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ABSTRACT

AN INVESTIGATION TO PREDICT THE SUBATMOSPHERIC PRESSURE
ON HIGH SPILLWAYS

Hassan Kiamanesh. Ph. D.
Concordia University. 1996
In the past few decades, spillways have attraction significant as flow measuring

devices as well as for release of flood discharges for dams.

Severe cavitation damage has occurred on many high spillways around the world.
including Russia, Pakistan. Venezuela, and Iran. In Iran, this phenomena caused serious
damage to the Karun I dam spillway. Many studies and investigations related to cavitation

effects were performed on different scale models and prototypes.

Presently. standard shape spillways are designed based on previous experiences.
Every case is subjected to a physical model study. It seemed necessary to systematize the
evaluation of the flow field and the pressure distribution on the crests of spillways. The
investigation of the subatmospheric pressure which is the main cause of cavitation was
primary objective of the thesis. Consequently, a functional numerical model for design
purposes was developed. Since viscous effects can be negligeable. a two-dimensional
irrotational flow was assumed. Comparable results between numerical and experimental

spillway models validated this assumption.

The developed numerical model was based on Navier-Stokes equations and the
Bemoulli equation for Boundary-Fitted Curvilinear Coordinates (BFCC). The
discretizations and computations were executed on a fixed, square grid regardless of the
shape of the physical boundary. Equations were discretized using the finite difference
method. The results show that the BFCC system is capable of treating Navier-Stokes

equations for a wide range of Reynolds numbers with free surface boundary.
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In order to validate the numerical results of the problem. they were compared with
WES! experimental data from the U. S. Army (1952). Also a small lab model was built to
determine the free surface and pressure over an existing spillway. The investigation

demonstrated agreement between the numerical. lab-scale and other researchers results.

WES spiliways are shaped knowing the design head. New shapes and pressures
can easily be predicted by executing the BFCC program and introducing a optimal head

for reiterated designs.

The developed model can predict the formation of subatmospheric pressure at the
early stage of spillway design. This model can also be applicable to flow in partially filled

tunnels and in the design of supercritical slopes.

While the BFCC model is a significant step forward in the development of
numerical methods for predicting flow behavior on spillways. the flow patterns can often

defy present analytical techniques.

The thesis also contains several recommendations about spillway design in order

to avoid damage due to the cavitation.

1. The Waterway Engineering Station.
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NOTATIONS

The following list contains the symbols used in this thesis. These are also defined

more clearly in the thesis where they first appear.

A, Pressure tap name inrow A (i = 1....)
i &M

2V cos @
b Lateral width of spillway
B Wide of the computational domain
B (-tan@)
B; Boundaries of domain D for (i = 1-4)
BT Boundaries of domain D™ for (i = 1-4)
B; Pressure tap name inrow B (j = 1...)
c Centrifugal correction
C Spillway coefficient
Co Correction factor for units in Manning formula
C V-notch discharge coefficient
C Corrected V-notch coefficient

C, Spillway discharge coefficient
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Chapter 1.0

INTRODUCTION

1.1 General

All storage dams must be protected by a spillway. The spillway is intended to
discharge the excess river flow during times of flood, in such a manner as to ensure the
safety of the dam and appurtenant works at all times. Although storage dams are relatively
high dams and impound a significant storage volume, it is never economically feasible to
build the dam high enough to store the low frequency high discharge floods in the
reservoir e.g. PMF ! Some provision must be made to get the excess flow safely through.
over or around the dam. A spillway is used for this purpose. This study includes a
description of the common forms of open-channel spillway and of the behavior which
may be expected. Many variations in the shape of both controlled and uncontrolled
spillways are employed to meet the requirements of different dam and reservoir sites. It
will be appreciated that because spillways are site specific, it is not possible to describe
every combination of feature which may be encountered. The study considers numerical
and other approaches to flow behavior in greater detail. The analysis of flow behavior

requires consideration of widely differing conditions of motion. Where the state of rest or

1. Probable Maximum Flood.



uniform motion of any object is disturbed. forces must arise to create these changes. In the
context of spillway flows. these forces are generally manifested as changes of pressure or
depth. These changes may occur either as flow approaches a spillway. or they may be the
result of various factors, e.g., width, shape alignment, gradient of the spillway channel
below the crest, or environmental conditions. Variation of channel roughness will also
prompt changes of flow state, as will the tailwater conditions at the downstream end of the

spillway.

In a natural watercourse. flow loses energy at a rate more or less proportional to the
channel gradient. The construction of a dam obviously creates a substantial increase in
depth and back water for considerable distances upstream of the dam. As flow enters the
impounding reservoir, the rate of energy loss diminishes markedly as a consequence of
both the increase in depth and the reduction in velocity. Thus, a condition is achieved in
which the water within the reservoir, as it nears the dam and overflow, possesses a much
higher energy level than was the case with the previously undammed river at that point.
Flood waters discharged from the reservoir through the spillway works possess
considerably more energy than in the natural watercourses a relatively short distance
downstream. Thus. spillway channel gradients tend to be relatively steep, where kinematic
energy is a substantial component of the head. This high velocity flow must be returned to
the natural watercourse in such a way that no seriously detrimental effects are created in
the river channel. It is necessary to have a tool to provide a basis for preliminary designs.

adequate data for spillway modelling.

In research on hydraulic structures, model testing of the pressure distribution on
crests of overflow spillways has become a routine procedure met with quite frequently.
because of the rather common occurrence of this type of reservoir control. While the
designs of such standard shape can be based to a large extent on previous experiences,

every individual case is however, at present, required to be subjected to a model study.



This domain has been looking for new contributions such as the systematization of
pressure computation for design purposes. The two-dimensional model seems to be an
adequate assumption. This mathematical model is a sufficient approximation to the field of
flow in the actual model, when the viscous effects do not have an appreciable influence on

the overall flow.

The general agreement between model results and prototype in cases where
Froude modelling is satisfied is usually good. The differences occur in either of the two
cases. viz., when viscous effect is meaning, and when there is a possible separation flow.
The former is the case, for example, when the model scale is not large enough, and the
experimenter is required to extrapolate the results from the observations of different
geometrically similar models. The latter is likely to occur if a substantial subatmospheric
pressure exists for a short while under any flow condition: as, for example, in the case of a

weir profile designed to obtain a high coefficient of discharge.

For a given design head of free overfall past a sharp crest, the spillway crest is
usually standardized using the lower of free surfaces, so that the pressures for this head are
atmospheric both on the upper free surface as well as the lower. With the spillway crest
formed using the lower free surface. the pressure on the spillway crest is ensured to be
nearly atmospheric for the design head! and above atmospheric for lower heads. With
higher heads. the pressures on the crest would be subatmospheric, and the coefficient of
the discharge would be larger. For sufficiently higher heads, therefore, the same spillway

crest profile would act as a weir profile with high coefficient.

It is important to find as an adequate solution of the field of flow for a standard
profile used for any design head given followed by the derivation of a method for avoiding

much of the computations for the case of other heads.

1. Design head is the head used for the design of crest shape. The operating head, however. could
be lower or higher than the design head.



Some solution for free-boundary problems by relaxation methods have already
been done. The application of the hydraulic problem related to spillway can be based on
the physical principal that “small causes have small effects.” which as a fundamental
concept is only approximately true. In reducing the equations for the mean motion to that
of irrotational potential flow. the terms neglected in the equations of motion are those due
to viscosity. The main basis on which the truth of assumption rests is that boundary layer
development is significantly reduced in high acceleration flows, which is usual in the cases

of high Reynold fiow. so that viscous terms are negligible.

1.2 Physics of the problem

Experience in spillway operation shows that. under conditions of high velocity
flows. cavitation damage can be expected just downstream from spillway elements. such
as gate slots and any irregularities in the spillway surface. Cavitation occurs in the low
pressure zone created by the deflection of flow away from the boundary (flow separation).
If the pressure in this zone falls below the vapor pressure of water. the equilibrium of
small undissolved amounts of air in the water becomes unbalanced. These unstable nuclei
grow rapidly to form large cavities in the water, which are then carried downstream. When
the cavities move into zones of sufficiently higher pressure. the growth ceases, the vapor
condenses. and a sudden collapse of the cavity occurs. Extremely high. short-duration
pressures develop. If the cavities collapse near or on the boundary. damage to the
boundary material results. This can lead to a complete failure of the structure. Thus.
cavitation corrosion (pitting) and its often accompanying vibration is a phenomenon that

must taken into account in the design of hydraulic structures.

The importance of the subject is emphasized by the fact that cavitation has been

researched extensively for the past years, but despite this knowledge, is still far from



complete in certain areas.

In order to investigate the development of air entrainment down the spillway by

observation. these regions of the flow are defined (Fig. 1.1):

@

Non-aerated flow from the spillway gate to the point of inception of air

entrainment.

The final uniform region in which the air concentration and the velocity

profile do not change with distance down the spillway. and

The gradually varied flow region which connects regions 1 and 2. This
region consists of:

A partally areated flow region where the air does not reach the spillway
surface. and

The fully aerated but gradually varied flow region where the air
concentration and velocity profile slowly change to the equilibrium profiles

in region 2.

For spillway design, the extent of region 3 is important. as it determines the

greatest velocity and the maximum cavitation parameter next to the spillway in the pure

non-aerated water. Region 2 is also important for a long spillway. as the uniform

conditions determine the input condition into the flip bucket.

1.3

World experience of cavitation occurrence

The first major cavitation damage was experienced in 1941 when the Arizona

spillway tunnel at the Hoover dam developed a large hole in the concrete lining. Since then.

several cases of cavitation-related damage have been reported in the world’s high dams. A

selected list of these reported cases follows:
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Table 1.1: High velocity spillways damaged during operation

1 — 1
Unit Max. Fall to
Dam Location dishgl?;ge di:cil?aﬂrlge velocity vehl‘:;ty hlzi:ﬁt
m/s m/s/m |l m/s m m
Bhakra India 8,2216 1 04- 48 173 226
Dworshak Idaho 1,130 33 47 204 219
Hoover Arizona/Nevada 5,670 46 46 183 221
Aubm California 2,610 268 43 149 210
Yellowtail Montana 2,610 268 43 148 203
Trinity California 680 43 142 165
Anderson Idaho 570 19 43 112 139
Ranch
Karun I Iran 16.500 297 42 145 200
Fontena N. Carolina 4,480 105 42 134 146
Aleadavila | Spain 10,000 89 40 125 140
Detroit Oregon 4,990 56 40 122 164
Libby Montana 116 40 40 118 136
Navajo New Mexico 1,190 38 116
San esteban | Spain 4,500 90 38 109 115
Pine flat California 11,080 249 38 107 136
Tarbela Pakistan 18.410 173 38 101 148
Guri Venezuela 34,990 288 37 96 107
Luckv peak | Idaho 37 104
Simikit Thailand 1,900 138 36 88
Lookout Oregon 7,650 101 36 88
Point
Pit 7 California 2,270 72 31 66 70




The more recent instances of cavitation problems in spillway structures are Mica,
Tarbela. and Karun I. Significant engineering and research efforts have been directed
toward the understanding and analysis of the cavitation phenomenon and the development
of measures to prevent damages to structures due to cavitation. From the author’s

experience with Karun I. the phenomena is described as follows.

The construction of Karun I dam. a double curvature arch dam with maximum
height of 200 m and a crest length of 380 m was finished in 1977. The chute spillway
consists of three 18 m bays. each equipped witha 15 m x20 m (W x H) radial gate.
The dam crest width is 6 m at an elevation of 542 m.a.s.l!, (see Photo 1.1). The other

features of the dam are as follows:

Height 200 m
Reservoir volume 2900 million m’
Length of dam 380 m

Crest elevation 540 m .s.l

Max. water level 530 m

Max. discharge 16500 m’ /s
End chute level 398.05 m.a.l
Spillway capacity 16500 m’ /s

The first cavitation happened in 1977 for a value of 45 m>/s/m. The severest

damage occurred in 1993 during an estimated flood of 92 m>3/s/m (see Photo 1.2).

1. Mean average sea level



Close inspection of the chute revealed that cavitation was the primary cause of
damage which was extended to continued water release through the spillway. As can be
noted in Photo 1.3, several cavitation erosions occurred at the entrance of the chute to the
flip-bucket (second convex curve) where the water velocity is 35 m/s. But most

cavitation damage happened on the first convex curve (Photo 1.4).

The spillway contains 3 bays each with a width of 18 m which are controlled by
radial gates 20 x 15 m. These bays are designed for a PMF of 16500 m’/s fora discharge
of 297 m*/s/m. The shape of the spillway is not a WES shape. The hydraulic model for
redesign of Karun I spillway was built based on some discrete points on the spillway

because the spillway shape is unknown.
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Photo 1.2 View of damage in Karun I spillway (1977).
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Photo 1.4 Damage initiated by convex curve in Karun I spillway.



1.4 Literature review

A few studies on the dynamic pressure over spillways have been performed to date.
These studies contain preliminary verification of hydraulic models employed. Theoretical
and numerical analyses of previous studies have proven that the subject of cavitation is not
the main reason for investigators to regard the design spillway structures and their
shortcomings in dealing with the complex subject of cavitation. The spillway has been used
as a special problem for calculating the velocity and water profile. Since the cavitation
phenomena is related to high spillways with high velocities. therefore. vertical and
curvilinear flows have more effect on these structures. By reviewing the previous
investigations. it is clear their attention is focused on the spillway as a small structure and
the assumed hydrostatic pressure over it: the greatest weakness of these studies is to extend
hydrostatic pressure to high spillways. Because of the wide difference between hydrostatic
and dynamic pressures, it is impossible to predict the cavitation in these models. During the
course of this investigation, the most important works have been reviewed in two groups.
The first group is concerned with a conceptual model of pressure distribution and numerical
methods for solutions of the governing equations that are used at the present time. The
second group includes physical modelling governing subjects such as velocity measuring,
water surface profile. and pressure in model studies. Consequently, the lecture review is

related to both groups of concern.

1.4.1 Numerical models

The first attempts of modeling spillways of finite height were made by Cassidy
(1964, 1965). By means of the relaxation technique, he found discharge coefficients.
pressure distributions, and free-surface profiles for a finite-height spillway of specified

shape. The free-surface profile with assumed values of the discharge coefficient could
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converge only for a limited range of the discharge coefficient. This range is limited to the
first few iterations. Because the location of the points of minimum pressure (produced by
flow over a spillway at particular head) depends on the boundary configuration, Cassidy’s
results can not be compared with a WES case; this is because of the unknown shape of the

spillway.

Lenau and Cassidy (1969) developed analytical means of predicting free-surface
profiles and floor pressures for spillways. They assumed that the flow is inviscid and

irrotational. They solved the problem by using the potential flow theory in a complex plane.

Ikegawa and Washizu (1973), Dierch er al. (1977), Varoglu er al. (1978). Betts
(1979). O'Carroll (1980), Hsu (1980), Bettess and Bettess (1983), O'Carroll and Toro
(1984), and Sreetharan (1990) employed finite element methods to calculate the velocity
field and water surface profile. The methodology is the same. but the shape of the weir
under study is different for each one: rectangular. triangular. trapezoid, and Creager profile.
in longitude view. These studies include a complex tunnel and open channel. Better
convergence was obtained by finite element analysis on the free surface than with

Cassidy’s approach.

Villegas (1976) used a characteristic method without the influence of the normal
acceleration. which may be significant in the case of steeply curved water surface profiles.
Therefore. the pressure distribution is assumed to be hydrostatic, and the governing
equations are shallow-water equations. In his investigation. Villegas (1976) found
discontinuities in flow similar to hydraulic jumps. The result of his study was a calculation
of water surface profile and velocity. Because he saw the discontinuities (such as jump) in
the spillway flow. the Euler equations are not sufficient to define the solution of mixed

continuous-discontinuous flow.

Sivakumaran, Hosking and Tingsanchali (1981) derived analytical and simple
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shallow-water equations with bed curvature for steady flow over a high-overflow-spillway
crest based on the Dressler’s” approach. They calculated the bed pressure and free surface
on a curved bed-like spillway. For large specific discharges, the theoretical free surface is
slightly below the experimental points in the subcritical region, and this indicates

inadequacy of the shallow water approximation for flow over the spillway.

Cheng. er al. (1981) used the boundary integral equation method (BIEM) for
spillway flow. They found that for less than the design discharge over a standard WES
spillway. the pressure on the spillway is everywhere positive. but at x = 1.07 mithas a
low value for the design discharge. For the design head the pressure should be everywhere
positive. They mentioned the BIEM is not the final answer to the problem, but it presents a
further step toward the solution of flow over spillways and the replacement of physical

models with numerical calculation.

Ransford (1983) employed an analytical study for pressure on a spillway apron
downstream from a partly raised gate. by developing an equation for pressure or a
trajectory type spillway. Because of rapid curvature of a Creager spillway profile, it needs
a correction factor for pressure based on the slope of the spillway. The numerical scheme

has oscillatons that could lead to errors.

Ellis (1982. 1985) developed a model based on the steady Navier-Stokes equations
for nearly horizontal flow in two-dimensions, both with and without frictional effects. After
this simplification, he used the characteristics method which takes into consideration the
nearly horizontal channel with assumed hydrostatic pressure in two-dimensions. The model
chooses x and y as a rectangular coordinate system on the bottom. The x is the downstream
direction and y is perpendicular to x in the bottom plane; the value of u and v are the

velocity components in the X and y directions, respectively. Many assumptions were used

1. Dressler, R. F (1978) who first developed new nonlinear shallow-flow equations with curvature.
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in this approach. The study neglected, for instance: concave curve, convex curve, and large
spillway slopes that have a significant component of velocity in vertical direction that must

be considered.

Mahab Ghodss (1987), by using gradually varied flow over the Karun chute
spillway. found the critical cavitation index where the cavitation actually happened on

joint offsets over spillways.

Slisskii and Kalandarov (1987) solved the equations of motion of a fluid in a
cylindrical coordinate system flowing through the bend of a tunnel lying in plane p at
angle a to the horizon by choosing axis z as normal to plane p. It is assumed that the
velocity vectors along any normal to p lie in the same plane tangent to the streamlines
however. terms containing velocity components V. V_, and accelerations corresponding
to them are omitted in the equations. The specific energy of flow for each streamline is
assumed to be constant. The result performed is a hydrostatic pressure equation of flow in

cylindrical coordinates.

Bongmin (1989) studied the turbulent boundary layer on the spillway curved
surface and solved the problem with the finite element in the boundary fitted-coordinate
system for studying the velocity distribution and the boundary layer thickness on the
spillway. He calculated the velocity distribution and the boundary layer thickness on the

spillway.

Xu and Sun (1990) studied the tangency points over spillways. Because of the
abrupt change in curvature at tangency points, a considerable drop in pressure may occur.
which causes damage. They gave two kinds of curves with gradually varied curvatures for
connecting straight boundaries to the bucket (circular, elliptic and parabolic). Then. by
using a finite element scheme and the stream function for these curves, they calculated

pressure distribution and free-surface on the bucket of spillways. They mentioned with
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these curves that it is possible to improve pressure at these points.

Henderson. Kok. and De Konning (1991) used the boundary element method and
non-linear programing (in order to optimize the discharge coefficient) for the two
dimensional flow over a fixed spillway. They used their model to solve the free surface and

the discharge problem for the flow over a weir. They did not test the model for the spillway.

Berger and Carey (1991) used a perturbation analysis and a finite element
approximate model for free surface flow over curved beds. They employed the approach of
Dressler by means of a perturbation analysis. This led to a new formulation of the problems.
and a generalized set of shallow water equations of the curvature effects. Their numerical
method demonstrates a hydraulic jump in the downstream regime. By using an artificial

dissipation tcchniqucl, they got a better free surface than Sivakumaran.

Zaitsev (1991) calculated the velocity coefficient for various sections of the
spillway face of a dam or chute based on a numerical solution of 2-D turbulent boundary
layer equations. By using Lisa-Dorodnitsin type transformation of variables, he got the
mean velocity in the different sections. For this method, he recommended a graph to find
the velocity coefficient based on the head above the section and critical depth. He
compared his model with published methods based on integral relations of the boundary

layer. In this study, the shape of the chute and pressure results over the chute are unknown.

Robinson and Mc Ghee (1993) used the gradually varied flow equation in decling-
flow regimes where it does not require boundary conditions of the decling-flow segment to
be defined. His program. based on available energy and control in a reservoir, defined the
maximum discharge. Then using this flow, the critical slope is found and is compared to

the actual slope for the determination of supercritical or subcritical flow. By this method.

1. Because of the discontinuities in free surface at the hydraulic jump, it is common practice to
include an artificial dissipation in the goveming equation or a numerical arising from the
discretization method.
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they determined depth and flow over the weir.

Berger and Stockstill (1993) applied a finite element method to shallow water
equations. The numerical model is a depth averaged. two-dimensional numerical flow
model designed specially for flow fields containing supercritical and subcritical regimes.
as well as the transitions between the regimes. Using this model they determined the
super-elevation water surface in channel bends with high velocity. They tested the model

for a curved-wall contraction with a Froude number, F, of 4.0.

1.4.2 Physical models

Some case study reviews on hydraulic models are as follows:

Johnson (1963) has shown that at a velocity of 30 m/s. cavitation will take place
downstream of an offset away from the flow with only 3 mm. Now the velocity 30 m/s is

accepted as a limited velocity for the spillways.

Foerster and Anderson (1969) made a hydraulic model of the existing Karun I
spillway to study cavitation damage: the scale of the model was 1:80. Foerster and
Anderson (1969) never saw negative pressure. but in some parts of the spillway. they saw
low pressures coincident with the location of cavitation in the prototype. They noted low

pressure could be the reason for cavitation for a velocity of more than 40 m/s.

Ball (1976). through investigation of the Karun I spillway prototype. stated that
cavitation could happen in high velocity flow over surface irregularities on a spillway.
Therefore. two factors to reduce cavitation damage are surface smoothness, and velocity

reduction. Figure 1.2 shows his research for flow over offsets into flow.

Falvey (1982) investigated cavitation for irregularities over tunnel spillways. He
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used data collected by Colgate (1977) and by Jin et al. (1980) to estimate the required

chamfer to eliminate cavitation (Fig. 1.3).
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Mahab Ghodss (1984) developed a hydraulic model of the existing Karun I
spillway. Although they followed the same method as Foerster and Anderson did on a
different scale. the purpose of the model was to investigate flows over spillways that have
been damaged by cavitation and to test the aerators. Ramps and deflectors were installed
to investigate the effect of these aerators for discharges of 300-1500 m3/s. The prototype

spillway specifications for model with scale L, = 1/62.5 are as follows:

3 Bays: 18.5 m wide

Side walls height: 155 m

Middle walls: 6.5m

Total length: 324 m with slope 5°
Chute length: 128 m with slope 35°
Max. flood design: 16500 m>/s
Spillway output in case of cavitation: 1160 m>/s

Crest elevation: 510 m.a.s.1

This model includes the dam body close to the inputs of chute, spillway, radial
gates. 250 meters upstream of the dam and an 800 meter length of river downstream.
Chute of spillway and radial gates are built from plexiglass, other parts of the spillway are

built from wood, and the dam body is made of masonry.

Discharge for this model comes from 2 motor pumps from 2 canals. The output
discharge from the model is done by a rectangular weir. For measuring pressure in

different points of the spillway a number of piezometers are installed.

The similitude ratio in both model and prototype for open channel which consider
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Froude law for length, discharge, and pressure are:
L =1:62.5. 0, =1:30881.6. P,=1:62.5

Figure 1.4 shows the pressure. water surface and chute profiles of the Karun I spillway.
From data gathered in the experimental test, it can be seen that the Karun I spillway
operating conditions are probably one of the most critical with regard to cavitation erosion
because of the high water flow velocity developed. combined with a high discharge. This
is of course due to the geometry of the structure which presents very steep slopes and

rather sharp curvatures, which also induces low or negative dynamic pressures.

This author has done research on the high Karun dam spillway in Iran for 2 years.
The dam is 200 meters high, about 500 meters long and has 16500 m/s design discharge.
It has seen subatmospheric phenomena that damaged some parts of the spiliway. After
each flooding. we might expect to repair the spillway. The interesting point is when a the
bucket of concrete was transported by helicopter to the damaged place for repairing. the
concrete that leaked on the surface of the spillway caused new cavitation. It was created
when water passing over a local ground surface at high velocity suddenly changed from
one condition to another and back again. This causes a sandblasting effect and a worse
texture of concrete downstream with a potential for cavitation. Also, during the life of the
structure. deterioration of the concrete surface occurred, resulting in cracks and abrupt
edges which promote subsequent cavitation damage. This can be seen in the joint of the
concrete slab that was observed by this author in Photos 1.5, 1.6 and 1.7. Another
symptom of the damage of subatmospheric pressure is removing the matrix above
aggregate particles (Photo 1.8). This tends to hold them in place, thereby making them
susceptible to plucking and being removed even more easily (Photos 1.9, and 1.10). By
using Ball's findings. after each repair with fibrous concrete, grinding and epoxy paint was
used to smooth the spillway surface, and to make high resistance against cavitation

erosion. Still. because of bad designing of the shape of spillway with a steep vertical
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curvature. for any discharge less than design head. there is subatmospheric damage to the
spiliway. The remedy for this kind of dam is designing a short spillway instead of a long
one. The result is a reduction in velocity, V, = J2gZ. Another problem is waste water.

max

because water is sprayed in the air as fog and makes the environment hard to work in.

There are potential difficulties in interpreting results obtained from reviewed

physical and numerical models for prototype conditions as:
1. The weakness in the state-of-the-art of small scale hydraulic models

2. Incompleteness of equations of numerical models, especially from the view

point of hydrostatic pressure

This necessitates the development of a comprehensive numerical model for cavitation

prediction.
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Photo 1.5 View of spillway showing the joints of slabs
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Photo 1.7 Stating the cavitation in badly joined concrete.

26



. : RS 1

Photo 1.9 Starting to remove the particles of concrete.
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Photo 1.10 Complete deterioration and removal of concrete particles.
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1.5 Scope of the study

This project is primarily concerned with high velocity flows on spillways. such
flows will generally be supercritical. At higher velocities, inerial effects become
increasingly important, leading to an increased complexity of analysis with considerable
variations of flow conditions developing across a channel section. In order to model flow
over spillways in the present study, a two-dimensional finite difference numerical model is
developed. Up to the present. the finite difference method (FD) is the most often used
numerical technique applied in the fluid field. Further development of FD techniques in
computational hydraulics has been limited, due to the poor approximation of boundary
conditions by use of interpolation between grid points. to using a rectangular

discretization to represent a curved boundary.

At the present stage of development, there is no doubt that FD’s are more
powerful. readily applicable and economically feasible for problems with regular
domains. This has led many investigators to map analytically. physical domains of
arbitrary geometry into regular ones, where computations may be carried out efficiently.
With this idea. the so-called Boundary-Fitted Curvilinear Coordinate technique (BFCC)

has been developed in the last ten years. originally in aerodynamics.

The basic idea of the BFCC is to numerically transform the physical domain into a
regular one. and thus eliminate the shape of the boundary as a complicating factor. This
allows the flow bounded by arbitrary boundaries to be treated essentially as easily as in

simple boundaries.

The ultimate goal of this project is to create a model that will simplify the
prediction of subatmospheric pressure on high spillways. To meet this goal, the model

must exhibit the following objectives:
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° Develop a method of analysis to pre-design spillways by a direct mathematical

approach instead of physical modelling:

L] Develop the methodology of spillway design which meets the elimination of

subatmospheric pressure, and

° Propose a model to calculate pressure and velocity on spillways that have been

damaged by cavitation.

It is intended to develop a model to predict flow behavior on open channel

spillways which can assist engineers. This is done as follows:

1. To permit a preliminary assessment of flow behavior to be obtained, as well as a

qualitative description of flow patterns on spillways.

£

. To bridge the gap between what can be achieved by hand calculation and by
physical modelling. In scme circumstances it is intended that the numerical
model will remove the requirement for physical modelling by providing a more

expedient alternative.

The model can be used in circumstances where changes in state of flow occur, with
attendant variations in depth and velocity over a cross-section. The engineer will thus be
in a better position to analyze the flow and to take appropriate steps to improve spillway

performance.

A numerical model will help the dam engineer determine the necessary spillway
wall heights required to contain extreme flood events. At the end of spillways, the
numerical model will simulate the conditions of approach to a downstream channel or
stilling pool. providing the distribution of depth and velocity both in magnitude and

direction across the channel at the inlet to the tailwater.
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To achieve the goals herein described. the project is subdivided into the following

chapters:

In Chapter 1. a detailed evaluation based on lecture reviews and author experience

is made in order to outline in detail the nature of problem under consideration.

In Chapter 2. the mathematical model of the flow over spillways is developed,
based on the two-dimensional incompressible Navier-Stokes, continuity, and free-surface
equations. Such an analysis allows us to extrapolate the computational results to the class
of spillways based on variation of the size and shape. Also. the assumptions of the

developed mathematical spillway model are discussed in this Chapter.

In Chapter 3, the computer model of the spillway is formulated. This includes the
discretization of the governing equations in potential flow mesh carried out by central
differences in space. The boundary conditions on the flow variables are derived for
free-and non-slip velocity conditions at a rigid wall and for the free-slip condition at the
free surface. Finally. the computer code to solve the formulated spillway flow is developed

and some aspects of the numerical procedure are discussed.

In Chapter 4, the small scale model of a standard spillway is tested on a specially
created test set-up. Where more validation was necessary, we used the data gathered from

the actual big scale models that was damaged with cavitation.

In Chapter S, a comparison of numerical and experimental studies was done. This
comparison included the WES spillway and numerical model. A good agreement between

the experiment and model is found.

In Chapter 6, a discussion of the results obtained in this investigation, conclusions

and recommendations for future work are presented.



Chapter 2.0

MATHEMATICAL MODELLING OF
FLOW OVER SPILLWAYS

2.1 General

Since the shape of the free surface will be determined as part of the solution, it will
generally not coincide with one of the coordinate lines in any predetermined and fixed
coordinate system. Thus, the traditional finite difference discretization in a predetermined

frame of reference turns out to be quite cumbersome in solving free- surface problems.

The potential flow method, based on the Boundary-Fitted Curvilinear Coordinate
(BFCC) system. will be described and applied to the solution of flow profiles. velocities

and pressures for flow on a spillway.

The difficulty in determining the free surface will be resolved using the BFCC system. In
such a scheme. the shape of the free surface will be made to fit with one of the coordinate
lines. The coordinate lines in the entire flow domain will not be fixed prior to solving the
free surface but will be determined during the course of the iterative solution procedure. A

comprehensive review on BFCC is describe by Thompson and Warsi (1982).



2.2 Methods of spillway design

2.2.1 Spillway layout

The spillway layout must be determined before any detailed design is made. The
layout study frequently involves the investigation of several alternatives. Important
considerations in selecting the layout are the foundation conditions, the amount and type
of excavation. the alignment of the approach and discharge channels. as well as the
location of the spillway with respect to the dam and other structures. The foundation
conditions alone often require detailed study, with consideration given to such items as
faults. seepage. swelling. rebound, settlement, weathering, frost heaving allowable bearing

pressures. and a particular allowable shear stress.

2.2.2  Hydraulic and structural design

The detailed hydraulic design to establish the dimensions of the structure can be
made once the design discharge tailwater rating curve and layout have been determined.
This part of the design is concerned with the lengths. widths. wall height elevations,
shapes. and positions of the various components of the structure. Actually, some of the
dimensions are usually established approximately in a preliminary hydraulic design. since
studies on the outflow hygrograph and layout must be closely related to the hydraulic

design.

The structural design is the final phase of the complete spillway design. This
involves assessment of the magnitude and distribution of the ice, earth, water pressures,
calculation of loads, solution of permissible steel and concrete stresses. and hence
calculation of the concrete thickness and steel design. This phase also includes the design

of a number of very important details, such as the drainage system, joints. cutoffs.
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anchors. hoists, and bridges.

2.2.3 Crest design

It is common practice to design a pressure-free profile for the crest shape of
large high head spillways. A pressure free profile is where the pressure at the design flow
1s neither positive nor negative. but essentially at atmospheric pressure. This is achieved
by shaping the crest to fit the underside of the nappe as it would occur when discharging
freely from a sharp crested weir at the design head (Fig. 2.1). If the spillway profile is
designed exactly in the shape of the lower nappe of a free overflow. the pressure on the
spillway crest under the design head should theoretically be nil. For practical reasons.
however. such an ideal profile is designed so that low pressures will develop on the
surface of the spillway. The x and y coordinates for the spillway shape are given in

Table 2.1.

These coordinates give the nappe shape for a high spillway such that reservoir
conditions exist upstream and the total energy line coincides with the reservoir surface.
The total head measured above the sharp crest is defined as H_. and H is the distance
between the crest of under nappe profile and water surface level at reservior, as shown in
Fig. 2.1. The empirical shape of the flow nappe over a sharp-crested weir can be
interpreted by the parabolic trajectory of a projectile (Chow. 1959). The lower surface of
the nappe in the trajectory profile is:

P =Z(i)2+§i+5 2.1
H, H, H,;

and the similarly upper surface of the nappe is:

v - ox =
— = A(+) +8B

", ’Td +C+D Q.2)

X
H,

34



Table 2.1: Vertical weir lower nappe coordinates®

[ 000 | 00000 [ 035 | 01060 | 09 | -0.140 |
0.05 0.0575 0.40 0.0970 1.00 -0.215
0.10 0.0860 0.45 0.0845 1.20 -0.393
0.15 0.1025 0.50 0.070 1.40 -0.606
0.20 0.1105 0.60 0.032 1.60 -0.850
0.25 0.1120 0.70 -0.016 1.80 -1.132
0.30 0.1105 0.80 -0.074 2.00 -1.451
a. Negligible velocity of approach V, (Fig. 2.1).
Upper nappe
x

...............

Lower nappe

IR

NN

"C"\

AN XN

Fig. 2.1 Crest shape for a spillway
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where 4 = (gH /2 Vza) cos?Q, V, is the approach velocity, ¢ is the angle of inclination
of the velocity V, with the horizontal, B = ~tan@, C = [/H,. | is equal to the vertical
distance between the highest point of the lower surface of the nappe and the elevation of
the crest. D = e/H,. e is the vertical thickness of the nappe, that is constant because V,_
is constant. If the approach flow is subcritical, the above equations apply. For supercritical
flow (F > 1) the nappe profile becomes essentially a function of the Froude number rather
than a function of the boundary geometry. The discharge for this weir is given by the well-

known equation for a sharp crested weir.
Q0 = C2/3./2gbH " 2.3)

In which Q is the discharge in m>/s. b is the net crest length in meters and C is
the coefficient of the discharge. The standard value of C, for a sharp crested weir. as
originally determined by Francis (1850), is 0.622, and hence the discharge equation

becomes:
O = 1.837bH)"? (2.4)

The value 1.837 is called the weir coefficient, and has the units of J§ . When the
area under the nappe is filled in with solid material, the crest of the weir is effectively
0.112H above the origin of the coordinates for the nappe curve. This point is H, below
the reservoir surface. and not H_. If H, is used in the discharge equation. the
corresponding weir coefficient will be greater than 1.837 and can be computed by
equating 1.8371711;*’/2 to CLH?,Q, where C is the weir coefficient corresponding to head
H, Noting that H, = (1-0.112)H,, then C = 1.837/(1-0.112)>% and the

discharge is
Q = 2.195bH (2.5)

The actual coefficient may be reduced slightly due to the additional frictional
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resistance which results when a solid boundary is substituted for the space under the
nappe. This correction may amount to 1 or 2% in the usual case, the smaller value being

applicable to larger spillways where crest friction is relatively small.

Now it becomes evident that if the space under the nappe is filled in with solid
material. then it will only fit the nappe for the one head for which it was designed. At a
lower head. the nappe will be supported, positive pressure will develop on the crest, and
the coefficient will decrease. At a head greater than the design head, negative pressures
will develop and the coefficient will increase. The effect on the coefficient in terms of the
ratio H/H ; is given in Table 2.2. in which H/, is the head used for the design of the crest

shape and H is the head on the crest at any time.

Table 2.2: Experimentally determined coefficient C (from Blevins, 1984)

H/H, 01 021 o4 flo6closi1oll 121 14] 16
C (SI units) 1.78 | 1.84 | 1.97 | 2.07 ] 215 | 222 | 229 z.34'|' 2.40

Owing to the energy loss involved in the flow over spillways, the actual velocity is
always less than the theoretical value. The magnitude of the actual velocity depends
mainly on the head on the spillway crest. the fall, the slope of the spillway surface, and the
spillway surface roughness. Experiments by Bauer (1954) indicate that the frictional
losses in accelerating the flow down the face of a spillway may be considerably less than
the normal friction loss in fully well-developed turbulence. Therefore, the friction loss is
not significant on steep slopes, but it would become important if the slope were small.
Where the downstream face of the overflow is formed in a manner which produces
streamlined flow, the experimental work of Bradley and Peterka (1957) may be employed
to determine conditions where flow enters the downstream channel. This work is

applicable in cases where the WES profile is applied (Fig. 2.2). Data for computing depths
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and velocities of flow down steep slopes is still inconclusive. The research presented may
make it possible to get data for depths and velocities at any points over spiliways.

Theoretical velocity, neglecting losses, is given by:

Vr = J28(Z+H, -y, (2.6)

where Z is the vertical distance from the upstream reservoir level to the floor at the toe,
H, and y, are upstream approach velocity head, and the tailwater elevation where the
velocity is calculated. A reasonable estimate for the actual velocity, V,, may be
determined from graph (U.S. Bureau of Reclamation) for the various head H on the

spillway crest and drop heights (Fig. 2.2).
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Fig. 2.2 Curves for determination of velocity at the toe of spillway.
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2.2.4 Point of tangency

The slope function graph of a tangent to the downstream quadrant is shown in
Fig. 2.3 to facilitate the location of point tangency. Although it is realized that the tangent
point will often be determined analytically for the final design. this graph should be useful

in the preliminary layouts in connection with stability analyses and cost estimates.
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Fig. 2.3 Spillway crest tangent ordinates.
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2.2.5 Numerical methods

In this section. some numerical methods in the area of free surface solvers are

reviewed. To compute supercritical flow in channels including the effects of bottom slope

and friction. the shallow-water equations are commonly used. Ligget and Vasudev (1965)

used these equations in two-dimensional flow.

Ellis and Pender (1982) used an implicit method of characteristics to compute

high-velocity flows in channels of arbitrary alignment and slope.

The well-known equations in this area are the St. Venant equations. in which

two-dimensional flows may be written in vector forms as:

ou a£+a_y+5= o

3 Tox oy

where U. £, 7. and § are vectors given by:

M [ uh 1
u = [lll] = |uh+ %gh2
vh wh |
Vh i 0
F= ] uv:z ’ S = |—gh (SOx - Sf.r)
Lv'h + -igh'] —gh (SO)- — Sf_‘.)

2.7

In which t = time, u = depth-averaged flow velocity in x-direction, v = depth

averaged flow velocity in y-direction, h = water depth measured vertically.

g = acceleration due to gravity, §, (ny) = sin® (x.¥)

direction, 6 (x.¥)

40

= channel bottom slope in the (x, v)

= angle between the bottom of the channel and the (x,y) directions,



Stix.yy= frictions in the (x,») directions, the friction slope S¢ is calculated from

following steady-state formulas:

2 2 2
nuju +v

]

Sy = —— (2.8)
Jx Cahl.SB

II:\’.\: llz + VZ
Sq = ———= 2.9
A C(_‘;hl.33

In which n = Manning roughness coefficient and C_= correction factor for units

(C,= ! in Sl units and C,= 1.49 in customary units).

Of all the simplifying assumptions made to derive the St. Venant equations, the

hydrostatic pressure distribution is the weakest one for the present application.

2.3 Mathematical modelling the spillway

2.3.1 Background

A large channel slope has a longitudinal vertical profile of appreciable curvature.
Also. as mentioned in Chapter 1, the effect of the curvature in high spillway channels is to
produce appreciable acceleration components or centrifugal forces normal to the direction
of flow. Thus, the pressure distribution over the section deviates from hydrostatic if
curvilinear flow occurs in the vertical plane. Such curvilinear flow may be either convex
or concave (Fig. 2.4). The computation of flowfields in and around complex shapes such
as airfoil or spillways. etc., involve computational boundaries that do not coincide with

coordinate lines in physical space.
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For finite difference methods. the imposition of boundary conditions for such
problems has required a complicated interpolation of data on local grid lines and,
typically. a local loss of accuracy in the computational solution. Such difficulties motivate
the introduction of a mapping or transformation from physical (x,y) space to a
generalised curvilinear coordinate (&, M) space. The generation of a boundary
conforming coordinate system is accomplished by the determination of the values of
curvilinear coordinates in the interior of the physical region from specified values on the
boundary of the region. The generalised coordinate domain is constructed so that a
computational boundary in physical space coincides with a coordinate line in generalised

coordinate space (BFCC).

The use of generalised coordinates implies that a distorted region in physical space
is mapped into a rectangular region in the generalised coordinate space. The governing
equations are expressed in terms of the generalised coordinates as independent variables,
and the discretization is undertaken in the generalised coordinate space. Thus, the
computation is performed in the generalised coordinate space, effectively. The use of
generalised coordinates introduce some specific complications; e.g., it is necessary to

consider what form the governing equations take in generalised coordinates.

The equivalent problem in the transformed region is the determination of values of
physical (Cartesian or other) coordinates in the interior of the transformed region from

boundary of this region (Fig. 2.5).

This is a more amenable problem for computation, since the boundary of the
transformed region is comprised of horizontal and vertical segments, so that this region is
composed of rectangular blocks which are contiguous, at least in the sense of being joined

flow nets (branch cuts).

The generation of field values of a function from boundary values can be done in
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Fig. 2.5 Determination of the transformed domain from the physical domain.

various ways. The solution of such a boundary-value problem, however, is a classic
problem of partial differential equations, so that it is logical to take the coordinates to be
solutions of a system of practical differential equations (as will be discussed in section
2.8). If the coordinate points are specified on the entire closed boundary of the physical

region. the equations must be elliptic.

Mathematically. the free surface problem is a typical initial-boundary value
problem. The main difficulty in solving the free surface problem in spillways comes from
the uncertainty of the boundaries of the solution domain. Therefore, the free surface
position and the shape must be treated as unknowns and obtained as part of the solution.
The numerical method seems to be the only way to treat free surface problems. Numerous
investigations have been conducted to solve free surface problems restricted by the free
surface boundary difficulty. Various simplifications have been made in numerical work.
By using Boundary Fitted Coordinate systems generated by numerical methods, the
difficulty of treating the free surface can be lessened, since all the calculations will be

performed on uniform rectangular grid lines. The elliptic type partial differential equation
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encountered in the fluid flow problem is also a natural scheme for the boundary fitted
coordinate. since many of the interpolation calculations using the elliptic equation can be
much simplified on the rectangular grid. All the computations can be done on a
rectangular transformed field with a square mesh. regardless of the shape or configuration
of the boundaries in the physical field. Finally, any numerical algorithm in FD can thus be

applied.

Before discussing the governing equations, the numerical generation of the
BFCC technique dealing with the subject of curvilinear flow is described in the following

section.

2.3.2 Numerical generation of Body-Fitted Curvilinear Coordinate
systems.

This section presents a detailed development of a method for generating natural
coordinate systems for general two-dimensional regions. The numerical technique is used
to implement the method. Consider transforming a two-dimensional. single-connected
region. e.g: D as shown in Fig. 2.6 bounded by four simple. closed, arbitrary contours onto
a rectangular region, D™ . It is required B, to map onto Bl* , B, to map onto Bz* . B; onto
B;". and B, onto B". For identification purposes region D will be referred to as the
physical plane D™ as the transformed plane. Note that the transformed boundaries (B,".

and B?_"= ) are made constant coordinate lines (N -lines) in the transformed plane.

The general transformation from the physical plane (x, y) to the transformed

plane (&, n) is given by the vector valued function:

= & (x,¥) (2.10a)

J

n=nxy) (2.10b)
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Transformed domain
Fig. 2.6 Field transformation-Single body
éjﬁ = ré (x.¥) ! (2.11)
nj Ln (x, .\')J
The following differential expressions are obtained:
dg = § dx+& dy (2.12a)
dn = n dx+ndy (2.12b)
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Which are written in a compact form as:

-

The Jacobiar matrix for this transformation is:

AN LA
n,n,

Reversing the role of independent variables:

x=x(&.Mm)

v(&.m)

]
i

or in vector form:

F _ [x (&, T\)~,
W & |
The following may be written as:

dx = xgd§ +x,dn

dvy

v:d§ + v dn
In a compact form they are written as:

fd-r] - | xn-l dt|
Ve ¥y dnJ

dy]

The Jacobian matrix of Eq. (2.17) will be denoted by J, and given by:

.\é .Vq

Comparing equations (2.14) and (2.18), it can be concluded that:

(2.13)

(2.14)

(2.10a)

(2.10b)

2.15)

(2.16a)

(2.16b)

2.17)

(2.18)



e =7
1Sx Sy _ |2 T (2.19)
n,.n, Y& ¥n

= det|/J,] = Xe¥n = Xn)e (2.20)
and is defined as the Jacobian of the transformation which implies the relations:
S, = ¥y J (2.21a)
S, = —xq/J (2.21b)
N, = -¥/J (2:21¢)
n, = xg/J 2.21d)

Terms such as Xzo Ve Xp, and y, appearing in transformation derivatives are
defined as the metrics of transformation or simply as the metrics. The computation of the
metrics is considered as equations (2.21a)-(2.21d). The interpretation of the metrics is

obvious considering the following approximation:

>
~

(2.22)

I
Q|
1]
|

.ml ~
>
Mall

e

This expression indicates that metrics represent the ratio of arc lengths in the physical

space to that of the computational space.

For grid generation. metrics can be determined numerically by the use of finite difference

expressions where the subscripts denote partial differentiation in the usual manner.
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2.3.3 Governing Equations

The mathematical basis of the proposed numerical model for the simulation of
flow over a spillway for the determination of the cavitation parameter is presented. The
two-dimensional viscous incompressible flow about any number of bodies may be
described by the Navier-Stokes equations in the vorticity-stream function formulation.

Therefore. the full Navier-Stokes equations are:
V.g=0 (2.23)
P3-Vg = pX-VP+uV’g (2.24)

where X and § are body force, and velocity vectors respectively. For flows not involving
body forces, the non-dimensionalisation of Egs. (2.23) and (2.24) produce the following

equations in two-dimensional Cartesian coordinates:

Ju oJv
xtay =0 (2.25)

du  du P _ 1(d%u  d%u
81' _al' aP _ 1 azv alv
“SU'eTax T E(ax2+a__\3) (.27

By differentiating Eq. (2.24) with respect to x, y, and by subtracting the resulting

equations, the following equation is constructed:

LA 1(o% 9%
“xT'ay TR (5?*5}‘2‘ (2.28)
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_ du ov
¢ = > % (2.29)

where x. y, {. u. v, and R are respectively: horizontal direction, vertical direction.
vorticity. velocity in x direction, velocity in y direction. and Reynold’s number. Eq. (2.29)
is a two-dimensional vorticity transport flow in the x-y plane, that indicates the rate of
dissipation of vorticity through friction. Fig. 2.7 is showing the piecewise spatial view of

spillway channel geometry in (x, v, z) coordinates.

For irrotational flow { equals zero. In case of flow with very large Reynolds
numbers. the effects of viscosity are confined to a very thin layer in the immediate vicinity
of a solid boundary. The boundary layer turbulence effect is small and can usually be
neglected at the high velocities that are normally encountered in hydraulic structures
where cavitation is suspected (Johnson, 1963). In the region outside this thin boundary
layer. viscous forces can be completely neglected in comparison with inertial forces:
hence only potential flow exists. Investigations in hydrodynamics of irrotational flow
stating that-the minimum pressure in the flow field always occurs at the boundary. If the
boundary layer is not separated the minimum pressure occurs at the body wall. The
minimum pressure may not occur on the wall (for large body curvatures) but slightly away
from it in the center of the eddies inside the boundary layer, because the flow in the
boundary layer is rotational. Thus, cavitation actually begins at values of ¢ (x) that are
slightly greater than & (x) 'because of the additional pressure reduction caused by
turbulence. Cavitation is a phenomenon depending on the absolute pressure and is closely
associated with the momentum pressure relation of the main flow outside the boundary
layer. Whereas separation depends on the momentum pressure relation within the

boundary layer. Basically separation occurs at a position along a guiding boundary surface

I Inception index of cavitation is defined as G (x) = 2(P,-P,) /p Vzo (x) . Where P (x)

and V|, (x) are the pressure and mean velocity. and P is vapor pressure.
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where the flow-direction increase in pressure must be obtained by a decrease in the
momentum of the fluid. The fluid in the boundary layer moves at a lower velocity than that
in the main fluid domain because part of its energy is dissipated by boundary friction.
When the assumptions that are made are justified, the flow must be a good approximation
to potential flow with no boundary-layer separation and, if the flow is separated, ¢ (x) has
little significance as to the location or magnitude of the true minimum pressure in the flow.
The above discussion implies the assumption that the flow is irrotational. This assumption
is a reasonable one, since losses must be small over a short length of spillway involved,
and the highly turbulent approaching flow must have a transverse velocity distribution
very close to the uniform distribution which is characteristic of irrotational flow of a
perfect fluid. Also. there is little risk of separation when a solid boundary is continually
curving into the flow, as in this case. pressure distributions should therefore be close to
those in the irrotational flow of a perfect fluid. This conclusion is confirmed by the good
agreement between theory and experiment. However incipient cavitation index, G, (x).is
the negative of the minimum pressure coefficient in the flow field. The minimum pressure
in flow field will exist at the core of the rotational vortex in the boundary layer. Therefore.

for the present model, the assumptions are:
1) High Reynold’s number
2) Uniform flow at inflow and outflow boundaries
3) Smooth surface, therefore no irregularities

4) Separation does not occur during the operation at design head or for operating
heads less than three times the design head H/H ;< 3 (Rouse et al. 1935). If the spillway
profile is smoothly curved according to a given nappe profile, the absence of abrupt
changes in curvature at any point would permit an increase in head without danger of

separation. Indeed, model studies of Rouse, and Reid (1935) and of Dillman (1933) for
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Fig. 2.8 Spillway crest charactristic (after H. Rouse and L. Reid, 1935 and O. Dillman,
1933).

pressure plotted in Figure 2.8, show that the actual head H may safely exceed the design
head by at least 50 percent, with a 10 percent increase in the discharge coefficient.
Separation could happen if H/H ;> 3, this does not occur in the life of spillway (Rouse,

and Reid, 1935, and Dillman, 1933).

What is known is that boundary layers separate in adverse pressure gradients, so that the
magnitude and extent of such pressure gradients should be minimized. This means that
bodies should be streamlined rather than bluff and should be oriented at small angles of
attack. Also. it is known that sharp comers which bend away from the fluid become
separation point, so that such corners should be avoided if separation is to be delayed as

far as possible (Currie, 1974).
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5) Flow is irrotational, so potential flow and the Bernoulli equation are satisfied.

There are several reasons for this assumption:

5.1 Experiments by Bauer (1954) indicate that friction losses related to
accelerated flow over a spillway may be considerably less than the normal friction loss in
flow with well-developed turbulence in channel. Therefore, the friction loss is not

significant on steep slopes. but it would become important if the slope were small.

5.2 Based on energy dissipation ¢ by Lamb (1932) formula:

o = p”j(?qu)dxv+pf."a—a’;q2ds-2u”(qxqu) - nds (2.30)

When a liquid passes over an obstacle having the form of a lamina of thickness h
placed between two plates. the kinematical conditions are accordingly identical. for the
most part, to those relating to the two-dimensional flow of frictionless fluid past an

obstacle whose section has the shape of the lamina.

By Bauer's statement ¢ = O for spillway and for inviscid flow, from Lamb’s
equation, it is clear that v x g = 0, meaning that, flow could be assumed irrotational.

Also irrotational potential flow can be determined by the velocity vector as follows:
V=Vp (2.31)
where @ is the velocity function and vorticity is defined as:

{=VxV (2.32)

But. mathematically:
{=VxVp=0 (2.33)

It says potential flow could be irrotational.
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5.3 U.S. Bureau of Reclamation:

Considerable experimental work has been done on this problem at the U.S. Bureau of
Reclamation which presents that when the head H and the discharge are small. the depth

of flow will be small, and the effect of resistance will be marked.

Introducing a stream function W such that:

u = ?3—? (2.34)
oAl

o= e 2.35

y 5 ( )

Substitution of Eq. (2.34) and Eq. (2.35) into Eq. (2.25) gives:
Vey = 0 (2.36)

This is an elliptic function in space. It is known as the Laplace’s equation and can be

written as:

Yo+ =0 2.37)

XX

2.4 Application to potential flow

As an initial application of the Cartesian coordinate system, the Laplace equation for
the stream function potential flow is solved numerically using the curvilinear coordinate
system. There were several reasons for this choice. First, the solution was of interest in

itself as simply another potential flow method for spillway. Secondly, it provided an
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excellent starting solution (i.e., an impulsive start) for the viscous flows (Thames, 1976).
Roache (1982) says that potential flow can provide an excellent solution close to the
analytical solution. Thirdly, it is easy to formulate the boundary conditions of the free
surface. Finally. since Laplace’s equation arises in many areas of physical science, a
demonstrated proficiency in solving this equation for arbitrary regions would imply that
the Cartesian coordinate method would be of general interest. Montes (1992) in his paper

on step overfall says:

“A complete solution of free overfall. requires an integration of the
turbulent Reynolds equations using an adequate turbulence model to
present the shear stresses. Finnie and Jeppson (1991) have attempted this
type of calculation for related problems of flow under a sluice gate using
the K —¢€ method. With the success of the previous potential flow
calculation. notably that which Markland (1965) showed within the
limitation of free overfalls preceded by horizontal or adverse slopes. it is
not necessary to resort to such complexity to obtain a very detailed account
of all flow features. namely water surface profile, velocity, pressure and

angle of inclination characteristics.”

Because the spillway is an alternative for overfall, it can be said that potential flow must

also be applicable in this problem.

2.5 Transformation of the Governing partial differential equations

The equations of fluid motion include the continuity and the momentum equations.
For the present 2-D problem the transformation of a PDE! to the BFCC and the
complexity of the resultant equation is proposed. It should be mentioned that the form and
type of the transformed equations remains the same as the original PDE, i.e., if the original

equation is elliptic, then the transformed equation is also elliptic. Now, we define the

1. Paruial differential equation
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following relations between the physical and computational spaces.
X = X (é’ n) (2.383)
y =v¥(@m) (2.38b)

The chain rule for partial differentiation yields the following expression:

9 _9x_g 9y 9
E‘ézxa_fagxa—y 2.39)

The partial derivatives will be denoted using the subscripts notation, i.e. 3¢ = xg. Hence,

0 0 d
and similarly:
J J I (2.40b)

an = *nax T ngy

Partial derivatives are transformed using the relations (2.40a) and (2.40b) as follows:

fo= Onfe—yefi)) /d (2.41a)

fi = (=xpfe +x:fq) 7/ (2.41b)
where f is some sufficiently differentiable function of x and y.

The first step is to express Laplace’s equation in the transformed plane. Utilizing

Egs. (2.40a) and (2.40b). we obtain:

Wz = 2B + YW + (DX) (bW = ¥qWe) /T + (Dy) (xqWp —xe ) /J = 0
(242)

where

Dx = oxzz = 2Bxgy +¥xyq (2.43a)
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Dy = oyzz - 2B-V§71 +¥¥nn (2.43b)
Introducing the definitions:
c= [_vé (Dx) - xz (D¥)y1/J (2.43¢)
T= [xn (Dyv) ~¥n (Dx)1/J (2.434d)
equation (2.42) reduces to:
Wz — 2BW§n F W TOW F T = 0 (2.44)

where transformation parameters are:

o = x,"-; +_\'72] (2.45a)

B = XzXo + VeV (2.45b)
2 )

Y= -"E +: (2.45¢)

J = Xg¥n = XpV: (2.45d)

If a non-contracting natural coordinate system is employed. Dx and Dy vanish by

equations:
a.tii_ - 2B.\‘§n + ‘Yxnn = (2.46a)
Qayzz ZB_\’in Y =0 (2.46b)

oy — 2By +vy, =0 (247)
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2.6 Boundary conditions

The boundary conditions for the single body solution Fig. 2.9 have the general

form:

Yigy = O (2.48a)

WEB3 =q (2.48b)
=g (2.48¢)
=gl 3.48d

w[Bz - q;; ( - )

where:

h = the depth B, (and B,) with respect to solid boundary at any studied point on the

liquid boundary
h, = upstream depth
h, = downstream depth

g = discharge per unit width
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Configuration of boundary conditions

: \
f ﬂt\\ B,

Physical Domain (D) with non-orthogonal grids

jI”(l.\

B’ By

N\l

{
Computational Domain (D*) maa

Fig. 2.9 Boundary conditions. physical and computational domains.



The actual boundary conditions and the equivalent versions for numerical implementation

are summarized in Table 2.3.

Table 2.3: Boundary conditions and numerical equivalent in physical domain D.

Boundary region Conditions l Numerical implementation
Solid surface ;% ) B
y=0 vy =0
Iniet ) S ,
v = g—
on 0 ‘VIB‘ th
Free surface oy T
Outlet oy _ _ h
5 = 0 ‘VIB: q n

2.6.1 Transformation of boundary conditions in Boundary Fitted

Curvilinear Coordinate

\,U;’B. =0 (2.49a)
Vig- =4 (2.49b)
— frnd g
hlg. B (2.49¢)
v - 49
h B - B (2.49d)
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where:
D* = New flow Domain in &. 1 direction
B,*.B,".B;" and B, are boundaries of domain D™, B is wide of this domain.

Finally. the transformed potential flow and velocities Eqs. (2.37), (2.34) and (2.35)

with stream function in BFCC (L =0) are:

Y, — 2Bw§n Wy T OV, + TV, = 0 (2.44)
u = (ani - \yéx,‘) /7] (2.50)
v = (Yye = Weyg) /T 2.51)

2.7 Tangent and normal velocity vector components to lines of

constant £ and n

Tangent and normal unit vectors are shown in Fig. 2.10. Where C j (for j = 1...N)
is a n-line with constant value. and X is a &-line with constant value. The tangent and

normal vector components to lines of constant § and 1| are given by:

fa) = (=yef+xefy) /Y (2.52a)
fi) = (—xef +yef,) 7 H (2.52b)
fa(€) = nfe—Xqf,) /ot (2.52¢)
Fi(B) = =(xof,=yqf,) /N (2.52d)
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where ;f,, m), }fn (&) are normal vector components to line of constant 1, &, and f, (n).

f,(E) are tangent vector components to line of constant n.¢.

By substituting vectors f, = u and };, = v from Egs. (2.50) and (2.51) in Egs. (2.52a-d)

we have:

Ve
V.(m) = -— (2.53a)

Y

-‘Nn_WF’B -
V.(n) = o (2.53b)
. Wﬂ
V,(@Q) = e (2.53¢c)
, oy, - By,
V. (E) = T (2.53d)
~

2.8 Coordinate transformation

The grid can be done by an algebraic or an elliptic partial differential method. In
this study. the algebraic method or a mixture of both can be used. First. for the mixed
method. the domain of flow is covered by the algebraic grid. and second. the elliptic
partial differential is used for more accuracy. The elliptic grid generator is the most
extensively developed method. It is commonly used for 2-D problems but the procedure
has been extended to 3-D problems. For domains where all the physical boundaries are
specified, elliptic grid generators work very well (Hoffmann, 1985). A system of elliptic

equations in the form of Laplace’s equation is introduced. Elliptic systems have



advantages as:

1. Inherent smoothness that prevails in the solutions of elliptic systems,

(V]

Boundary slope discontinuities are not propagated into the field, and

Smoothing tendencies of elliptic operators allow grids to be generated for any

93

configurations without overlap of grid lines.

For this problem. because of the discontinuity at the upstream face of the spillway. the

elliptic partial differential method works well.

Thompson (1980) proposed Poisson equations as the coordinate generation system

for the boundary-fitted coordinates (&, n) as follows:
See T8y = P& M) (2.54a)

N,.+N, =Q( ) (2.54b)

where P and Q are the grid control functions, and for this study, P and Q are set equal to

Z€T10.

Since it is desired to perform all numerical computations in the uniform
rectangular transformed plane, the dependent and independent variables must be
interchanged in (2.54a)-(2.54b). Using the equations (2.40a) and (2.40b) yields the

coupled system in the computational (&, n) domain:

_ 12 (pe.
= ~J% (Pxg +Qxy) (2.55a)

2
o — 2By . — _12 b : (2.55b)
avgg B-‘Qn*"y-‘nn J (P>§+Q.\n)

Eq. (2.55a) and Eq. (2.55b) can be solved in (&, n) plane, which is hence called the
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computational plane. in rectangular shape with a rectangular mesh. Once the natural
coordinates are generated for a given physical domain, the set of partial differential
equations and their associated boundary conditions are transformed utilizing the relations
mentioned. This technique not only broadens the applicability of finite differences to
general domains but also initiates a new topic in numerical grid generation. including

solids and curved surfaces by partial differential equations.

It is of primary importance that the equations do not change elliptic type under
transformation. The transformed equations are then approximated using finite difference
expressions and are solved numerically in the transformed plane. Thus, regardless of the
shape of the original physical plane (region D in Fig. 2.9) and regardless of the spacing of
the finite grid in that plane, the numerical solution of the partial differential system is
carried out on a rectangular field with a square mesh (region D* in Fig. 2.9) with no

interpolation required on the boundaries.

2.9 Determination of pressure on the solid boundary

The pressure intensity at any point in a static body of liquid is equal to the product
of the depth of the point from the free surface, the gravitational acceleration and the mass
density of the liquid. This type of pressure distribution is known as the hydrostatic
distribution. Strictly speaking, the hydrostatic distribution prevails in flowing fluid only
when the normal acceleration is zero. This condition occurs when the streamlines are
straight. When the streamlines are curved, the pressure distribution is different from that
of the hydrostatic due to centrifugal forces. In flows with concave curvature these forces
cause the pressure to be greater than the corresponding hydrostatic value. the increase
being directly proportional to the square of the velocity and inversely proportional to the

radius of curvature. The centrifugal force causes the pressure to be less than hydrostatic in
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the case of flows with convex curvature (Fig. 2.4). The section near the crest has a convex
curvature of streamlines, whereas the streamlines have a concave curvature in a bucket.
Downstream of the spillway. the streamlines are straight and parallel. In general, the

empirical equation for pressure is:
P = C.pgh, (2.56)

h.= being the depth of flow above the point under consideration (vertical

distance).

C , =1is called the pressure coefficient

= 1 for parallel flows.
< 1 for flows with convex curvature of streamlines.
> | for flows with concave curvature of streamlines.

Reduction in pressure difference will cause undesirable effects, such as the following:
(1) increase in pressure difference on the spillway. (2) change in shape of the nappe for
which the spillway crest is generally designed, (3) increase in discharge, sometimes
accompanied by fluctuation or pulsation of the nappe, which may be very objectionable if
spillway is used for measuring purposes, and (4) unstable performance of the hydraulic
mode! (Chow. 1959). The accompanying increase in discharge coefficient is often
desirable in that a given flow can be discharged with less head. However, there is a limit to
how far the pressures on the crest may be allowed to go. Although the subatmospheric
limit may be near -10 m of water (depending on the atmospheric pressure and the water
temperature), it is not desirable to approach this limit in a hydraulic structure. The actual
boundary pressures continually fluctuate above and below the average value and the range
of fluctuation increases as the flow velocity increases. If the concrete surfaces are

unusually true, smooth, and dense, a design pressure of -5 m may be acceptable (Smith.
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1992). In general. however, the minimum pressure should be limited to about -2m. The
spillway crest may be controlled or uncontrolled. The uncontrolled crest is set at the
reservoir full supply level (FSL) and discharges freely whenever the reservoir rises above
it. The controlied crest is gated. and is set with the reservoir FSL near the top of the gates.
The uncontrolled crest has the advantage of automatic discharge. However. if the
permissible pool rise or crest length is limited for any reason, it may be necessary to use
the gated crest in order to develop sufficient head on the spillway crest to pass the required
discharge. Discharge. head. width. and nappe shape are related by an appropriate weir
equation (Q = CbHZ,/2 ). For the velocity vector. that is tangential to the streamline at the
free surface points. Bernoulli’s equation should be satisfied (Brebbia. 1983). By taking

this into consideration. the pressure on the solid boundary. can be given by:

P (V+u)2 )
_— " 4 = E 2.57
(Yo 2g 4 ( )

where v and u are vertical and horizontal velocities respectively. The transformed form of

Eq. (2.57) in BFCC is:

(v, ~Bw  F L4y (Em) = E 2.58)
2gvJ” Yo

where vy, is specific weight of water.
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2.10 Spillway configuration

One of the boundaries is either the solid part or the spillway profile that must be
known for a solution. Before going to the fixed equation, the effect of this boundary on the

flow should be defined.
2.10.1 Influence of spillway profile and crest alignment

As the flow passes over the crest into the downstream channel, energy losses
which are dependant on the form of the spillway profile and on the flow conditions in the
downstream channel are incurred. For the simple case of a crest normal to the downstreamn
channel axis and having a smooth, streamlined downstream face merging with the channel
invert, relatively little energy dissipation can occur. In this case, the velocity vector over
the crest is aligned largely with the downstream direction of the flow. In cases where the
downstream face of the overflow is not streamlined. or where flow separates to form a free
overfall. the degree of energy dissipation will be higher, leading to a supercritical flow in
the downstream channel. This flow has a lower Froude number and a lower energy level
than when it is not streamlined. The flow below the crest is influenced both by the shape of
the crest and by the conditions of the flow over the crest. The surface form and. in
particular the profile of the spillway below the crest, can exert an appreciable influence
upon flow conditions downstream. For instance, a smooth streamlined slope to the
downstream face of the overflow will permit flow to enter the downstream channel with a
higher energy level. The amount of energy. and the Froude number of the flow may have
an appreciable influence upon the depth of flow in the downstream channel and also on the

possibility of the spillway crest becoming submerged by tailwater conditions.

Where flow passes over the spillway with noticeably non-uniform conditions
along the crest, supercritical flow in the spillway channel downstream will have a variable

depth and discharge across the channel. These effects can persist for appreciable distances
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downstream. It is desirable that any non-uniformity of flow entering the channel be taken

into account in any determination of downstream super-elevation effects.

Supercritical flow is characterized by the fact that small changes of channel
geometry can not influence the flow upstream to the section of channel at which the

change occurs.

Every spillway has three components: a crest section, a conveyance section. and a
discharge section. The crest section is the inlet to the spillway, situated at or near the
reservoir level. From the crest. flow must be conveyed in a chute to a level near the natural
river level on the downstream side of the dam. The spillway terminates in the discharge
section. from which the flow re-enters the channel. It is evident that a high coefficient
spillway gives a more economical design, in this regard it has been common practice to
use an ogee spillway (Smith, 1992). The initial part of the curve fits the underside of the
free nappe and is tangent to the reverse curve comprised of the spillway’s bucket. Crest
shape is based on a simple parabola designed to fit the trajectory of the falling nappe over
the weir. The spillway geometry more common used was proposed in 1971 by the
Waterway Experiment Station (WES), including the three-arc curve upstream quadrant,

and a power function in the downstream quadrant.

Upstream includes the three-arc curve as shown in Fig. 2.11 or the equation

(Blevins. 1984) as follows:

(x+0.270H ) &
¥ = 072 &5 =
Hg.

+0.126H,~ 0.4315H5"" (x + 0.270H ) *%°

(2.59)

The standard shape of the downstream quadrant (Fig. 2.12) on the basis of Bureau

of Reclamation data (Corps of engineers, 1952) is:

85 = 2.0H2%y (2.60)
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A non-dimensional curve for upstream and downstream coordinates for standard

spillway is shown in Fig. 2.13.

0.2818H
e 2 >
0.2760H, Crest axis_ origin
|- 0 1750H — of coordinates
- L S——
;’ X

0.1360H,,

x1.85 = 2.0H2.85y

q‘ crest

| x = 0.0000H,
y = 0.5000H,

Fig. 2.11 WES spillway upstream quadrant (Corps of Engineers, 1952).
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2.10.2 Approach conditions at the spillway crest

As flow approaches the spillway crest, velocities are usually relatively low, with
Froude numbers much less than one. To obtain good spillway discharge characteristics. it
is important to ensure that the approach conditions are satisfactory. Separation of flow can
occur at high operating head, and the effective length of the overflow will be
correspondingly reduced. The flow will also be non-uniformly distributed as it enters the
downstream channel. Computations of flow over the crest usually assume that uniform
conditions are obtained along the effective length of the crest. However, appreciable
differences in flow can arise. which depicts the observed variation in depth along a model
spillway crest. In addition to considering approach conditions from the point of view of
discharge capacity of the overflow crest, energy losses in the forebay area may require

consideration and super-elevation effects if the approach to the crest is curvilinear.

2.10.3 Spillway toe

When the flow reaches the end of the spillway’s inclined face. it is deflected

through a vertical curve into the horizontal or into an upward direction.

2.11 Cavitation phenomenon

2.11.1 Inception and initial growth

The nuclei theory describes the inception of cavitation. The stability of an air
volume surrounded by water is determined by the forces acting on the inside and outside of
the bubble. The inside forces constitute the air pressure and the water vapour pressure. At

the interface is the surface tension and outside the bubble is the ambient water pressure. An
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analysis of these forces shows that a minimum or critical ambient water pressure exists at
which the bubble becomes unstable, continually growing without a further decrease in
pressure. This nucleus instability occurs for water pressure below the vapour pressure to an
extent depending on the original nucleus size. The generally accepted assumption is that
the vapour pressure is the critical pressure for cavitation. The presence of the air nuclei in
the water. therefore, is a basic condition for the occurrence of cavitation and their presence

can be traced back to:
® The free undissolved bubble.
® The nuclei that exit through the crevices of foreign particles entering the flow, and

® The nuclei that exit via the crevices of the boundary material.

2.11.2 Continued growth and collapse

Bubbie growth continues even after the ambient fluid pressure starts to exceed the
vapour pressure because of the inertia of the water mass. When the pressure which tends to
retard the bubble expansion is applied long enough to overcome the water inertia, the
expansion ceases and collapse begins. Thus, during their inception and initial growth, the
bubbles travel a certain distance downstream before collapsing. This is confirmed by
observations of cavitation occurrence and damage observed for prototype conditions. The
principal features that influence the growth and collapse rate of cavitation bubbles, with the
nature of their effects, are shown in Table 2.4. A high rate of collapse increases the intensity
of the high-pressure zone produced by an extreme change in momentum when the water
moving toward the centre of the bubble is finally brought to zero velocity. It is intense

pressure which produces noise and boundary material damage associated with cavitation.
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Table 2.4: Effective factors for the rate of collapse

Factors Rante of
— — —— —— —— _J
Surrounding fluid pressure (P) high
Surface tension (T ) high
Initial content of air in the bubble low
The water vapour pressure (P ) high
The diffusion of gas into and out of the bubble low
Heat transfer through the bubble walls (T) high

2.11.3 Factors contributing to cavitation

Experience in spillway operation in combination with investigations carried out
over the last 20 years (including model and prototype testing) shows that the occurrence
and extent of cavitation damage are subject to a variety of conditions and causes. A single
condition has some problems. but a combination of geometric., hydrodynamic and
interrelated factors may result in cavitation damage. The following factors are of

importance:

2.11.3.1 Geometric factors

< Spillway surface roughness, particularly local humps and recesses.

W The presence of cavitation-prone structural elements in the spillway such as:
® Siide slots or slots and sills of tainter gates,

® Piers,
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e  Construction joints.

® Flow splitters and deflectors,

®  Ports of ducts and pipes.

® Change of water passage shape.
2.11.3.2 Hydrodynamic factors

- Specific discharge (discharge per unit width of the spillway)

J  Flow velocity
" Gate operation
<l Boundary layer development

2.12.3.3  Other factors

< Heat transfer during collapse

«d  Water temperatures

-l Number and size of air bubbles in the water
{J  Airdiffusion

The amount of cavitation damage at a certain location on the spillway results from a
combination of the above factors and, in general, can be identified prior to construction of

the spillway.

Since some cavitation prone elements, such as gate slots, are necessary for proper
functioning of the spillway, a method to prevent cavitation at those elements may therefore

be required on an otherwise cavitation-free spillway.
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2.12 Prediction of cavitation

Experience has shown that high velocities over the concrete surfaces of spillways
can produce damaging cavitation. Determining whether or not cavitation will occur at a
particular velocity may be necessary during design or after construction when grinding or

repair of surface deviations may be necessary to prevent damage.

Local bulges in forms of irregularities or improper finishing of concrete can result
in local surface deviations which create local zones of subatmospheric pressure. In spite of
using the high strength concrete in areas subjected to high velocity will aid in preventing
damage. cavitation takes place and damage will occur. The degree of potential cavitation
at a surface in contact with high velocity flow is measured by the value of G (x), the
cavitation coefficient. However, if the solid boundary over which the high velocity flow
traverses is very smooth and conforms to the flow line at the boundaries, there should be
no cavitation irrespective of the & (x) value. The critical ¢ (x) value becomes significant
only when there is a change in the flow contact boundary or when surface irregularities are

present.

It is essential to eliminate abrupt irregularities from surfaces traversed by high
velocity flows. This essential requirement is emphasized and explained in the introductory
paragraphs of the paper “Cavitation From Surface Irregularities in High Velocity™ by Ball
(1976). Surface irregularities cause local pressure reductions which reach the vapor
pressure of the fluid to form vapor cavities or bubbles that move downstream into a higher
pressure regime. At this point, bubbles condense or collapse to produce high forces which

inflict damage when cavitation occurs at or near the flow boundary.

Cavitation is a phenomenon which depends on the absolute pressure and is closely
associated with the momentum pressure relation of the main flow outside the boundary

layer. Whereas separation depends on the momentum pressure relation within the
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boundary layer. Basically. separation occurs at a position along a guiding boundary
surface where the flow-direction increase in pressure must be obtained by a decrease in
momentum of the fluid. The fluid in the boundary layer moves at a lower velocity than that
in the main flow domain because part of its energy has been removed through boundary

friction.

Assume the pressure distribution on the spillway as obtained from the potential
flow theory and is in agreement with experimental measurements, then the boundary layer
thickness would be thin. This condition is usually met if the Reynolds number is
sufficiently high to produce a fully developed turbulent boundary layer. Cavitation occurs
whenever the pressure in the flow of water drops to the value of the pressure of the
saturated water vapor, P, (at prevailing temperature): in other words the cavities are filled
by vapor and partly by gases excluded from the water due to the low pressure. By looking
at Table 2-4 and Figure 2.14 there are two factors, pressure P, and velocity V,,, which
influence the cavitation. It is noted that viscosity effects and surface tension can be
expressed by Reynold number [R = (ng}) Vzv‘l:l and Weber number
(W=H,(pg/T)) I/2] . For an ordinary water temperature, both W and R have an effect
on H, and H limited values, Matthew (1963), Maxwell and Weggel (1969). Both factors
are combined with density p in the cavitation numb=r, 6 (x) , which is a form of the Euler

number:

(Py(x) —P)

o(x) = (2.61)

| 5
‘2‘PV5(I)

where P,(x) and V;(x) are the pressure and mean velocity of potential flow.
respectively, at arbitrarily chosen reference points and P, is the vapor pressure (Novak.

1984). The mean velocity at each mesh point can be derived from the known discharge.
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the mesh angle and the height of the domain above the mesh point. The P, (x) is found by
each element point from the solution of the potential flow. When cavitation begins
(incipient cavitation). ¢ (x) has the 6 (x) . When the reference point coincides with the
point where the bubble explosions are initiated,o ; (x) is found to be zero. The reference
velocity and pressure can be measured at a number of different points. For example. with

sudden into-the flow offsets, the reference point may be located:

- Upstream from an offset outside the boundary layer
d Immediately upstream from an offset and at its maximum height
N Outside of the boundary layer in the plane of an offset

In each of these cases. the reference pressures would be greater than the vapor pressure.
Thus. the value of 6 ; (x) would be positive when cavitation begins (Acres, 1982). The
cavitation number is now universally used for correlating the characteristics of cavitating
flows (Novak, 1990). The second form of Eq. (2.61) in terms of heads k& instead of

pressure is:

(hg(x) +h_(x) —h)
V3 (x)
2g

G(x) =

h¢ (x) = static head due to water
h = vapor pressure head

g= acceleration due to gravity

(2.63)
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where:

r= the vertical radius of curvature for the spillway surface. An algebra sign must
be included with h_. since a negative pressure arises as a result of a convex

surface.

Thus. if the value of 6 (x) for a given structure and operating condition is such that
G (x) >0, (x) the structure should operate cavitation free. However, if 6 (x) <o ; (x)
cavitation should be expected and the degree of cavitation will depend on the magnitude

of [6,(x) —6(x)].

Ball (1976) suggests that a 3 mm offset perpendicular to the flow can cause cavitation at
velocities as low as 11 m/s. The critical velocity is about 32 m/s in spillway design. A
cavitation problem could be serious at velocities exceeding 35 m/s, even if the spiliway
surface is smooth and well constructed. The velocity at a small distance y (i.e. y = 0.01)
from the real bottom can be defined (Henderson. 1966) as:

0.2
) Vo(x) (2.64)

V".(x) = (S(I)

The thickness of the boundary layer is found from (Falvey, 1980 and Henderson, 1966):

-0.2
X
) (2.65)

The definition of Gal’Perin value G (x) is:

V. (x) 2
: ) (2.66)

= 1.7

G (x) 1.76 (Vo o
where 8 (x) is the boundary layer thickness (Fig. 2.15), x is the distance from a global
coordinate origin (for x> 3H ;) and Vv is the kinetic viscosity of water. With a solution of

the potential model. we can calculate Eq. (2.61) and Eq. (2.66) at every mesh point on the

shape.
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VELOCITY DISTRIBUTION

Fig. 2.15 Boundary layer development on a spillway crest.

From a discrete model the distance x to a mesh can be derived from the size of the meshes
on the shape of the spillway. By detection of cavitation on the spillway, the point on the

shape of the spillway where cavitation starts can be controlled by changing the shape.

The method for determining the cavitation potential for the experimental test by
Eq. (2.62) is to calculate flow profiles for the range of operating discharges. Then, from
each profile, piezometric pressures at various locations on the spillway are calculated.
Correction to these pressures must be made to account for slopes, as well as any boundary
curvature present. Some theoretical work on self-aerated uniform flow is available. It is
considered difficult to adjust these analyses to the case of aerated flows in spillways. In
general, bottom slope and curvature of the chute influence the spacing of aerators in
addition to flow velocity. At this time, a purely analytical approach to the design of an

adequate spillway aeration system does not exist. The design of an aerator is based on an
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experimental formula that cannot cover air surface required for the spillway. Due to
advantages and disadvantages of different aerators, use of them is limited. Finally, by
comparing the cavitation index of the flow G; (x) . under different conditions to the
allowable cavitation index & (x) . for all flow conditions and locations on the spillway

where 6, (x) <0, (x).a potential for cavitation exists.

The cavitation index was determined experimentally for different discharges. A
number of circumstances where high-velocity flow is encountered with a free surface are

considered.
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Chapter 3.0

POTENTIAL FLOW SOLVER

3.1 General

As an initial application of the natural coordinate systems, the Laplace equation for
the stream function for potential flow is solved numerically. using the Curvilinear
Coordinate Systems. This chapter contains a compilation of the second order finite
difference expressions used to approximate partial derivatives in the transformed plane.
Computational molecules for the derivative approximations appear to the right of each
expression. Combined difference forms for the transformation parameters a, 8, v, T, ©.
and J are also included here. The discretization scheme chosen is in line with the essential
simplicity of BFCC, which is the principal advantage claimed over this powerful and

complex method.



3.2 Governing equations

The transformed Laplace equation as derived in chapter 2 is

oY = 2BWe, + YW, + (DX) (32W, — W) 7T+ (DY) (xqWe—xzy,) /] =0

S5

(3.1
where
Dx = oxz; — 2[3.1'5_q + X 3.2)
Dy = oye: - 2[3_\'§n +Y¥nn- (3.3)
Introducing the definitions
o= [y (Dx) —x:(Dy)]/J 3.4
and
=[x, (DY) =¥ (DX) 1 /). (3.5)
then Eq. (3.1) can be reduced to:
ou\ugi—2[3\;!57]+y\|1m]-4»0'wn+1:\|1é =0 (3.6)
where
o = x;+y; 3.7
B = xzxy+¥:vy (3.8)
Y= r, +,v;; (3.9)
G = [rg (Oxge - ZBxén +YXpnq) —xz (Qyee — ZB-"én +Y¥an) 177 (3.10)
T =[xy (0yee = 2Byeq +Y¥ng) — ¥q (0xge — 2Bxe, + Y ) 177 (3.11)
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= xeyn =¥y

3.12)

For non-contracting grid, coordinate transformation Egs. (2.46a). and (2.46b) reduce to:

.. — 2Bx =
(0xge = 2Bxgq + ¥xqn) = 0

Y I . =
(0vze = 2Byen +Vqy) = 0

Water surface profile can be defined as:

1
2gvJ

for

(Yw, - By +y (&) = E

=
Velocities in x and y direction are:

u

(ani - Wixq) /77

(W ¥z = Wevy) /S

(3.13a)

(3.13b)

1<i<i,, and j = j,... (3.14)

3.15)

(3.16)

Tangent and normal vector velocity components to the lines of constant § and n are:

YW, —V:B
V,(m) = ——¢
Wﬂ
Vo (8) = —=
9 =7
. ay: — By,
ViiQ) = ———F———

JJa

3.17)

(3.18)

(3.19)

(3.20)

Pressure over a solid boundary could be calculated by:
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1 I x _
— (Yw,, — Bvy) +70+.\(§,n) =E (3:21)

2gvJ”
where 7, is specific weight of water.

Dynamic similitude is guaranteed by duplicating the Froude and Reynold numbers of the

equations and boundary conditions between prototype and model.

3.3 Finite difference approximations in the transformed plane

A& and An are in the (&, M) plane are taken as unity (but they have values in the
program) for simplification of all partial differential approximations and do not appear

explicitly. The following definitions are used throughout this section:

f = f(& n) - Atwice continuously differentiable function of £ and n.
x = x (&, n) - Coordinate transformation function defined by Eq. (2.29a)
v = v(&.n) - Coordinate transformation function defined by Eq. (2.29b)

o. B. y. 1. o. and t-transformations of parameters defined by Eqs. (3.7), (3.8), (3.9),

(3.10) and (3.11). respectively.

In addition, the following notation convention is utilized to indicate the position at

which functions and derivatives are evaluated in the discrete (§,n) plane:
fi,=f(E,m)
(.f:) ij Efé" (gl’ nj)
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(_f::) = Jrez (él'n])

] 1,/' s

(.fin) Efiq (éiv n])

N
Uan) ;. =/an (&> )
3.4 Discretization

Approximating the derivatives in Eq. (3.6) with second-order central differences.

we obtain the difference equation:

" <+ -2 + + + + o
ul.j(vl'{"l.j wi-—l.J) B:.j(win),_J {:.j(vu.j-d»l vx.j—l) cl.j(w"l),.j t:./(‘v;),d
4 = -
e 2(ul.j+yi.j)
(3.22)

Forall 2<i<i___—1and 2<j<; -1, the boundary conditions (2.49a)-(2.49d) are
max max ry

Q.

specified for each, along j = 1 by (2.49a) and the remote condition given by Eq. (2.49b)

is required along j = j, . for 1<i<i . _,. A complete form of these boundaries is
given in section 3.5. The computational field appears in Fig. (3.1). The point SOR!
method has been used to solve equations generated by Eq. (3.22). The method 1is
unconditionally convergent and the convergence is quite rapid if the optimum SOR
acceleration parameter is used. The optimum parameter was determined tobe ® = 1.5 by

numerical experimentation and was found to be essentially independent of region shape.

1. Successive Over Relaxation technique
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Fig. 3.1 Computational field of spillway flow in Domain D*.

3.4.1 Derivative approximation

M First derivative (central differences):

fior~ficry /J\
(fi_) = si+1.J 7f!-l.J j @ \(l)/ @ (3.23)
' )

fi. + —fi.‘— 1
), = Ll thin] i—©) (3.24)
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BB First derivative (forward differences):

_ (—f-:‘+2_j+4-f;'+l.j_3f}.j)
5y, = 4

(~fije2t 41 =30 ))
(fq)- = J 2] J

LJ

B Second derivative (central differences):

(f;;) i f-i+l.j_2f-l'-j+f}-l-j
Unady; = Jijer =2+ fi oy
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(3.25)

(3.26)

ZOaOR®

(3.28)



(-fi+l.j+l —ft'~4>l.j—I +fi-l~j‘1 —fi-lJ""l)

Uen),, = 4

e

3.4.2 Transformation parameters

The following relationships exist:

o, =a,; /4

o2 2
@ = Ca) F 0
Bi./ = Bi.j/4
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(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)



. [y, (Dx), ;= (xg) o (DY) 4
iy J ..
Ly
T =1 /2
N N
. (), (DY) ;= ) (Dx); ;]
ij J

ij

(Dx); ;= ;(Xeg), =28, ;(Feq)

(Dy), ;= o (¥

(xz). .= (x'z). /2
NN ST

"
—

(x'g

= Xien i X

+ Yi.j(x 7171) ij

+ Yi.j (_‘"nn) ij
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(3.38)

(3.39)

(3.40)

3.41)

(3.42)

(3.43)

3.44)

(3.45)



fe) /2
(3.46)

YierjTVi-1y
(3.47)
= (x'n)i 72
y (3.48)
= Xje1 K-
(3.49)
j = (_\n) 11/2
(3.50)
= Vij+r 7 Y-
(3.51)
=X 2x X .
+1.j ij i-1.j (3.52)
= (X'gz)
QH_ . -
g (3.53)
= Vier TN
it Yoy (3.54)
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(\Ei)i.j = (¥ éé)i.j

(Xin) L = (rén)l.j/4

(-"gn),».j SN P R T e P O 258 Rt TN U |
(Fnn), ;= Xijer =254 %,

Omnd ;= Yijer = 2%, %Y 5

Oand),, = (-"nn),-,j

(‘.in)i,j = (y'in)w_/-'t

(¥en), Yierjer " Vien 1Yo o1 Nio 0+
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(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)



3.5 Boundary discretization
3.5.1 General boundary conditions:

The equivalent versions of the transformation of boundary conditions in the Fitted

Boundary Coordinate for numerical implementation are given as follows:

W;B_.‘ =0 (3.64-a)
Vig- =4 (3.64-b)
%]Bl' = % (3.64-¢)
_l“z—! B % (3.64-d)
where

D™ = New flow domain in . and n directions

B,".B," . By and B,  are boundaries of domain D™, B is width of this domain.

For Fig. 3.1, the actual boundary conditions and the equivalent versions for numerical

implementation are summarized in Table 3.1.
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Table 3.1: Boundary conditions in computational domainD"* .

= « = 0

Solid surface v=20 Vi,

oy h
Inlet 3, =9 V. =43

oy -
Free surface 3. = Ve = J28(E-y) Vige =4

oy __h
Ouﬂet _— = VI « T 49—

an 0 8, B

3.5.2 Additional boundary condition on free surface

For this problem the free surface profile is unknown, therefore the problem
becomes considerably difficult, since the streamlines at the border between the liquid and
the atmosphere are prescribed by a fixed boundary. The identical construction of the flow
net then follows. However, in checking the position of the streamlines. not only the
Bernoulli equation at the free surface must be satisfied, but the pressure distribution curve

must pass through zero (atmospheric) at every point lying on a free surface.

vis,)

T +y(B,) +P(B,) = E (3.65)
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where E is total energy above the horizontal datum, defined by upstream conditions. The

surface horizontal velocity can be approximated by the equation:

dv

v
== (3.66)
Along the free surface, the pressure is constant,
Pig =0 (3.67)
thus the energy equation defines the surface elevation y (B,) as:
5 2
_ _ |28 u; (B5) [ oy 2]

where the kinematic surface condition has been used. Energy E (x)at the free surface

location x computed from Eq. (3.14) is differentiated thus:

2,2

4E = E—E(x) = dv.+ Sdu |1 d—"z} L2 sy 3.69)
= FE-FE(x) = }S+-g— uSL +(a;)s +?d’ y (3.

where y. is free surface coordinate. So that the velocity change du is given by:
du, = —Ldv (3.70)

and the change in y_ (x) is given by:

E-E(
dy, = (t), 3 (3.71)
1 g [ 1 (d-"-v) ) d.-“sJ
— + (— -y —
g}.i’ dx dez

The derivatives in this equation can be approximated by the finite difference expressions
scheme and converged successfully. In addition, its stability was improved considerably

by applying it by means of an under-relaxation coefficient m < 1, so that the free surface
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depth y at the node i. j,,,, IS given by:

dv, = wdy (new) + (1 —)dy (old) (3.72)

5

where dy, (new) is defined in Eq. (3.71) and dy_ (old) refers to the final, under-relaxed.
surface correction in the previous iteration. The choice of the under-relaxation coefficient
was not critical and @ = 0.75 was typical. The free surface computations converged after

30-50 iterations. to a maximum energy difference of £/1000.

If result is not obtained. not only the profile of the free surface, but the form of all other
streamlines as well must be modified. Use of the energy equation written in terms of head
is suited to such conditions of flow. In combination with the principle of continuity and
Bemoulli theorem W (i,j) affords a means of determining the pressure and velocity
distribution in steady two-dimensional flows in which the total head is reasonably uniform
at all points. There is only one arrangement of the chosen number of streamlines that will
fulfill the mathematical statement of the equations of potential flow. Once the correct
velocity is obtained, the pressure may be found through use of the energy equation,
indeed, the pressure distribution 'Y£ is computed in terms of head, could be equal to

0
pressure head from manometer at specified point over the spillway surface.

3.6 Computer program for spillway design

Based on the governing equations, a computer program for calculating pressure,
velocity, and the cavitation index was developed. Fig. 3.2 is a schematic diagram showing
the main steps involved in the program. It shows the logical connection between the
different stages of the program and of its development. Three different operation heads.

H/H; = 05,10, 1.33. were chosen for numerical calculation. The computational
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domain was discretized with 49 x 15 nodes for the calculation H/H, = 1.33, 54x 10
nodes for H/H, = 1.0, and 54 x 5 nodes for H/H, = 0.5.

The assumed free surface and boundary conditions can be directly fed into the computer
program during data input. Geometrical data defining the channel are in terms of x, y
co-ordinates with references to a set of orthogonal axes. Flow boundary conditions, i.c..
the starting velocity components and the depth at and below the spillway crest should also

be given.

Then. the remaining initial hydraulic values are calculated in connection with
energy head E. which also has to be fed in. The next step is the calculation of the free
surface corresponding to the respective input boundary conditions. At a later stage. the
values for the water-surface profiles are obtained by iteratively rearranging the free
surface in SUR subroutine (Fig. 3.3). Lastly, the actual flow calculation is carried out

using the steps illustrated in Fig. 3.2.

The computer produces the results as an extensive list of quantities in the order

corresponding to the steps in the calculation.
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Assume an tnitial surface profile
Y, (x)
B ]

Give solid and liquid boundary coordinates
at

left and night

Specify the number of grid points N &M
in
x & Y directions

F
Subroutine of GRDGEN
for
grid generation
y

Calculate transformation parameters and
Jacobian: o, B,v.0,t,7

Y

Solve the central difference apprx. of Egs.
(3.13a) & (3.13b)

i ]

Solve the central difference approx. of
Eq.(3.22) for interior value of ¥ (&, M)
using SOR
y
Subroutine of SUR

for
determination of water surface profile

y

Calculate Py (x), v(x) .u(x) A ©,(x)

y
C Stop j

Fig. 3.2 Schematic diagram showing the steps in an iteration.
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=

Input data from previous stages

Solve Eq. (3.17)
for free surface velocity

. |

Calculate values of E (x) Calculate values of ¥, (x) from
from Eq. (3.65) for previous [~ Eq. (3.67) on free surface

v (x)

] J

Move ¥ (x) until value of E (x) on the free surface

becomes close to total energy E

'

Determine new y_(x)

GRDGEN subroutine

Fig. 3.3 Subroutine of SUR for determination of water surface profile.
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Chapter 4.0

EXPERIMENTAL STUDY

4.1 General

Solutions for real problems usually involve a combination of analysis and
experimental information. First. the real physical flow situation is approximated with a
mathematical model that is simple enough to yield a solution. Then. experimental

measurements in the analysis are made.

Of primary interest in this study was the nature of the flow through the spillway
chute. The majority of the tests were related to this aspect. The requirements for dynamics
similarity are that two flows must possess both geometric and kinematic similarity to be
dynamically similar. In addition. spillway and crest pressures were measured. The
spillway crest was calibrated for various operating conditions and some observations were
made of the flow in the approach channel for different levels. The results of all these tests

are described in the following sections.
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4.2 Experimental methodology
4.2.1 Physical modelling

To avoid the damage due to cavitation, then either the design and/or the mode of
operation of a particular structure must be changed. The widely accepted aid in determining
the sensitivity of cavitation effects is the (incipient) cavitation index G, (x) . This index
varies considerably according to local conditions. The optimization of these conditions can
pertormed by means of a numerical model. The accuracy of the numerical model was
verified and a physical model developed which presents the small scale of prototype. The

following factors are important aspects of physical modelling:

4.2.1.1 Reynold’s number
The Reynold’s number has a significant effect on the incipient cavitation index:
3,12 1
R = (gH;) Q “.1)
where v is the kinematic viscosity.

It has been found that cavitation index, o, (x) decreases with an increase in the

Reynold's number for flow in the model (Acres. 1983).

4.2.1.2 Froude’s number

The prototype and model spillways, which are geometrically similar, represent a
hydraulic system in which gravity is the predominant force in producing motion. Fluid

friction and surface tension effects are negligible in the model built at a relatively large
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scale. In this type of hydraulic system, with gravity being the governing force. model

prototype relationships are determined by the Froude law of similarity.

If the flow has a free surface gravitational force, it will give rise to Froude’s

number:
\%
F = 4.2)
J8H,

A model study can be interpreted only if F is given the same value in the model
as in the prototype and is repeated several times. Herein lies the key to the interpretation of
the model tests. For similarity, it is evident that mode! and prototype must be completely
similar geometrically. The flow characteristics will then be similar if the fluid properties
are such that the Froude. Reynold (or whichever of these have bearing upon the
phenomenon) are respectively equal in both cases. Once this condition is established. the
characteristics of flow may be varied at will without destroying the similarity between
prototype and model. The “model : prototype’ scale is a dimensionless ratio of dimensional

units or of actual dimensional measurements 1n SI units.

All velocities and pressures must have the same “prototype: model” ratio using the
subscripts m and p to indicate model and prototype respectively. Velocity at points @ and

b on model and prototype are:

V), W,
Vo, V),

(4.3)

Of course, (Va)p and (V) ,, Tust be in the same direction. This is termed as kinematic
similarity between model and prototype. The detailed interpretation of model

measurements requires that the scale ratios be available for translating values of various
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quantities. e.g. velocity, discharge, etc.. into the corresponding prototype values.

It is convenient to introduce here the subscript r to indicate the ratio of "model : prototype”
quantity. e.g.. if model lengths are one-tenth those of the prototype. then
L,/ Lp = L, = 0.1. In open channel flow, the presence of a free surface means that the

Froude’s number F is always significant.

The only perfect way of dealing with the effect of viscosity is to keep both F and

R the same in the model and the prototype.

When two flows force distributions such that identical types of forces are parallel
and are related in magnitude by a constant scale factor at all corresponding points. the flows

are dynamically similar.

Therefore the prototype pressure, which is defined as the difference between

atmospheric pressure and the pressure on solid surface. under nappe, may be estimated

similarly:

A A

=2y = (22 /L, (4.4)
N, Yo,

AP = pressure below nappe
Yo = specific weight of water.

L_ =scale
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4.3 Similitude-scale relationships for hydraulic similarity

Similarity theory is applied to variables such as the geometrical boundary
dimensions. the characteristics of flow and the fluid properties may be grouped together in
similarity. If complete similarity is to exist between flow components in the prototype and
flow in the model. every dimensionless parameter referring to conditions in the model must

have the same scale as the corresponding parameter referring to the prototype.

A list of flow characteristics used for spillway modelling includes: velocity. rate of
discharge. and pressure. Designated by L, the numerical value of the selected length scale
and the numerical values of the corresponding fluid property scales designated by p. it or
v the following equations are the combination of these scales according to which the flow

characteristics must vary to ensure complete similarity:

t

L == (4.5)
L,

In curvilinear flows. the requirements of geometry similarity should be fulfilled.

Transferring test results from the small spillway model to the prototype structures by means

of Froude similarity often commonly neglects the effects of surface tension and viscosity

(Matthew. 1964, and Maxwell, 1969).

| |4
F =™ _=-F =__P__ (4.6)
m 172 P 172
(sLp,) (gLp)
Then:
1%
V. = V”’ = (Lr)”2 (4.7)
14

For any model scale, match of the Froude numbers determines the velocity ratio. Only the

kinematic viscosity can be varied to match Reynolds numbers. Therefore:
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Qp Vp Lp

Using the velocity ratio obtained from matching Froude numbers Eq. (4.8) leads to a

kinematic viscosity ratio:

372

Q, (Lm) 49
“m o _ [Cm 4.9)
QP LP

If L,/L, = 0.02 (a small scale 1:50 for spiliway model). then £, /Q must be
2.83x107. By investigating the viscosity. water is a practical fluid for most model tests
of free-surface flows. To obtain complete dynamic similarity then, a full-scale test would
be required. However, model studies do provide useful information even though complete

similarity cannot be obtained (Fox. 1992).

Because the Reynolds number cannot be matched for model tests of free surface.
the boundary-layer behavior is not the same for model and prototype. The model viscosity
is (L,/ Lp) /2 times of the prototype value, so the extent of the boundary-layer on the
model is much more large by a corresponding scale factor. The numerical model just
described assumes that boundary-layer behavior can be scaled. To make this possible. the
model boundary layer is “stimulated” to become turbulent at a location that corresponds to
the behavior on the full-scale test high Reynolds number (Fox, 1992). It is for this reason
that a thin boundary-layer was assumed (the first assumption for developing the numerical

model described in Chapter 2).

0 = 9_!3 _ (L,)5/2

4.
o, (4.10)
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P i L 1
=5 = (4.11)
in which L,. Q,.and P, are the length. the discharge, and the pressure ratios. respectively.

Using Eq. (4.10). the model discharges can be determined. The model discharge
and pressure readings recorded on the model can be translated into prototype values with
an acceptable accuracy. Additional information from modelling scales can be transformed

to prototype.

Since. in the majorty of hydraulic engineering problems. the influence of fluid
weight is greater than that of other force properties. the flow characteristics in the operation
of hydraulic models are usually determined through use of the Froude criterion alone.
Water is used in the model as in the prototype. since the factor g is generally the same for

both model and prototype. these flow characteristics follow the simplified form.

4.4 Objectives of physical modelling

A tentative experimental program will be conceptualized with the following

objectives in mind:
® Identify the condition where subatmospheric pressure occurs

e Conduct experiments that accompany the development of the model such that
individual processes are isolated and tested in the laboratory. and perform
experiments whose measurements will be used for comparison with the

numerical model executed in a full simulaton mode.
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4.5 Model specification

The model is a standard spillway WES designed for @, = 20.83//s of width. The
design head for this spillway will be H; = 10cm. The spillway is fabricated of plexiglass
(Photo 4.1), that is easily formed and shaped and is unaffected by water. The design of the
spillway shape was based on U.S Army, WES corps of engineers (Fig. 4.1). The
dimensions of the model for the small scale (1:80) are b = 298 mm wide and 320 mm
high (Figs. 4.1. 4.2). The model was located in a flume with inlet box of 3.28 m long and a
tailrace box 6.90 m long (Photo 4.2 and Fig. 4.4). In an attempt to simplify the structure,
the side flare of the spillway was eliminated with assumption that do not influence the
quality of test results. The locations of pressure tapping were arranged along three lines
away from the channel axis. z = 0 mm, z = 75 mm,and z = 145 mm (Fig. 4.3). The

similitude parameters of model are:

L = -2 =0.0125

v
V,= o5 = P = 01118
P
Q, = —g—" = (L) = 1.7469 x 107
P
P
P,= =" =L, = 00125
P
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4.6 Experimental set-up

The experiments to verify the numerical model were carried out in a 29.8 cm x 47
cm x 1000 cm flume with a steel frame and glass windows on both sides as necessitated
by the thirty-two centimeter height of the model (Fig. 4.4). The flow into the inlet box is
conveyed by a 15.24 c¢m diameter cast-iron pipe that is controlled by a gate valve. A

v-notch weir placed at the end of the flume was used to rate the flow.

The approaching condition to the spillway was improved by a honeycomb and
floats. to produce a laminar flow and stable free surface at the upstream of the model. The
established flow lines entering the approach channel appear to be representative of the

prototype condition with a flow from the reservoir.

A portable trolley carrying a point gauge was placed on two rails fixed along the
flume top (Photo 4.3). The global coordinate system (x-y) was located at a distance
S = 3H, far from the top of the spillway at a point where the free surface doesn’t draw-
down and has a constant total energy head of E. At a flat-bed section of the channel (i.e..
the section 298 cm from the inlet box). the water depth y was measured using the point

gauge to give the energy head £ = y+qz/2g_v2.

The point gauge was also used to measure the water depth at every 1 cm

horizontal interval along the centreline of the WES model.

A manometer board was elevated 40cm above the base of the flume, to house the
tygon tube connecting the piezometer taps along the centreline of the WES spillway
model to the piezometers (Photo 4.3). Along the centreline of the WES spillway, 0.32 cm
diameter copper piezometer tappings were fixed at 4 cm horizontal intervals (Fig. 4.3):
these were connected by plastic tubes with 0.64 c¢cm (internal diameter) to vertical

piezometer of 2r = 0.64 cm external diameter glass tubes.
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4.7 Methodology of measurements

The procedure for gathering data from detailed observation for the respective head

H/H,; = 0.5, 1.0, and 1.33 was as follows:

1. Allow the flow into the flume and set the flow rate to give the supercritical flow

downstream of the spillway.

9

Note the initial and the final reading of the V-notch’s head after each water

release.

3. Measure the water surface profile. the velocity at the grid points and bed

pressure over the spillway. and

4. Measure the water temperature and aunospheric pressure for calculating P, and

the viscosity.

Detailed observations were made for the approach conditions. The spillway crest

was calibrated. and necessary measurements were obtained.

4.7.1 Calibration of the crest model

During the investigation. the WES spillway crest was calibrated to relate the

discharge to the reservoir pool elevation.

The specific discharge over the WES spillway crest increased with the depth of the

approach flow over the spillway crest:

g = % = CH'S 4.12)

where:
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O = Volume flow rate over crest
b = Lateral width of spillway
H = Depth of approach flow over spillway crest

C = Experimentally determined coefficient which is a function of g where H, is the
d

design head. The value of C for standard spillway is calculated from:

C = C,2g (4.13)
where:

C, = Discharge coefficient (C, = 0.4992)

g = Gravity acceleration (g = 9.80665 m/ 52)

From the 30  v-notch weir equation the steady unit-width discharge (at 21 C )

was then determined (Figs. 4.4 & 4.5). The flow rate over the weir was calculated using

(Bean. 1971):
4 o
Q= 15 ;.«/2gh3 (4.14)

where T, is the width of the water related to the V-notch head. If & = the angle between

the sides. then:
o
T, = 2h),tan5 (4.15)
and including the coefficient of discharge, the actual flow rate is:
8§ .. @ 5
0 = 15Cun= 28k (4.16)

where Q is in cubic feet per second. The value of the coefficient. C. to be used in the

equation for the V-notch weir is dependent mainly on the notch angle. ®. and to the head.
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h_‘,. or rather to the ratio. h),/d. It was found that the influence of h,/d on C becomes

negligible when the observed head. h).. was replaced with:
h’ = h +A 4.17)
where the correction term. A, was related to the notch angle. ®. Other parameters are:

h' = Adjusted head of a triangular notch weir in fr.

h). = Height of column of flowing fluid over weir in ft.

b = Width of approach channel upstream of a weir in fz.

d = Elevation of apex of a triangular notch weir above bottom of approach channel

in fr.
Q = Volume rate of flow in cfs
® = Angle included between sides of a triangular notch weir in degree
A = Adjustment to be added to observed head of a triangular notch weir in fr.
Thus. Eq. (4.20) becomes:
q = %’Cmngjz_g;g (4.18)

Values of C and A are given by the diagram (Bean. 1971) and for a 30° V-notch.
they are C = 0.587 and A = 0.007 ft.

By equating Eq. (4.18) and Eq. (4.12), the discharge coefficient
C,; = q/(J2—gHg/2) was calculated (Table 4.1). The study results were in good

agreement with Chow’s coefficients (Chow. 1959).
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Table 4.1: Comparison of measured discharge coefficient with Chow results

> ,
H/H,; = 05 | 0.4686

H/H, = 1.0 0.4992 0.501 0.35
H/H; = 1.33 0.5212 0.523 0.34

Therefore by substituting C, and g in Eq. (4.13), gives C = 2.21. This is close to
the value of C given in Table 2.2 for the design head. Discharge Q could be varied
between 23 and 112 [/s/m. These discharges are related to design discharge. for which

the discharge coefficient C;, = 0.4992. therefore @, = 20.83 I/s.

4.7.2 Water surface profiles on the spillway

Although theory defines the free surface by the coordinate m normal to the bed. the

vertical coordinate z to locate the free surface was measured.

The flow depths y;, i = 0. 1, 2, ... on the spillway were measured vertically for
three operating heads H. by mounting the point gauge. A level point gage arrangement
was used for measurements in the approach channel which is the curved section of the
spillway. Photo 4.3 shows a movable point gage carriage arrangement in the 45° section
of the WES spillway model. All free surface readings were measuredat x = icm.i = 0,
1 .2. ... using a vertical point gauge. from a common datum coordinated at section i = 0,
which located at § = 3H; from the spillway crest coordinate. In the approach channel.
the upstream flow depth H, at section i = 0 was measured as the total head energy for
the stagnant point. The experimentation was designed such that at the section i = 0, the

flow was strictly subcritical (i. e. V,/ [gHy< 1).
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This procedure was repeated for three different value settings along the centerline.
145 mm from the wall. In the downstream concave section of model, the location of the
free surface with respect to the datum was measured. The prototype operating conditions
simulated in the model are given in Table 4.2. The results of the free surface
measurements can be shown in Table 4.3. A non-dimensional graph of the free surface

dataat H/H,; = 0.5, 1.0, and 1.33 is shown in Fig 4.6.

Table 4.2: Model operating conditions

I Operating
H/H;
2 =05 23.198
d
H _ o0 69.890 4.21 0.25
Hd
H _ 133 111.925 4.52 0.41
H d

There is an equation (within experimental accuracy limits) that relates the head to the

discharge. It is possible to calculate Q for any H if. Q, and H; are available:

£ - ay (4.19)
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Table 4.3: Water surface profiles for 3 operating heads

-2.7 0.530 1.010 1.328
-2.6 0.531 1.009 1.327
-2.5 0.530 1.008 1.327
-2.4 0.527 1.006 1.320
-2.3 0.522 1.004 13.14
-2.2 0.518 1.001 1.308
-2.1 0.513 0.998 1.308
-2.0 0.509 0.995 1.294
-1.9 0.506 0.992 1.287
-1.8 0.503 0.990 1.280
-1.7 0.502 0.987 1.273
-1.6 0.502 0.984 1.273
-1.5 0.502 0.980 1.260
-1.4 0.504 0.980 1.253
-1.3 0.505 0973 1.246
-1.2 0.507 0.968 1.239
-1.1 0.508 0.963 1.231
-1.0 0.509 0.956 1.222
-0.9 0.509 0.948 1.212
-0.8 0.507 0.938 1.201
-0.7 0.503 0.926 1.188
-0.6 0.497 0913 1.173
-0.5 0.488 0.896 1.155
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Table 4.3: Water surface profiles for 3 operating heads

-0.4 0.475 0.877 1.134
-0.3 0.458 0.855 1.111
-0.2 0.437 0.830 1.084
-0.1 0411 0.800 1.053
0.0 0.380 0.767 1.018
0.1 0.343 0.730 0.979
0.2 0.300 0.688 0.935
0.3 0.252 0.641 0.886
0.4 0.192 0.588 0.831
0.5 0.135 0.531 0.772
0.6 0.067 0.468 0.706
0.7 -0.07 0.399 0.635
0.8 -0.087 0.324 0.559
0.9 -0.173 -0.243 0.476
1.0 -0.265 0.156 0.388
1.1 -0.362 0.62 0.293
1.2 -0.463 -0.380 0.194
1.3 -0.567 -0.144 0.088
1.4 -0.674 -0.257 -0.022
1.5 -0.783 -0.377 -0.137
1.6 -0.892 -0.502 -0.257
1.7 -1.00 -0.634 -0.380
1.8 -1.105 -0.772 -0.507
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4.7.3 Pressure measurements

Pressure on the spillway was measured in numerous points of the models bed.
Twelve taps were installed in the model along WES spillway centerline (Photo 4.1). The
tap coordinates were evenly spaced as viewed in a horizontal projection (Fig. 4.3). Since a
model is two dimensional, measurements were done in the centerline (row A;) and they
verified in row B; and C;. The pressure at x = 4i.i = 0, 1, 2....were measured. for flows

from 23 [/s/m to the maximum flow of 112 [/s/m.

Photo 4.2 shows the piezometric pressures with a discharge of 69 [/s/m flowing

through the model. To make them easier to read. the tubes were filled with colored dyes.

As shown in Fig. 4.7, the recorded piezometric level difference between the steady
flow and bottom condition gauged the bed-pressure head P,/pg. where the implicit
pressure datum corresponds to P, = 0.

2r
urface tension

Hydrostatic

............

P T I Y ITI Y } R R Y TP PTTPPR Lt DUy S

Fig. 4.7 Bed pressure reading.

Another method for determining the pressure for a chute spillway is to calculate
the flow profiles for the range of operating discharges. From each profile, the piezometric

pressures at various locations on the spillway were calculated:
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h=he+h, (4.20)

where hg is the hydrostatic head in curvilinear flow, 4. and h are the centrifugal

correction and piezometric head. respectively.

Corrections to these pressures must be made to account for steep slopes, as well as
any boundary curvature present (Chow. 1959). The slope correction on steep slopes is:

Po(x)

= d, (x) cosB 4.21)
Yo

where d, (x) is the depth measured normal to flow surface. Y, 1s specific weight of water
and 6 is bottom slope. If the flow is over a boundary which has a vertical curvature.

correction for the centrifugal force in Eq. (4.21) is:

d
ho= (S, (V2° (x)) (4.22)
8 r
Py (. d
0 4 () cosB( "(x))(vz"(x)) 4.23)
Yo 3 r

where r is the radius of the curvature of the bottom, d, is the depth of flow and for
practical purpose V,, (x) may be measured equal to the average velocity of the flow. The g
is the gravity acceleration. The h_ is positive for concave flow. negative for convex flow.

and zero for parallel flow.

To further evaluation, the occurrence of subatmospheric pressures at critical
locations. served to form the non-dimensional representation of manometric pressures.

Results are shown in Fig. 4.8.

Tap B, in the curved section of the spillway shows subatmospheric pressure of

£ = —0.28 at 112 I/s/m. It should be noted that subatmospheric pressure fluctuations
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of this magnitude tend toward the subatmospheric pressure and hence suggest potential

cavitation damage on the spillway surface during periods of high-flow spillway operation.

By reviewing the hydraulic test results, it is clear that although there were no large
subatmospheric pressures observation on the spillway, the pressure was so low that it can

be a reason for cavitation in velocities of more than 11 m/s.

The location of the pressure taps is presented on Table 4.4 for a complete range of
discharges. As the plotted results on Fig. 4.8 show. at most taps for H/H < 1. the
pressures are superatmospheric: however, over the spillway for H/H ;> 1. pressures dip
slightly below zero. The slight dip in pressures over the crest is emphasized. and in
addition a dip in pressures can be observed near the crest. It is interesting to note that the
pressures on the crest were less than the corresponding hydrostatic pressure. In the convex
portions of the spillway, the centrifugal forces were such that the pressure was reduced
below the water surface elevation. while the pressures were greater than the hydrostatic
pressure for the concave portions. At the joint of the crest curve and tangency. where the
spillway chute becomes quite steep, the pressures on the bed were nearly zero. The data in
Fig. 4.8 suggests that the pressure conditions in the spillway proper are generally
satisfactory for all discharges when H < 1. In addition to the centerline taps. other taps

H,
were installed 75 mm from the center line.

4.8 Determination of the mean flow velocity along the spillway

The collapse of vapor bubbles is proportional to the mean velocity and this is
function of cavitation index. For a fixed pump setting, at section i = 0, averaged
velocities at y = 2 cm verticals and x = 5 cm horizontals were measured using a highly

sensitive flowmeter with an internal diameter of 8 mm (Photo 4.3). The flowmeter system
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Table 4.4: Measured non-dimensional bottom pressure on the WES spillway

B, | -0.1 | 0024 0.27 0.12 -0.28
A; | 00 | 0.000 0.20 0.00 -0.20
.| o1 0.021 0.17 0.08 -0.19
B, | 03 | 0033 0.15 0.07 -0.18
A, | 04 | 0070 0.12 0.05 -0.16
B, | 05 | o0.115 0.14 0.085 -0.15
o | 07 | 0249 0.15 0.11 -0.10
.| 08 | 0304 0.15 0.11 -0.09
L | 09 [ 0396 0.19 0.12 0.11
Wl L 0.548 0.21 0.148 0.18

a. refer to Fig. 4.3.
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is. responding to velocities as low as 2.5 cm/s. Two low and high velocity probes were
used to measure the velocities at upstream and at the downstream face of the spillway.
Thereafter. the probe calibration charts were used to obtain actual velocities at these
points. The upstream velocity V, was assumed to be zero. Tables 4.5-4.7 show the results
of the velocity measurements, together with other measured hydraulic parameters over the
WES spillway. The non-dimensional velocities at these points are shown in Figs. 4.9. 4.10
and 4.11. The horizontal velocity distribution was found to be fairly uniform except for the

boundary layer.

Table 4.5: Measured hydraulic parameters over WES spillway for H/H, = 0.5

Parameters

Vo (x)  [cm/s) 70.03 105.04 126.05 140.05

Py(x) [cm] 2.0 1.4 2.0 2.35

Vo(x)  [mss]

Py(x) [m] 1.60 112 1.88
G (x) 0.67 0.19 0.21 0.20
8 (x) [m] 0.0 0.046 0.078 0.105
Voor (%) [m/s] . 6.81 7.44 7.76
o (x) - 0.92 0.77 0.68
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Vo (x) [cm/s]

Table 4.6: Measured hydr

aulic parameters over WES spillway for H/H,; = 1.0

Po(x)

[cm]

Vo(x)  [m/fs] 5.89 8.52 10.65 13.15

65 (x)

Py(x) [m] 0.72 0.64 1.04 1.36
o (x) 0.26 0.10 0.13 0.12
d(x) [m] 0.0 0.047 0.078 0.104
Voo1 (x) [m/s] - 6.18 7.03 8.23

- 0.93 0.77 0.69
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Table 4.7: Measured hydraulic parameters over WES spillway for H/ H; = 133

VQ (x)

[cm/s]

Po(x)

[cm]

Os (x)

x-distance from prototype crest (meters)
40 80

Vo(x)  [mss) 6.89 9.77 12.53 16.16
Py(x) [m] -1.60 -1.24 1.28 1.60
C (x) -0.77 -0.31 0.13 0.10
d(x) [m] 0.0 0.05 0.08 0.10
Voo (x) [mss] - 7.08 8.27 10.20
- 0.92 0.77 0.70

]
The properties of water at 21 C in the experimentation environment are summarized in

Table 4.8.

Table 4.8: Fluid properties in experimental environment

Temperature P ;{,‘,’
kN/m’

9.78782

o i m
¢ kg/ m>

997.782 0.0726256

9.96347 < 10~
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4.9 Discussion of experimental results

The limit head H depends on the spillway shape (WES spillway shape) and the
relative head H/H 4. For H/H 4 < 1, the crest pressure has to remain positive throughout
the spillway. However, for H/H ;> 1, the head on the spillway is limited, as cavitational
damage may occur. The proposed model of this study can determine the bottom pressure
along the crest for any H beyond H, by plotting P,/pgH, versus x/H, for different
H/H ;. where P,is the bottom pressure on the spillway. Another useful curve is plotting

V/(2gH ) 172 versus y/H ,; for different x/H .

The first choice of the boundary conditions giving sufficiendy close agreement
with the experiment was achieved through numerous computer model trials with different
operating heads H/H, = 0.5, 1.0, and 1.33. By calibrating the spillway for C,. the
discharge value for C; could be determined. The value of ¢ at any H/H, other than
design head is known from Eq. 4.19 or obtained from the v-notch equation. These
discharge values are required for free-slip boundary condition. The study of this problem

is summarized by classifying the directions of the search into the following groups:
® Influence of the cell size on the accuracy of calculation

The investigation has shown that for high values of grid points N = 50. the
solutions for types of boundary conditions H/H ; are very close to the numerical

methods.
® Measuring the pressure at grid points over spillways

The reason for the small discrepancy distributed between measured and
calculated pressure may be explained by the viscosity effect of water. It can be

neglected because of the low viscosity of water.
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® Selection upstream condition of H,,

Experimental investigation showed that the draw-down of the free surface occurs
very close to the upstream face of the spillway. Therefore, location selection
S = 3H, for measuring H, and installation of global coordinates is a good

calculation assumption.
® Assumptionrelatedto V, = 0

Global system is selected at where draw-down does not yet appear (S = 3H ).
Consequently. the energy head H, = Vi/ 2g can be neglected. This is a
traditional assumption that was accepted at the prototype reservoir. Investigation

resulted in accuracy of chosen § = 3H,,.
® Pressure measurements

The small diameter of the plastic tubes. connecting to pressure taps. may cause
error. This error comes from water surface tension. Taking into account the

resulting error. the following formula was used:

N 2T, cos® 424
r= " (4.24)
hy = Surface tension height or capillary rise in plastic tubes

Y, = Water specific weight

= Tube radius (r = 0.32cm)

~!

>

= Water-air-polyethylene interface (8 =0)

From Table 4.8, by substituting, hy, y,, r, and cos® in Eq. (4.24). the value of
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hr = 4.6 mm. This value is not negligible and was subtracted from the

measured data.
® Air entrainment in the tubes

The slow movement of air through tube requires a long time to test. It must be
done completely and carefully. Because small air bubbles confined in water are
not visible. the process needs to be repeated several times to get a stable

condition for responding manometers with respect to operating head movement.
® Measurement of velocity inside domain

Because this numerical model does not required the velocity value for boundary
conditions. measurements of these values in all grid points are not necessary. The

measurement of center section were done to verify numerical model.

The cell size influence on calculation accuracy was investigated by the numerical
experimentation. The solutions have been obtained with meshes of 54 x 5, 54 x 10. and
49 x 15 cells for H/H; = 0.5, 1.0, and 1.33 respectively. It was demonstrated that the
difference between a sufficiently fine grid point in x direction and a sufficiently coarse one

is not large. therefore. a coarse mesh N = 50 can be used for studying spillway problems.
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Chapter 5.0

COMPARISON OF NUMERICAL AND
EXPERIMENTAL STUDIES

5.1 General

The results computed with the BFCC method are comparable with experimental

flow data.

The BFCC method is a numerical method that can be used to predict crest pressures

for non-standard spillways and unusual hydraulic conditions.
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5.2 Comparison of Numerical and Lab Models

The validation of the developed BFCC model was performed. for characteristic
H/H; spillway flow values. by comparing results with physical model tests.
Comparisons of the two methods suggests that subatmospheric pressures are generally

well correlated.

The free water surface position and the distribution of pressure and velocities on a
spillway lead to the subatmospheric pressure and the adequate operating head.
Furthermore. the intermal load on the lining can be calculated and cavitation can be

predicted.

The free surface predicted by BFCC is compared with the free surface from
physical experiments for the following operating heads H/H, = 0.5,1.0. and 1.33
(Fig. 5.1). The small difference between the calcuiated and the measured free surface
confirms a good free surface prediction by the model. It also shows that the inviscous fluid
assumption satisfies the flow equations. Numerical non-dimensional pressures with

respect to coordinate pressure taps are given in Table 5.1.

The comparison between the bed pressure distribution predicted by the numerical
method with the respective pressures measured during the experiment (Table 4.4) for
H/H; = 0.5.1.0. and 1.33 is shown in Fig. 5.2. The discrepancy between the predicted
and the measured bed pressure near the crest is related to coarse grid distributions in the

reservoir. This difference does not affect the expected solutions for the bed of spiliway.

Based on the experimental data obtained in chapter 4. it has been shown that the
BFCC numerical solution of potential flow equations can be used as replacement for the

laboratory test on small models.

From pressure distribution a plot of cavitation index was performed (Fig. 5.3).
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Fig. 5.1 Comparison of numerical and experimental free surface on WES spillway .



Table 5.1: Numerical prediction of non-dimensional bottom pressure on the WES

spillway

B, | 07 | 0249 0.16 0.10 -0.12
A, | 08 | 0304 0.17 0.1 -0.10
B, | 09 | 039 0.18 0.12 0.15
B, | 11 | 0548 0.19 0.13 0.17
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Vo (x)

[em/s]

72.05

Table 5.2: Numerical prediction of hydraulic parameters over WES spillway for

e x-dkmlromnmd'aest(unm)

142.18

Po(x)

[em]

2.36

2.40

| Vo (x)

[m/s]

9.39

G (x)

6.44 11.71 12.72
Py(x) [m] 1.89 1.20 1.52 1.92
6 (x) 0.77 0.20 0.18 0.85
§(x) [m] 0.0 0046 | 0.078 0.105
Voo (x) [ms] . 6.92 7.78 7.94
. 0.92 0.77 0.68
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Table 5.3: Numerical prediction of hydraulic parameters over WES spillways for
H/H; = 1.0

ee | s.o 100

Vo(x) [cm/s]| 6790 96.99 | 120.15 | 14829

Py(x) [cm] 0.98 0.98 1.26 1.74

Vo(x)  [m/fs] 6.07 8.68 10.75 13.26

Py(x) [m] 0.78 0.78 1.00 1.39

o (x) 0.28 0.14 0.13 0.13
o (x) [m] 0.0 0.047 0.079 0.104

Voor (x) [m/s] - | 637 7.11 8.30
o, (x) . 0.95 0.77 0.69
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Table 5.4: Numerical prediction of hydraulic parameters over WES spillway for
H/H,; = 133

Vo (x)

{cm/s]

78.72

109.74

140.46

182.50

Po(x)

[cm]

-1.98

-1.56

1.62

2.12

Vo(x)  [m/s] 7.04 9.81 12.56 16.32
Py(x) [m] -1.58 -1.24 1.29 1.70

G (x) -0.73 -0.31 0.18 0.11

d (x) [m] 0.0 0.046 0.076 0.100
Voo (x) [mss) - 7.23 8.28 10.30
o (x) -
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Again there is a good agreement between numerical and experimental methods.

5.3 Comparison with U. S Army experimentation

The WES experimental model was originally presented by the U. S Army: a
smaller scale model was used for this thesis. Three dimensional effects of flow may be
appreciable for small 2-D physical models. Therefore. to increase the confidence in the
validity of the developed numerical model, results from experimental tests conducted by
the U.S. Army on larger models were used. The profile and crest pressure data for the
WES spillway model to be used for comparison was obtained from the Corps of Engineers
(1952). The results between the BFCC model and the experimental data from the Corps of

Engineers are in agreement (Fig. 5.4).

It was previously (section 5.2) demonstrated that the BFCC method is a good tool
for predicting the free surface of a small model. The free surface results from small scale
investigation are similar to the large scale model results obtained by the U. S Army. This
last result verifies that the BFCC numerical two-dimensional model can provide a

sufficiently good approximation of actual field flow.

A comparison between the BFCC numerical model and the U.S. Army Engineers
Waterways Experiment Station results in its validation for curvilinear flow over spillways.
The U. S. Army model is a three dimensional model (including transition section). Despite
the fact that the 3-D model has advantage with respect to computational procedure. the
2-D BFCC method is more useful for the preliminary design. The discrepancies between
bed pressures at the upstream part are related to distribution of a coarse grid in the

reservoir.

With a lower free surface. the pressures on the spillway crest are ensured to be
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nearly atmospheric for the design head. and above atmospheric for a lower head. With
larger heads. the crest pressures would be sub-atmospheric. Therefore, the presented
BFCC numerical model estimates pressure values (same values used in the U.S. Amy

model) of H/H,; = 0.5, 1.0 and 1.33.

5.4 Comparison with Sivakumaran et al. results

The non-linear shallow-flow Saint-Venant equations for open channels have been

generalized by Dressler (1978) to account for one-dimensional bed curvature.

Both Dressler and Saint-Venant theories require gradual variations in bed

geometry. These theories are not valid for steep slopes.

Sivakumaran and et al. (1981) re-derived these equations and applied them to
steady shallow flow over a high spillway flow crest and a spillway toe. Their results are

valid for large convex curvatures. however. they are not valid for concave curvatures.

Comparing the results obtained with the BFCC mode!l with the Sivakumaran er al.
results (Fig. 5.4). it can be seen that the developed model predicts accurate results for

convex and rapid parts of spillways.

5.5 Discussion and analysis
5.5.1 Discussion on physical and numerical models

While the BFCC model is a significant step forward in the development of
numerical methods for predicting flow behavior on spillways. the flow patterns can often

defy present analytical techniques. The developed model will indicate the type of flow
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conditions. Subsequently. these flow conditions will be tested with physical models. The

combination of both physical and numerical model studies should be used in the future.

These present study used physical scale models to determine design criteria for any site

which defies analytical treatment and numerical models for other parts of the spillway

such as piers. splitters and foundations.

Both physical and numerical models have limitations. Their usefulness of both

these methods alone is determined by the following:

5.5.1.1 Physical model

5.5.1.1.1

5.5.1.1.2

55.1.13

Dimensions:

Model size is dictated by available funds and the laboratory space

available:

Available head and discharge capacity is not always available:
Model scaling laws.

Practical limitations:

Minimum model scale is governed by viscous effects and hydraulic

resistance:

Monitoring methods and data collection:
Modelling of boundary conditions.
Advantages:

Geometrical similarity to actual prototype

154



5.5.1.1.4 Disadvantages:
Impossible modification on built model;

Time consuming and costly;

5.5.1.2 Numerical BFCC model
5.5.1.2.1 Numerical limitations:
Simplified governing equations do not represent complex fluid flow:
Laminar flow boundary condition assumptions.
5.5.1.2.2 Practical limitations:
Use of simplified set of equations:
Inaccuracy of assumed relationships:
Lack of empirical data:
Location of boundary conditions.
5.5.1.2.3 Advantages:
Rapid computations and cost efficient:
Design head and dimensions can be altered easily:

Change of spillway shape is adjusted automatically to change in

design head.
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5.5.1.2.4 Disadvantages:
Accuracy related to grid generation.

The use of numerical modelling will continue to increase. However, the

complexity of certain flow characteristics will still require physical modelling.

Numerical models are particularly useful in determining the optimum spillway
layout for a range of configurations and flow conditions. For the design of spillways. the
costs of conducting a numerical study compared to the physical modelling of each
configuration will be a small fraction of the total budget. Numerical modelling techniques
are fast and cost-efficient methods that enable the adequacy of a spillway configuration to
be quickly assessed. When a spillway proves to be unsatisfactory. it can readily be
amended by changing the programs input data. After determining the optimum
configuration and flow conditions with a numerical model, a physical model may be built

to test the optimal solution.

Numerical schematisation imposes a limit on the extent to which the detailed
geometry of a spillway may be represented. A corresponding simulation of flow
characteristics must also exist. The accuracy of the numerical model is dependent on the
validity of the equations representing the physical behavior of the system under
investigation. The comparison between the lab experiment results and the BFCC model
results are similar. Therefore. inexpensive computations may often replace expansive

physical models in hydraulic engineering for such applications.

In this section. the most important results and general conclusions are summarized
to reflect the results of the present investigation. The BFCC model correlates well with
experimental results in terms of H/H,; = 0.5, 1.0, and 1.33. Hence, a high degree of

confidence exists in the developed spillway model employed in this investigation. The
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difference between computed and measured results are usually neglected for the design of

spillways.

When the flow is significantly curved, the BFCC equations are more accurate than
the non-linear flow equations derived by Sivakumaran (section 5.4). BFCC applications to
high spillways produce free surface profiles, bed pressures and velocities which are

significantly close to experimental measurements.

Deeper knowledge of convergence of relaxation processes while reducing the
mesh elements is more accurate. The computations of individual velocities and pressure
are more accurate when a fine grid is used. However. in practical hydraulics, a fine gnd is
not required. A fine grid requires lengthy computational time as well as a high speed and/

or high memory computer.

By increasing the head over the spillway, the pressure at the crest will decrease.
Higher discharges decrease these pressures until either the boundary layer separates from
the bed of the spillway or the nappe separates from the spillway. In the present study. these
effects have not been dealt with. The maximum range of head considered was therefore

limited to 1.33 that of the design head (i.e. H/H,; = 1.33).

For an unknown free surface, where there is a double boundary conditions to be
satisfied. viz, that y is constant. and the velocity is proportional to the square root of the
depth below the stagnation pool level. the solution is tentative. For example. we may
assume a definite form for the free streamline. solve for y, find the velocity and test for
the second condition. This procedure would indicate the necessary modification of the free
surface. which would ultimately lead to a satisfactory form on which the second condition

is also satisfied.

Many model studies use scaling relationships based on only the Froude number.

For these cases, the friction losses are usually small and can be neglected in comparison to
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the potential changes associated with gravity acceleration. It was shown in section 5.2 that
design data regarding pressure and velocity distributions can be accurately predicted with

numerical modelling.

When modelling with the Froude number does not give the expected results,

physical experiments face the same problems as the numerical methods.

Regarding the two-dimensional flow free surface in large parts of the spillway. the

obtained BFCC numerical results are similar to the experimental ones.

The solutions obtained from the BFCC numerical model gives a full description of
the flow field. The development of the boundary layer. which is a problem of importance

in other fields. is not of immediate importance to this applied research.

The basis of the BFCC numerical model approximation is that boundary layer
development is considerably reduced in relatively high accelerated flow. In most cases.

viscous effects can be neglected.

The similarity between results from the BFCC model and physical prototypes in
cases of modelling with Froude number is usually satisfactory. Differences can occur for
either these two cases: 1) when viscous effects are appreciable. 2) when there is a
possibility of flow separation. The former results when the model scale is not large
enough: then results must extrapolated from other geometrically similar models. The latter
occurs when H/H ;> 3. A spillway model is scaled using the Froude number still has one
advantage over the computational procedure. It reproduces the three-dimensionality of the
flow. Therefore, after the BFCC model has generated the proper spillway size. an
hydraulic model provides a good approximation of the field flow and where viscous

effects can be neglected.

Finally, the present investigations confirmed the applicability of developed BFCC
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model for WES spillways that are induced with H/H,<1.33. When the shape of the
spillway is not WES. the BFCC approach gives results that require experimental

verification.

5.6 Application of the model to spillway design

5.6.1 Design criteria

The developed BFCC model is a computer program algorithm procedure (Fig. 5.5)
that can be used for the preliminary design of spillways and related structures as well as to

evaluate cavitation potential in spillway chutes.

1. To determine the spillway design discharge and the range of operational discharges.

The following discharges are selected for analysis:
e Spillway design discharge using Eq. (4.12)
® Probable maximum flood discharge
® Annual (or more frequent) peak discharge
® |:5-year and 1:10-year peak discharge

2. To calculate water surface profiles y (x) and flow characteristics using rapidly
varied flow analysis for selected discharges. Egs. (3.14), (3.15) and (3.16) are used. The
analysis should be performed for steep slopes as well as possible spillway chute

curvatures. If the spillway is gated, partial gate openings should also be considered.
3.  To calculate boundary layer development Eq. (2.65) is used.

4.  To calculate the flow cavitation index & (x) for selected discharges at several points
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on the chute Egs.(2.61) or (2.62) are used. Typical spillway crest curvature points are the

mid-points of long straight representative sections.

5. An allowable cavitation index based on construction finish criteria is obtained from
Fig. 1.3. This provides an indication of the expected isolated roughness and the spillway

surface roughness.

6. A comparison of flow cavitation index © (x) with o, is performed. For different
operating heads and locations where o (x) is less than ©,. a cavitation potential exists on

the chute.
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Fig. 5.5 Design criteria algorithm for cavitation detection.
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Chapter 6.0

CONCLUSIONS AND RECOMMENDATIONS

6.1 General

The principal objective of the research was to develop and test a numerical model
for the prediction of salient flow properties over high spillways. For solving the complex
free surface over spillways the BFCC method was developed. To investigate the effects of
subatmospheric pressure, attention should be focused on the prime objective of a spillway.
to ensure that it is not cavitated by discharge under design head. Presently, state-of-the-art
mathematical models are necessary for the design of high dam spillways. The results of
this study will be applied directly to the upper head H limit where incipient cavitation

appears.
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6.2 Conclusions

Spillway construction for dams is expensive. The focus of the research was the
development of a cost efficient numerical model. The highlights of the research

contribution include:

i. Development of a computer program to anticipate subatmospheric pressure on

spillways before construction;

ii. Determining the appropriate hydraulic simulation model parameters to study

cavitation potential on spillways through different design heads:

iii. Pressure and velocity calculations on spillways that have been damaged by

cavitation.

The potential for cavitation damage can be identified prior to spillway operation.
While intended primarily for application to spillways, the BFCC model can also be
applicable to flow in partial-filled tunnels or culverts and in the design of supercritical

slopes.

The spillway flow was investigated with physical models in the laboratory and
with the BFCC model. A subatmospheric pressure was computed with the BFCC
numerical method. It was shown that both numerical and experimental work give the

parameters affected by the cavitation index.

The BFCC model was used to compare the computed analytical results with actual
laboratory measurements. It was demonstrated that the BFCC model improves other

numerical models.

For this investigation, attention was given to the spillway crest because it is more

sensitive to the available head. In reality. the whole length of a long spillway should be
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examined. Due to the spillways steep slope. the pressure can be subatmospheric. This

particular problem requires a large scale model.

In this research. the BFCC method with finite differences was developed for
solving the curvature free surface in spillways. Numerical free surface results and bed
pressures for operating heads H/H; = 0.5, 1.00 and 1.33 were found to be similar with

experimental data.

Preliminary expenments indicate that subatmospheric pressure conditions occur
for smooth surfaces for heads greater than the design head. Beyond these experiments. the
BFCC numerical model clarifies subatmospheric pressure related to H/H ;2 1. For gated
spillways. extreme care must be taken to ensure that proper gate opening sequences are
developed in order to guard against asymmetrical flows. Improper gate operations can
cause the water flow to be diverted and can lead to asymmetrical flow. This can cause gate
vibrations: undesirable flow patterns in the high-velocity chute and/or located cavitation
potential: and improper flow distributions entering the flip bucket. Therefore, to reduce

these effects, the operating head should be H/H; = 1.0.

The results of the BFCC moedel can provide a non-dimensional velocity and
pressure field plot that can be applied for any spillway scale. A comparison between the
pressure head non-dimensional curve at the bottom of the spillway and experimental WES

results on high overflow spillways validates the BFCC model’s output.

By mapping the physical domain of the spillway geometry. computations can be
carried out efficiently. An important feature of the BFCC model is that it can be used if the

structure has cavitation potential before construction.

The BFCC method is not meant to replace physical model studies that reproduce
three-dimensional behavior and are geometrically similar to the prototype. However. time

and cost of physical model studies can be significantly reduced when used in conjunction
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with the developed BFCC method. This numerical tool is also a cost efficient tool for

checking existing spillway design.

The similarity between experimental and numerical results indicates that the
BFCC potential flow method can be used with success to predict hydraulic parameters.
The only deviation was between the velocity profiles caused by the boundary layer

development at the bottom of the spillway.

Based on the performed experimental and numerical studies, the following

conclusions concerning spillway flow characteristics can be made:

i. The free-surface profiles obtained with the BFCC numerical model and the
physical model experiments are similar. This similarity indicates that viscous

effects are negligeable at the free surface.

ii. The minimum pressure points produced by a spillway flow at a particular head
is dependent on the boundary configuration. For standard spillways. the

minimum pressure point occurs at the point of maximum curvature.

iti. The minimum pressure curves on the spillway surface developed by the
BFCC model can be used to design spillways that will operate without

cavitating through the entire range of expected heads.

Spillway design calculations are complex due to rapid spillway flow.
Subatmospheric pressures often arise during the release of a large volume of water. The
BFCC numerical model can help the dam engineer determine the necessary spillway wall
heights required to contain extreme flood discharges safely. However, it is expected that
the discharge passing through a reservoir would be less for crest piers rather than if the

overflow were unobstructed by piers.

The developed BFCC model predicts the large volume discharge effects and
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extends the knowledge about this significant problem. The above-mentioned topic forms a

continuing spectrum of research efforts in this vital field of engineering.

This investigation showed that supercritical flow behavior should first be
examined numerically. This technique has advantages in terms of flexibility of application

and economy of calculation.

BFCC computations. confirmed by experimental results, showed that the
stipulated maintenance procedures must be capable of guaranteeing gate operations
whenever required. Periodic operation of every gate, to test the operating head on the

spillway is necessary.
The benefits of the developed BFCC model are summarized as follows:
e BFCC model determines design criteria for preliminary studies,
e BFCC model determines incipient cavitation index for all flow cases.
e BFCC model is adapted to a WES standard spillway shape.

The aerators should be designed for the third region in Fig. (1.1). The position of

these aerators (when G (x) is zero or negative) is given by the BFCC model.

6.3 General recommendation for spillway design

With current research developments, more definitive statements related to
cavitation will be possible. Therefore, the designer will be able to predict any prototype

behavior with precision and confidence.

Subatmospheric pressure was the primary cause of damage for the following
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reasons:
1. Flow velocity

Cavitation damage occurs at lower velocities. The exact lower limit depends on

temperature and pressure.
2. Surface irregularities

The construction of a sufficiently smooth concrete surface free from

undulations protects against cavitation for high flow velocities.
3. Crest shape
4. Water management.
Spillway designs can be done based on the two following velocity limits:
6.3.1 Velocities V< 30 m/s

1. At least 60 percent of atmospheric pressure over the crest is ensured for the design

flow (allowing for the altitude of the dam) to prevent cavitation downstream from the

crest.
2. Uniform cross sections are provided where possible.
3 Sudden transitions or short radius curvatures are avoided.
4 Smooth surfaces are provided.

5 Recesses for ports, slots, etc., are shaped according to WES standards.

6 Incipient cavitation index is determined for all flow cases to detect cavitation-prone

conditions.
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6.3.2 Velocities V> 30 m/s
1. Same as section 6.5.1 except as noted below:

2. A chamfer of 20H:1V (accepted irregularities) for all isolated roughness is specified
for the spillway. This corresponds to an allowable deviation from the line of slightly
under 4 cm/m. Care should be taken as to how this is achieved in the field. The flow

cavitation index corresponding to this chamfer is 0.22 (Fig. 1.3).

3. Aeration devices at gate slots, along the spillway chute and before the spillway
bucket are provided. The location of the first aerator would be where the flow

cavitation index o, (x) equals 0.22.

4. If feasible. large-scale (1:10-1:15) model testing is performed. Or else. a smaller
scale model (1:25) would be acceptable provided the Weber number in the model is
at least 1000.

Physical model studies are necessary not only for high-dam energy dissipaters but
also for the spillway approach and spillway proper. The spillway model may or may not
include dissipaters. but it must include sufficient approach topography so its effect on

incoming flow is reproduced.

Approach flow problems should be studied first in a model study. After
determining a satisfactory approach flow. flow distribution effects in the chute must be
considered. Potential cavitation problems can also be studied. All problems must be
resolved simultaneously; each has a mutual reaction with the others. Finally, the model
should be used to develop the required gate operating program. During this phase. gate
malfunction must be evaluated in terms of potential damage to the structure. Model scales

of 1:50 to 1:100 are common for detailed spillway studies.
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6.4 Recommendations for future work

The investigation presented in this work provides new information on the
applicability of the BFCC method for flow over spillways under subatmospherical
pressure condition. The BFCC model and the physical models used for the results
obtained in this study may easily be extended to spillway channel shapes where
supercritical flow exists. The presented methodology forms a basis for preliminary
designs. For final designs. it is proposed that detailed investigations be carried out for each
case. These investigations include a comparison between experimental and field case

studies.

Cavitation potential over spillways requires more research. Despite the progress
over the last two decades, the understanding of this subject has been limited to
experimentation and a few numerical works. While studying the potential of cavitation,

the following should be taken in mind:

® Design investigations, operation and model studies for existing dams with

high-head spillways should be continuous:

® Model studies and field studies to investigate aeration features and to confirm
design aspects should be performed. Separate model studies will be required for detailed

design of air entrainment or aerators in order to finalize geometric dimensions:
e Laboratory simulation of temperature and contamination over spillway:
® Three dimensional flow simulation.

Spillway structures are complex to analyze due to the highly three dimensional
nature of the incoming flow. The methodology, used for development of the 2-D model.

can create the three-dimensional which will allow to solve more complicated flow over
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