6.1a: Correction factors for Raised Crest Profile (1H: 3V)

Lip Shape Correction Factor | Correction . Factor
(Large Orifice) (Small Orifice)

Lip F 1.2502 A*% 15973 A°TF

Lip G 1.3056 A "% 1.6549 A "7

Lip H 1.4534 A7TT 18171 AT

Lip I 1.4522 A P 1.811 A%

LipJ 1.0618 A "7 1.4235 A7

Lip K 1.0512 A0 1.4036 A "™

Lip L 1.1166 A 7™ 1.4648 A*"7

LipN 1.4836 A° ™" 1.8404 A"
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Raised Crest Profile (2H: 3V)

Table 6.1b: Correction factors for Raised Profile 2H: 3V)

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)

Lip F 1.2604 A %% 15054 A"

Lip G 1.4331 A 0 17836 A 0%

LipH 1.4967 A" 1.8501 A ™7

Lip I 14671 A "% 18205 AT

LipJ 1.1892 A V972 15341 ACTT®

Lip K 1.289 A U0 16298 AUTZ

LipL 1.3536 A 70 1695 A"

LipN 1.3439 A "% 16809 A 1%
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Table 6.1¢c: Correction factors for Raised Crest Profile (Vertical)

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)

Lip F 1.2847 A °%>* 1.6327 A*™°

Lip G 1.317 A% 16639 A"

Lip H 1.5101 A P9 1.866 A "%

Lip I 1.4477 A% 1.8035 A%

LipJ 1.1327 A *%° 1.488 A°T"

Lip K 1.1163 A 7™ 1.4632 A% |

Lip L 1.1163 A"V 1.4632 A%

LipN 1.4809 A "™ 1.837 AT
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Table 6.1d: Correction factors for Plane Bed Profile

Lip Shape Correction Factor | Correction Factor
(Large Orifice) (Small Orifice)
Lip F 0.7779 A%% 0.9033 A7
Lip G 0.7196 A 77" 0.8508 A "
Lip H 0.9773 A% 1.1834 A"
Lip I 06819 A 7°F 0.8134 A"
Lip J 0.9433 A %7 1.1807 AT
Lip K 0.911 A0 1.1439 A™7°
LipL 1.0346 A 0% 1.2664 A"
Lip N 1.0346 A 7% 1.2664 A "7

Multiplying the discharge coefficient (computed using Alhamid formula) and the correction

factor, the agreement diagrams are developed and shown for illustrative purposes only for few

cases, as shown in Figs. 6.3 a-d.

It can be seen from Figs. 6.3 a-d and Figs. 6.1 and 6.2, that use of correction factors brings a

closer agreement between observed and computed discharge coefficients. The agreement

diagrams are presented for the use of small orifice formula as well as large orifice formula.

Essentially, by small orifice formula, it is meant that it can be used in case of smaller opening,
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wheréas the large orifice formula means that it can be used for large gate openings. In the
literature, however, all the investigators have only used small orifice formula. Therefore,
correction factors have been developed for both cases. However, in the agreement diagrams,
using large orifice formula, we have only multiplied the correction factors of large orifice
formula, with the small gate opening based equation of Alhamid (1999). It would have also
possible to develop similar correction factors using other approaches. However, the same was
avoided considering that Alhamid approach was more rational to use as it had been already tested

on several types of bed.
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6.4 SUMMARY

In this chapter, eight types of streamlined shapes for four types of bed configurations below gate.
The use of small orifice formula using the approach of Swamee (1992), Roth and Hager (1999),
Alhamid (1999) and Ansar and Chen (2009), and Habibzade et al. (2011) are tested. The
agreement between observed and computed discharge coefficient using various approaches

indicated a poor agreement and therefore to account for the lip shape effects correction factors
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are proposed with the use of Alhamid (1'999) formula. The use of this formula is considered
because it is valid for plain as well as raised crest bed conditions .with the use of correction
factors the agreement between observed and computed discharge coefficient is found to improve
signiﬁéantly. As far as the C; variations are concerned these are found to exhibit similar
variations with relative gaté opening as described in chapter 4. Also the C; values have been
found to be higher in case of raised crest in comparison to plane bed. In case of lip H and K, C,

values are also observed to be more than the other streamlined lip shapes.
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Chapter 7

PRESSURE CHARACTERISTICS OF STREAM LINED LIP SHAPES

7.1 INTRODUCTION
In this Chapter, the pressure characteristics of sluice gates having stream lined lips are
considered. In Chapter 5, the variation of pressure on the lips was shown as a function of relative
gate opening. In addition, the use of dimensionless terms involving two depth terms, as given by
Anwar and Chen (2009) are also used. Use of specific energy (E) based term, E/a, with gate
opening ‘a’ was also related with the ratio of observed to hydrostatic pressure. The shape of the
lip, plays an important role in the uplift pressure experienced by thé sluice gate. This is in part
due to the fact that lip shape affects stream lines and the point of flow separation of the oozing
water. Thus, in view of analysis presented in Chapter 5, the variations of observed to hydrostatic
pressures are shown with respect to various dimensionless parameters including relative gate
opening and E/a. The stream lined lip shapes whiéh lead to minimum pressures throughout the
operational range of relative gate opening are identified for different types of bed profile under

the sluice gate.

7.2 PRESSURE MEASUREMENTS
In case of stream lined lip shapes, the steps involved for pressure measurements have been
essentially similar to what has been done for non-streamlined shapes. To be brief, the
measurements of the pressure were taken using piezometer connected to nine holes spread across
and along the lip portion. The arrangement of these holes is symmetric; three holes each on the

extreme edgés of the lip and three at the center of the lip.
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7.3 VARIATION OF PRESSURE
As discussed, in the first step, the average pressure on the lip is computed using all the
measurements. The idea is that average pressure can easily give preliminary idea about effective
lip shape. Although averaging can have its own limitations, particularly in those conditions,
where some pressures are positive and some are negative. For this reason, it is also essential that
uniformity tests must be applied to finally select a suitable stream lined lip shaf)e. Thus, in the
first step, only the variation of average pressure, also termed as observed pressure, is considered

for processing.

7.3.1 Variation of Observed to Hydrostatic Pressure with Relative Gate Opening

The relevance of relative gate opening has been shown in Chépters 4 and 5. As a total of eight
stream-lined shapes and four types of bed profile are considered in the present experiments, a
total of 32 plots indicating the variation of observed to hydrostatic pressures with relative gate
opening are presented next. For the sake of presentation, the sequence is kept as follows: (i) Weir
type (1H:3V). This means that bed profile below the gate is given by the top profile of the weir.
(ii) Weir type (2H:3V) (iil) Weir with vertical upstream face and (iv) Flat bed. Thus, according to
the profile of the bed below the gate, variations of observed to hydrostatic pressures are described

for eight types of stream lined lip shapes.

7.3.1.1 Raised crest (1H: 3V)

The relative gate opening has been plotted on x-axis against ratio of observed pressure head to
the hydrostatic pressure head (equal to the upstream depth) on y-axis for raised crest of 1H:3V

type and is shown in Figs. 7.1(a) and (b).
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Fig. 7.1a : Variation of observed to hydrostatic pressure for lip types F, G, H and I

Fig

positive pressure that is uplift pressure. Among lip shapes, F, G and H, F and G behave very
similar to each other and the uplift pressures prevail in general at all relative gate opening..
However, in certain runs, negative pressures do develop. Lip H experiences minimum uplift

pressure and it also experiences down pull (negative pressure) in the range of relative opening

greater than 0.2;
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. 7.1a shows that among four lip types, the performance of lip type | always experiences
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Fig. 7.1(b): Variation of observed to hydrostatic préssure for lip types J, K, L and N

Fig. 7.1b shows that among four lip types, i.e., J, K, L and N, none of the lip always experiences
positive pressure that is uplift pressure. Lips J, K and L show very similar trend of variation of
observed to hydrostatic pressure and the magnitude also vary similar to that of lip H. For these lip
shapes, the uplift pressure works for the relative gate opening less than 0.2 In lip type, N, there
is relatively lower uplift pressure as well as negative pressure, when compared with the

remaining lip types.
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7.3.1.2 Raised crest (2ZH:3V)

Fig. 7.2a represents variation of observed to hydrostatic pressure in Lip types F,G,H and I for

sluice gate placed above raised crest (2H:3V).
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Fig. 7.2a: Variation of observed to hydrostatic pressure in Lip types F,G,H and I for sluice gate

placed above raised crest (2H:3V)

Comparative evaluation of performance of lip types F, G, H and I indicates that lowest pressure is

achieved in lip type H. For very low opening, say around 0.05, the observed pressure can be

about 40% of hydrostatic pressure, even in lip H. In comparison, lips F,G, and I experience
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pressures which are as high as 60% of observed hydrostatic pressure. Very few data points also
indicate the presence of negative pressures for lip H, which are of course very low in magnitude.
Fig. 7.2 b shows the variation of observed to hydrostatic pressure in Lip types J, K, L and N for

sluice gate placed above raised crest (2H:3V)
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Fig. 7.2b: Variation of observed to hydrostatic pressure in Lip types J, K, L and N for sluice gate

placed above raised crest (2H:3V)

Compared to lip type H, Lip J, K and L experience similar amount of positive pressures, though
the value in Lip L is towards higher side. Lip N experiences lowest pressure and gives an
indication that this is the most effective lip shape. However, this is not so and the reasons for

rejection of this lip shape will be discussed at a later stage in this chapter.
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A comparison of Figs. 7.1a and 7.2a is also relevant here. For example, if lip type H is

considered, the magnitude of observed pressure is less for the gate located above weir with

profile 1H:3V than the one located above weir of type 2H:3V.

7.3.1.3 Raised crest (vertical)

Comparison of the pressure characteristics of gates located over two types of ogee shaped weirs

indicated to examine the third ogee type weir, which essentially had vertical upstream crest. Figs.

7.3 a and b show the variation of observed to hydrostatic pressure for eight lip types in total.
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placed above raised crest (Vertical upstream face)

From Figs. 7.3 a and 7.3 b, it can be seen that lip shapes G, H, J, K, L and N experience negative
pressure. From magnitude considerations, lip N again becomes the first choice followed by Lip
H. It is noted that performance of othef lip shapes, i.e. J, K and L are also very comparable to lip
H. Further, the performance of lip type H in case of gate located above weir having upstream
face with slope 1H:3V is comparable to that with the gate located above weir having upstream

vertical face.
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7.3.1.4 Plane bed

Occurre.n‘ce of plane bed is also common in many situations. However, experiments on plane bed
with different lip shapes did not indicate much reduction in pressures on lip as compared to that
on gates located above raised crest. Fig. 7.4 presents a combined performance of different stream
lined shapes. It can be seen from this figure that lip type L la‘chieves the lowest pressure. The
performance of lip shape N is not shown. Because of hemispherical shape, this lip type has been
previously reported to be non-suitable because of occurrence of separatién, non-uniform pressure
distribution along the lip width and severe vibration problems in case of gates located on flat
bottoms. After limited experiments on this lip shape, it was decided to exclude it for rigorous
experimental work and for this reason, the performance of lip N is not shown in Fig. 7.4.

Among the other lip shapes tested for ﬁat bed, lip L appears to work better in terms of low
pressure development along lip bottom. However, prior to recommending any lip type, the

variation of pressure along the lip bottom is to be studied. To study this, a dimensionless

parameter Kg has been often used in literature. The parameter Kp is defined as

K, =2(h, ~ ) /(pv?) (7.1)

Where h,= Hydrostatic Pressure Head
h=Observed Pressure Head

p=Density of water

vo=Velocity of water in the flume

The units of KB=m252/kg it can be converted to dimensionless kg where kg= pgKp

-
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Fig. 7.4: A typical variation of observed C4 on stream lined lip shapes for gate located above

raised crest,

7.4 A COMPARATIVE EVALUATION OF STREAMLINED LIP TYPES USING
PRESSURES ALONG THE LIP

Similar to Fig. 7.4, Figs. 7.5, 7.6 and 7.7 are developed and these are also shown here so that a

better comparison of different stream lined shapes as well as type of bed below gate is feasible.

To further assist with the selection of suitable lip shape, uniformity diagrams are also shown with
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summary graphs. Uniformity diagrams are essentially pressure diagrams or K diagrams along the

lip base in the direction of flow.
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Fig. 7.5 a: Summary graph showing pressure variations for raised crest (1H:3V)
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Fig. 7.7 b: Pressure variations along lip H and N (for raised crest vertical upstream face)

Figs. 7.5b, 7.6b and 7.7b indicate that there is merit in using lip type H as the pressure
distribution is also uniform below the lip bottom lip K was also found to have uniform pressure
distribution. In case of flat bed, lip type G and H are found to have uniform distribution around

the lip bottom.
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7.5 USE OF OTHER DIMENSIONLESS PLOTS FOR PRESSURE VARIATION
In Chapter 5, several plots were made to represent pressure variations using two dimensionless
terms yci1/a and yco/a, where ycl and y., are two depth terms used by Anwar and Chen (2009) in
their study on flow characteristics over raised crests. These depth terms have been defined in
Chapter 5. Just to have an idea how the ratio of observed to hydrostatic pressure diagram gets
modified in terms of these dimensionless numbers, few plots are shown for lip type H in Figs. 7.8

‘and b. It is apparent from Fig. 7.8 that plots are still scattered with the use of y/h,.
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Similarly, plots are made between ratio of observed to hydrostatic pressure and y.»/h,. Fig. 7.9 a

and b again reflect that the use of y., also does not help in reducing the scatter of data points.
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Fig. 7.9 a: Pressure ratio versus y./ho for lip H and raised crest (2H:3V)
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Fig. 7.9 b: Pressure ratio versus y/ho for lip H and raised crest (vertical upstream face)

Plots in respect of other bed types are not shown as these also did not support the use of

dimensionless terms based on two depth terms of Anwar and Chen (2009).
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Plots using dimensionless term E/a are also made and few plots for lip H are shown to indicate

the trend of variation of pressure /gate opening(P/a) with the E/a.
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From Figs. 7.10 a-d, it is observed that P/a plot is having well defined variations in certain
situations. For example, in Fig. 7.10 b for ogee crest type 2H:3V, there is very less scatter
between P/a versus E/a plot. Thus, a comparison of different dimensionless plots does suggest the

superiority of P/a versus E/a plot over other dimensionless plots.’
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7.6 SUMMARY
In this chapter, pressure characteristics of different stream lined shapes have been investigated.
Of the various lip types, use of lip type H and K are reéommended in case of gates located above
raised crests as well as plane bed. In plane or flat bed, lip G also works well and its performance
is comparable to lip H. Lip N has to be discarded in view of its non-uniform pressure
characteristics for all types of Béd locations, either on raised crest or flat bed. Use of specific
energy to relate pressure variation works better in comparison to use of other dimensionless

terms, i.e. involving critical depth terms, as suggested in literature on raised crests.
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CHAPTER 8

EVALUATION OF PERFORMANCE OF LIPS

8.1 INTRODUCTION
In the preceding chapters, discharge and pressure characteristics of non streamlined lip
shapes(chapters 4 and 5) and streamlined lip shapes (chapters 6 and 7) have been analyzed for

various bed types. In this chapter, the evaluation of performance of the same has been presented.

8.2 METHODOLOGY
To gauge the overall effectiveness of a lip shape, three criteria have been chosen: (1) Discharge
Coefficient (2) Ratio of Observed to Hydrostatic Pressure at lip of gate bottom, and (3) .
Uniformity of pressure along the thickness of lip. The basic premise is that a lip with maximum
discharge coefficient, least ratio of observed to hydrostatic pressure and uniformity of pressure
distribution along the thickness is the best available option. To make comparisons, scores are
allotted on a scale of zero to ten for these three criteria within the maximum and minimum values
for each criteria. The lips were scrutinized using summary diagrams of discharge coefﬂcient,'
ratio of observed to hydrostatic pressure and uniformity of pressure. The lips were given ranks

on the basis of their relative behavior.

8.3 EVALUATION OF LIP TYPES

- Table 8.1a-h show the necessary computations for non-stream lined (Tables 8.1a-d) and stream
lined lips (tables 8.1e-h) on different bed types. Similarly, Figs. 8.1-h show the corresponding
score of different lips under different bed conditions for non-stream lined lip types (Figs. 8.1a-d)

and stream lined lips (Figs. 8.1e-h).
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To assign the scores for Cq4 the following methodology is adopted. The lower and upper ranges of
C4 are used to assign lowest score of 1 and highest score of 10.intermediate variations of C4 have
been interpolated.l For other parameters, similar procedure has been followed and thus for three
parameters, a score has been assigned out of 30. For example. With reference to table 8.1a, for lip
a, the sum of scores is 20 out of 30 which equals 6.67 on a scale of 10. It is possible that one may
use different scales and different ways of adding the scores, however, for simplicity, a procedure

based on equal weightage to all the parameters is suggested.

Table 8.1a : Overall score for different non-streamlined lips on a bed type (1H:3V)

1H:3V Lip A LipB LipC LipD LipE LipM

Cd 8 6 10 2 4 1
h/h, 2 | 1 8 6 4 10
Uniformity 10 10 8 10 6 4
Sum Total 20 17 26 18 14 15
Cumulative

Score 6.666667 5.666667 8.666667 6| 4.666667 5
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Table 8.1b : Overall score for different non-streamlined lips on a bed type (2H:3V)
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Table 8.1c : Overall score for different non-streamlined lips on a bed type (vertical)
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Fig 8.1c : Overall score for different non-streamlined lips on a bed type (vertical)

Table 8.1d : Overall score for different non-streamlined lips on a bed type (plane bed)

Plane Bed |Lip A LipB LipC Lip D Lip E

Cd 2 8 10 6 4
h/h, 2 6 8 10 4
Uniformity 2 6 10 8 4
Sum Total 8 20 28 24 12
Cumulative

Score - 2.666667 6.666667 9.333333 8 4
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Fig 8.1d : Overall score for different non-streamlined lips on a bed type (plane bed)

The above figures(Figs.8.1a-d) and tables(tables Figs.8.1a-d) show that for the given bed

types,lip C shows the best results of all the non-streamlined lip shape typés.

Table 8.1e : Overall score for different -streamlined lips on a bed type (1H:3V)

1H:3V Lip F LipG LipH Lip I LipJ |LipK LipL [LipN

Cd 6 4 1 2 8 10 4 1
h/h, 0 2 8 0 6 4 1 10
Uniformity 10 10 8 6 4 6 4 2
Sum Total 16 16 17 8 18 20 9 13
Cumulgtive

Score | 5.333333 5.333333 | 5.666667 | 2.666667 6 | 6.666667 31 4.333333
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Table 8.1f: Overall score for different streamlined lips on a bed type (2H:3V)
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Fig 8.1f : Overall score for different streamlined lips on a bed type (2H:3V)

Table 8.1g : Overall score for different streamlined lips on a bed type (Vertical upstream face)
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Fig 8.1g : Overall score for different streamlined lips on a bed type (Vertical upstream face)

Table 8.1h : Overall score for different streamlined lips on a bed type (plane bed)

Plane Bed | Lip F Lip G Lip H Lip 1 LipJ Lip K Lip L
Cd

10 6 4 8 2 4 1
h/h, 2 6 4 4 8 8 10
Uniformity 6 4 1 6 8 10 8
Sum Total 18 16 9 18 18 22 19
Cumulative
Score 6 | 5.333333 3 6 6 | 7.333333 | 6.333333
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Fig 8.1h : Overall score for different streamlined lips on a bed type (plane bed)

As per the above tabulation and charts, it can be seen that of all the streamlined lip types, lip K

has the best characteristics for the given bed types.

8.4 RANKING OF LIP SHAPES
The ranking of the lip shapes is done here based on the consolidated scores assigned in the
previous section. The table 8.2 and Fig 8.2 show the ranking of streamlined lips for various bed
types and the better performance of lip K is evident from Fig. 8.2. Similarly, Fig. 8.3 shows the

variation for non streamlined lips.
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Table 8.2: Ranking Of Streamlined Lips

Lip Shapes 1H:3V 2H:3V Vertical |  Plane bed
F 5.33 5.33 6.67 6
G 5.33 4.67 7.33 5.33
H 5.67 6 - 8.67 3
I 2.67 4.33 6 6
J 6 8 5.33 6
K 6.67 8.67 4.33 7.33
L 3 S 6.33
N 4.33 5.67
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Fig. 8.2: Comparative Performance Chart Of Streamlined Lips.
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Table 8.3: Ranking Of Non Streamlined Lips

lip Shapes IH:3V | 2H:3V Vertical Plane bed
A 6.67 3.67 6.67 2.67
B 5.67 6.33 7.33 6.67
C 8.67 9.33 8.67 9.33
D 6 6 6 8
E 4.67 6 5.33 4
M 5 5.67 4.33
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Fig. 8.3: Comparative Performance Chart Of Non Streamlined Lips.

The performance of the lip shapes is evaluated based on the above tabulated scores. For the
streamlined lips, lip K showed minimum uplift pressure, maximum Cg4 and uniformity of pressure

at the bottom of the lips and similar output performance was shown by lip C for non streamlined

" lips.
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CHAPTER 9

CONCLUSIONS

9.1 INTRODUCTION
The present work has been mainly an experimental investigation with the broad objectives of
studying the discharge and pressure characteristics of various types of non-stream lined and
stream lined lip shapes. These lips have been placed at the gate bottom aqd experiments have
been conducted in total for fourteen lip typés and four bed conditions including three raised ogee
crests, marked by variations in the upstream face and one plane bed. Experiments on certain lip
types, such as M and N were not extensive as it was observed that these always lead to non-
uniform pressure distributions about the base. Similarly, plane bed experiments were not
extensive when it was observed that higher discharge coefficients were obtained in the case of
weirs located above raised crest. Thus, based on the analysis of these exp'eriments, the following

can be inferred:

9.1.1 Variation of Discharge Coefficient

- Discharge coefficient depends on the lip type and bed type below the gate. This is found
to vary with the relative gate opening and in general, it has a decreasing trenld‘wit_h the
increase in relative gate opening.

e Discharge coefficient relationships proposed by Swamee (1992), Roth and Hager (1999)
and Habibzadeh et al. (2011) represent similar type of functional form when certain

simplifying assumptions are invoked. Habibzadeh et al. (1992) approach-seems to be
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more general as it is represented by a third order polynomial variation. The relationships
of Swamee, and Roth and Hager are represented by a second order polynomial.
Discharge coefficient variations are not well predicted using the existing relationships in
view of the lip effects. To account for lip effects, correction factors are developed which
when multiblied with the existing relationships of discharge coefficient lead to a better
match with the observed values of discharge coefficient.

Among non-streamlined lip types, lip C is found effective as leads to higher coefficient
of discharge than other non-streamlined lip types for a given relative gate opening.
Among stream lined lip shapes, lips H and K are found effective as these lead to higher
coefficient of discharge than other stream lined' lip types for a given relative gate
opening.

The discharge coefficient is found to be higher when thé gafe is located above raised crest
than the plane bed. This behavior is observed for all the lip types.

9.1.2 Variation of Pressure

The ratio of observed to hydrostatic pressure is found below one. This is influenced by the
type of bed profile. For example: type 2H: 3V experiences lesser pressure than type 1H:
3V and upstream face vertical. Thus, the increase in the slope of upstream face has been
found to cause an increase in the ratio of observed to hydrostatic pressure.

Ratio of observed pressure (P) to gate opening (a) shows an increasing trend with the
ratio of upstream specific energy (E) to gate opening. |

When the upstream velocity head is negligible, a relationship is developed to relate P/a
versus E/a variations in terms of ratio of observed to hydrostatic pressure versus relative

gate opening.
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o Lip type M and N experience too much too much non uniformity in the pressure
distribution along the lip width. Such type of profiles should be discarded in practice,
because this will lead to vibrations of the gate.

e In case of lips C (non-stream lined lip ), lip H and lip K (streamlined lip), the pressure

variations are found to be uniform along the lip width.

9.1.2 Ranking of Lips

Using the Cd variation, ratio of observed to hydrostatic pressure and uniformity of pressure
variation, scores are assigned to rank performance of various lip shapes. Among non-stream
lined lips, lip C having an inclination of 45 degree from horizontal is found to score better
than other lip shapes. Among stream-lined lip shapes, lip K and H do better. Overall, lip C
scores more than lip K and H. Considering that score assignment may be subjective, it is
possible that scores may vary for these lips. However, a comparative evaluation among the
lips tested in this work is expected to be not sufficiently very different than concluded in

favour of lips C, K and H.

9.2 LIMITATIONS OF THE STUDY AND FUTURE WORK

e [t is possible that certain errors in collection of discharge might have been introduced
because of measurement over V-notch. Howéver, this will not change the conclusions
regarding relative ranking of lips. Nevertheless, there may be a need to go for
advanced discharge measurement techniques.

o Itis élso possible that certain errors might have crept in during measurements of
particularly smaller opening, \;vhich might have slightly influenced the computations
of observed coefficient of discharge. This error may be more pronounced at lesser

values of relative gate opening.
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e It was planned to do shifting of gate locations and see the corresponding effect on
pressure and discharge characteristics. Certain observations did show further increase
in discharge coefficient as a result of this shift. More work on this may be planned for

future.
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