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Abstract

Because of its simple form, its effectiveness as an energy dissipator, and its
contribution to dam stability, the stepped spillway is one of the oldest drop
structure used in the construction of small dams. With the relatively recent
introduction of Roller Compacted Concrete (RCC) and particularly (rockfill)
gabions as dam construction materials, the stepped spillways continues to be an
attractive option among the various traditional forms of drop structure for small
dams.

The steps on the spillway's downstream face significantly increase the energy
dissipation thereon over that would occur on the equivalent smooth (ogee-profile)
version. As a consequence stilling basin structures, usually introduced at the toe
of spillways (to reduce excess energy in the spillway floor) can be either reduced
in size or eliminated entirely .

Although stepped spillways were first introduced around 694 B.C., in most previous
studies dealing with the hydraulic performance of stepped spillways are site-
specific. This research, which includes both mathematical and physical elements,
investigates the effect of different step configurations, in contribution with different
spillway slopes, on the hydraulic performance of (ogee-profile) stepped spillways.
The main goal of the research was to develop improved criteria for the design of

stepped spillways.

The numerical study, a 2-D finite element model was developed to estimate, based
on a trial-error procedure, the stepped spillway water surface for a given design
head. In the supporting experimental programme three different spillway slopes



(45°, 507, and 60°) were investigated and in each case the experiments were
repeated for four different step configurations. This provides data set of 12

combinations of spillway slope and step arrangement.

Improved criteria were developed to (i) distinguish between the possible flow
regimes on stepped spillways, (i) estimate both stepped spillway friction factors
and energy dissipation rates, and (iii) determine optimum step configurations for
a given set of boundary conditions.
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Chapter 1

Introduction

1.1. Preambile

A spillway is usually the most important appurtenant facility to a dam. The
function of the spillway is to provide an efficient and safe means of conveying
flood discharges to the downstream channel. The spillway design primarily
depends on the design flood, dam type and location, and reservoir size and
operation. Spillways can be classified based on (i) their function (main,
emergency, and auxiliary), (i) their hydraulic type (free overfall, overflow, chute,
siphon, etc.), and (i) their mode of control (ungated, and gared).

While the number of new dams under construction in the world is declining, the
number of existing dams that have had to be upgraded to meet current hydraulic
and seismic criteria is increasing. This is especially true for smaller embankment
dams that have been judged to have inadequate spillway capacity and are unable
to store or pass safely floods in accordance with the current criteria of at least one
half the theoretical Probable Maximum Flood (PMF). Many failures of dams have
been caused by improperly designed spillways or by spillways of insufficient
capacity. Several embankment dams have been identified as unable to pass their
design flows without failure due to overtopping (Frizell, 1991).



In addition to providing sufficient capacity, the spillway must be hydraulically and
structurally adequate. For a typical overflow spillway the flow accelerates along
the downstream face and high velocities are attained at the spillway's toe. The
spillway's outlet structure must be designed to ensure that the spillway discharges
will not erode the downstream channel bed, or undermine the toe of the dam itself.
Therefore, the spillway's surface must be erosion resistant to withstand the high
scouring velocities created by the drop from the reservoir surface to the tailwater.

In dam design the traditional approach to handling the excessively high kinetic
energies associated with large flows is through some form of stilling basin structure
located at the foot of the spillway. Depending on the expected Froude Number
range of the incoming flow, the form of the stilling basin can range from a simple
concrete apron to a complex structure that may include rows of chute blocks, baffle
piers and a plain or dentated end sill (Peterka 1958, USBR 1977). If the basin
requires all three features this can add substantially to the overall costs,
consequently alternative solutions to the problem merit investigation. One possible

solution is to consider a stepped-spillway instead of the traditional smooth ogee-
profile spillway.

The stepped spillway is a spillway whose face is provided with a series of steps
from near the crest to the toe. The steps significantly increase the rate of energy
dissipation taking place on the spillway face. They also reduce the size of the
required downstream energy dissipation basin. A stepped spillway offers a number
of advantages over an equivalent smooth spillway:
1. compatibility with Roller Compacted Concrete (RCC) and gabion hydraulic
structures,
2. reduction of dissipation basin size;
reduction of the risk of cavitation;
4. in the case of an auxiliary spillway the construction programme will be
much shortened;



5. an increase in the discharge capacity; and

6. low cost.

For these reasons, there has been renewed interest in this form of spillway (Young,
1982, Sorensen, 1985, Frizell ,1991, Diez-Cascon, et al., 1991).

1.2. Statement of the problem

To the author's knowledge, only one practical guideline for the design of stepped
spillways has been produced (CIRIA, 1978). In this guideline, however, there is
no indication of the degree to which the spillway steps may impact on energy
dissipation. In practice, therefore, one has to rely on a physical model study of a
particular spillway design to estimate the energy dissipated. This kind of model
has been investigated for the six following cases:

1. The Upper Stillwater Dam, (Young, 1982);

2 Monksville Dam, (Sorensen, 1985);

3. The Upper Stillwater Dam, (Huston, 1987);

4 Model built in the Hydraulic Lab. of Iberduero, SA, (Diez-Cascon, et al.
1991);

M'Bali dam, (Bindo, et al., 1993); and

6. Salado Creek Site 10 ( Rice, and Kadavy, 1996).

w

In general, the results obtained for each of the above cases are valid only for that
case, i.e. they are site-specific. In light of these limitations, Sorensen (1985) points
the need for further research on stepped spillway structures. Degoutte et al. (1992)
state that "... until now, the size requirements for stilling basins downstream of
stepped spillways were not well known". Frizell (1992) identifies the lack of
general design criteria that quantifies the energy dissipation on stepped spillways,
and Christodoulou (1993) states that "... the performance of stepped spillways is not



well known". Although several researchers have studied stepped spillways in the
past, there remain considerable gaps in knowledge m the design of these structures.
For example, we are still unable to predict the energy dissipated on the structure,
or the spillway water surface profile without building a physical model. The water
surface profile is an important consideration when establishing the height of the
spillway side-walls. Given these remaining unanswered aspects of stepped spillway
design and operation, there is clearly a need for further research to address these

important issues.

The analysis of water flow over a spillway is an important engineering problem,

however the analysis presents several difficulties in view of the following

considerations:
1. it is a non-linear problem, therefore, it might have non-unique solutions in
certain cases;

2. the free-water surface is unknown beforehand:;
3. the flow is subcritical upstream of the spillway crest and is supercritical
downstream of the spillway crest; and

4, there is a control section near the crest.

Furthermore, any numerical simulation of the spillway flow must account for
possible significant departure from the hydrostatic of fluid-induced pressures on the
spillway face, produced by centripetal fluid acceleration at the crest and toe

sections.
1.3. Study Objectives

This study examines the hydraulics of flow on various stepped ogee-profile
spillway configurations, both from theoretical and physical-modelling viewpoints.

The main objectives of the research were:



@) to investigate the hydraulic performance of several physical models having
different downstream slopes and different step configurations, and

(i) to develop a numerical model for predicting the stepped spillway water
surface profile corresponding to the design-discharge condition.

The study requirements included:

1. a review of the hydraulics of flow on stepped spillways and the criteria for
flow classification;

2. in the physical-modelling portion of the study, measure energy dissipation
for different spillway downstream slopes and different step sizes;

3. investigate the performances of different stepped spillway models for a wide
range of discharge; and

4. develop a two-dimensional Finite Element (FE) model to predict the
spillway water surface profile and related energy dissipation for the design-
discharge condition.

1.4. Scope of the Research

From the literature review it was found that, so far, stepped spillways studies have
been largely site-specific and that the results of these studies have been used purely
as a guide for other similar cases. This study examined and compared the
hydraulic performance of various Ogee-profile stepped spillways, having different
downstream slopes and step configurations. The effectiveness of the various
designs was judged by comparing the hydraulic performance of each stepped profile
with its equivalent smooth profile over a wide range of discharges. Although
Sorensen (1985) was, the first to initiate a combination of small and large steps on
the spillway profile, this application was not related to considerations of energy
dissipation. The present study is the first to examine the use of a combination of
step sizes to optimize energy dissipation occurring on stepped spillways. Based on



the results of this study and previous studies several new criteria for the design of
stepped spillways were developed.

A 2-D Finite Element (FE) model was developed which determines: (i) the free

water surface of the spillway flow, and (ii) estimates the amount of energy

dissipated by the stepped profile, based on the design-discharge condition. The
data obtained from the laboratory investigations were employed to validate the
numerical model. This study is unique in two respects:

(1) unlike earlier studies conceming szepped spillways (which are largely site-
specific), this study investigates and compares the hydraulic performance of
different stepped spillway configurations, consequenty it is more general
in nature, and

2) the numerical model developed in this study represents a useful design aid
in regards to estimating: (i) the spillway water surface profile, and (ii) the
energy dissipated by the stepped spillway configuration.

1.5. Thesis Description

Chapter 2 briefly reviews the hydraulics of Ogee-Profile spillways and their outlet
energy dissipator structures. Chapter 3 is a literature review on the subject of
stepped spillways. In Chapter 4 the experimental programme is described and in
Chapter 5 the hydraulics of stepped spillways is explained. In Chapter 6 the
experimental results are analyzed and several new design criteria are proposed.
Chapter 7 deals with the development of the numerical model. Finally, Chapter

8 combines the summary, conclusions and recommendations for future research.



Chapter 2

The "Ogee"-Profile Spillway

2.1. Introduction

Spillways are hydraulic structures provided at storage and diversion dams. At storage
dams, they release surplus or flood water which can not be contained in the allotted
reservoir storage space. At diversion dams, they are designed to bypass flows
exceeding those which are directed into the diversion system.

To propose a composite design for a spillway, it is necessary to consider the various
factors influencing spillway size and type, and to correlate alternatively selected
components. The components of a spillway are: (i) the control structure; (ii) the
discharge channel; (iii) the terminal structure; and (iv) the entrance and/ or outlet

channels.

After the hydraulic size and outflow characteristics of the spillway are determined by
routing of the design flood, the general dimensions of the control structure can be
selected. A specific spillway layout can be developed by considering (i) the type of
dam; (7i) the topography; (iii) the foundation conditions; (iv) the hydraulic condition
of the control structure; and (v) the overall economy. Site conditions greatly influence
the selection of location, type and components of a spillway. In the design of a
spillway the following considerations are also necessary:

1. the steepness of the terrain traversed by the spillway control and discharge



channel;

2. the class and amount of excavation material and the possibility for its use as
embankment material;

3. the potential for scour of the spillway and downstream channel surfaces and the
need for lining; and

4. the stability of the excavated slopes.

2.2. Spillway Types

A spillway can be constructed in several locations: within the body of the dam, at the
one end of it, or independently in a saddle. Spillways are ordinarily classified
according to their most prominent features, either as they relate to the control, to the
discharge channel, or to some other component. The following are common types:
1. A free-overfall (straight drop) spillway is one in which the flow drops freely from
the crest (Fig.2.1.a).

2. An Ogee (overflow) spillway has an ogee- or S-shaped profile. The upper curve of
the ogee is generally made to conform closely to the profile of the lower nappe of a
ventilated sheet falling from an equivalent sharp-crested weir (Fig.2.1.b).

3. A side-channel spillway is one in which the control weir is placed along the side
of and approximately paraliel to the upper portion of the spillway discharge channel
(Fig.2.1.c).

4. An open-channel (trough or chute) spillway is a spillway whose discharge is
conveyed from the reservoir to the downstream river level through an open channel,
placed either along a dam abutment or through a saddle (Fig.2.2.a).

5. A conduit or tunnel spillway is a closed channel used to convey the discharge
around or under a dam.

6. A shaft (moming glory or drop inlet) spillway is one in which the water enters over



a horizontal-positioned lip, drops through a vertical or sloping shaft, and then flows
to the downstream river channel through a horizontal or near horizontal conduit or
tunnel (Fig.2.2.b).

7. A siphon spillway is a closed conduit system formed in the shape of a U, and
positioned so that the inside of the bend of the upper passageway is at normal reservoir
storage level. Siphonic action takes place after the air in the bend over the crest has
been expelled from the conduit (Fig.2.2.c).

2.3. The Ogee Spillway

An ogee spillway can be used on concrete-gravity, arch, and buttress dams, where part
of the dam's length may be used as a spillway. It is probably the most
extensively-used spillway to safely pass the flood flow out of a reservoir. An ogee
spillway has three main parts: (i) the crest, (ii) the sloping downstream face, and
(iii) the energy dissipator at the toe.

2.3.1. Crest Detail

The crest profile is so chosen as to provide a high discharge coefficient without
causing dangerous cavitation conditions and vibrations. The profile is usually made
to conform to the lower nappe flow from a well-ventilated sharp-crested equivalent
rectangular weir with an approach velocity V, = 0. Therefore, for the design discharge
condition, theoretically the pressures along the crest section are atmospheric and a high
discharge coefficient is assured. This idea is believed to have been proposed by
Muller (1908) (Subramanya, 1989). Operating heads smaller than the design head
(Hy) cause smaller nappe trajectories and hence result in positive pressures (above

atmospheric) on the spillway face and consequently lower discharge coefficients.



Similarly, for operating heads greater than H,, the lower nappe trajectory tends to pull
away from the spillway surface thereby producing negative pressures (sub-atmospheric)
and higher discharge coefficients.

The shape of the crest is based on H,, which is selected for a given site such that the
minimum pressure head at the crest is higher than -6 m in order to prevent cavitation.
Fig.2.3 may be used to select H, so that this condition for the minimum pressure is
satisfied. For operating heads (H) greater than H,, the nappe is projected beyond the
control structure profile and hence a negative pressure is developed in the space
between the structure and the water column. Usually, the design head is selected such
that 1.3 < H/H, <1.5. In this range, acceptable levels of sub-atmospheric pressures are
produced on the spillway face. This results in an increase in the discharge capacity
of the spillway and at the same time does not result in cavitation damage of the

spillway surface.

Applying the principle of projectile motion, it is found that the equation of the lower
nappe profile is a second-degree parabola. The general form of this equation is written

N
2 X @1
H, K(Hd]

in which x and y are the coordinates of the downstream curve of the spillway with the

as:

origin of coordinates being located on the apex. K and N are constants, whose values
depend upon the inclination of the spillway's upstream face and the approach velocity
of the fluild. Many attempts have been made by various researchers to determine the
values of K and N. Table 2.1. presents some examples of these attempts. The crest
shapes of uncontrolled ogee spillways have been extensively used by the US Bureau
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of Reclamation (USBR). For low approach velocities, typical values of K and N can
be found in table 2.2.

The crest profile upstream of the apex is usually given by a series of compound
curves. Cassidy (1970) reported the equation for the upstream portion of a vertical

faced spillway as:
L =o.724( = +oz7o]w —0.432( = +o.27]ws +0.126
B, B, H,
(2.2)
which is valid for the following regions:
-0.27< % <0 ; 0< % <0.126 (2.2.a)

d d

Based on extensive iaboratory investigations the U.S. Army Corps of Engineers (1977)
developed several empirical relationships for the crest shape. These relationships are
shown in Fig.2.4.

2.3.2. Downstream Face

The downstream face of an ogee spillway usually has a very steep gradient and
consequently the flow on the face quickly becomes supercritical. Because of this
steepness some difficulties arise in the analysis of the flow conditions. The
development of a boundary layer starts near the crest. Once this boundary layer
extends to the water surface, air is entrained in the high velocity flow. Air entrainment
or insufflation is the process by which air enters the body of water as a result of
turbulence of the free water surface (Falvey, 1980, Wood 1991). The intersection
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point of the boundary layer and the water surface is called the point of inception.

Based on Keller and Rostagi's (1975) study, Wood (1991) presented the following
equation for development of the boundary layer in the spillway flow field:

Q.11 k 0.10
3. 0.021(-:1] (.x.] @3)
x.'

s s
in which
& = boundary layer thickness;
k, = equivalent sand roughness;
X, = distance along the slope which the boundary layer grows; and
h, = static head at the inception point.

This equation is applicable in the range 5°< @ < 70°, where 0 is the slope of the
spillway face.

The designer needs to know the amount of air entrainment in order to select the height
of the spiliway side walls. If the walls are designed to insufficient heights,
overtopping may occur and this may lead to dangerous erosion on the outsides of the
walls. Knowing the amount of air entrainment is also helpful in assessing the
cavitation potential, since air near the channel bottom reduces the possibility of
cavitation.  Air entrainment decreases the density of the air-water mixture by
increasing the velocity of flow. At the same time, the excess velocity of flow

increases the air friction, which decreases the velocity of flow.

Flow over a spillway that includes air entrainment may be divided into the following
four vertical zones (Fig.2.5).
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1. Upper zone: comprises a small mass of flying water particles ejected from the
mixing zone. This zone is not important for engineering applications.

2. Mixing zone: has surface waves of random amplitude and frequency. To prevent
overtopping of the side walls, it is necessary to take the height of these waves into
consideration.

3. Underlying zone: the surface waves do not penetrate the underlying zone, and the
air concentration at any depth in this zone is determined by the number and the size
of air bubbles.

4. Air-free zone: exists only in that part of the channel where aeration is still

developing.

Wood (1991) divided the development of self-aerated flows in a wide channel into the

following four regions (Fig.2.6):

1. Nonaerated flow region: in this region the turbulent boundary layer does not reach
the water surface and hence no air is entrained.

2. Partially-aerated flow region: air concentration profiles vary with distance, however,
the air does not reach the channel bottom in the partially-aerated region.

3. Fully-aerated flow region: air concentration profiles vary with distance, however, the
air reaches the channel bottom in the partially-aerated region.

4. Uniform (fully-developed) aerated flow region: the flow conditions reach an
equilibrium state and are constant with distance. A large amount of air is entrained,

and bulking of the flow occurs.

In the uniform aerated region mean-flow properties, such as flow depth (y) and
depth-averaged air concentration, (C,,) are functions of discharge, channel bottom
slope, bottom roughness, and the fluid properties. The U.S. Army Corps of Engineers
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recommends increasing the flow depth by 20 percent to account for bulking (U.S.
Army Corps of Engrs., 1965).

By using Straub and Anderson's data (1958) from an artificially-roughened flume,
Hager (1991) developed the following empirical expression in the SI system for a wide
rectangular channel in the uniform aerated region :

=3 028
sin’@ y_,) @2.4)

Yoo = Yot 1.35y,,(n2—g3

in which
yo = flow depth corresponding to 99 percent air concentration;
y. = depth corresponding to a pure water column;
n = Manning's constant;
0 = the slope; and

g = gravitational acceleration.

At the toe of the spillway a smooth transition is needed. This smooth transition avoids
excessive vibration that could induce structural damage and possible failure. It also
prevents the toe of the spillway from scouring the foundation due to the impact of the
falling water. Therefore, the surface at the spillway toe is usually designed as a
circular curve or bucket. To be thoroughly effective the bucket should tangent to the
foundation as well as to the spillway's terminal downstream slope. The radius R of
the bucket, measured in feet, may be estimated approximately by the following
empirical formula (Chow, 1959):

R =107 64 Fim * 1HC6H oy +64) (2.5)

where
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V = the velocity, (ft/sec) of the flow at the spillway toe, and
H,,,, = the dam height, (ft).

To find the radius of bucket, Creager et al. (1964) suggested the dimensions shown in
Fig.2.7.

2.3.3. Energy Dissipators

To prevent scour and erosion of the toe of a dam, as well as the downstream channel,
energy dissipators are provided to dissipate a sufficient amount of energy before water
enters the downstream channel. The flow velocity at the toe of a high-head spillway
is usually around 32-35 m/sec. This high velocity may cause serious scour and erosion
of the downstream channel if proper precautions are not taken. The common types of

energy dissipators which are used as outlet structures in spillway design, are:

(a) Straight drop: This kind of energy dissipator is commonly used in small drainage
structures, and low head spillways. The aerated free-falling nappe in the straight drop
usually produces supercritical flow on the apron. Therefore, a hydraulic jump may be
formed downstream.

(b) Stilling basin: The stilling basin structure comes in several forms and is designed
to dissipate the energy of the flow by utilizing the development and enhancement of
the hydraulic jump within the basin. This is a solution for dams up to 60-70 m high.
The location of the hydraulic jump is important for determining the length of channel
requiring protection. Energy loss in a hydraulic jump is expressed as:
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- @2 =y 1)2 (2.6)

in which
E, = energy at section 1;
y, = depth at section 1;
E, = energy at section 2;
y,= depth at section 2; and
AE = energy lost in the jump.

Depending upon the range of Froude number of the upstream flow, the following
devices may be incorporated, either singularly or in combination, in stilling basin
design:

(i) Paved apron: A simple paved apron may be used in the case of Jow-head structures.
The length of paved apron depends on the maximum length of the anticipated range
of hydraulic jumps.

(i) Chute blocks: These devices are placed at the entrance of the stilling basin to
corrugate the jet, and lift a portion of it from the basin floor. This creates a greater
number of energy dissipating eddies, which results in a shorter length of jump than
would be possible without them. These blocks also reduce the tendency of the jump
to sweep off the apron at tail water elevations below conjugate depth.

(iii) Baffle blocks: These structures are located in the stilling basin a certain distance
downstream from the chute blocks. Their function is to dissipate energy mostly by
impact action. In certain circumstances, they must be designed to withstand impact
from ice or floating debris and/ or damage due to cavitation.

(iv) End sill: This device is located at the exit of the stilling basin. It can be either
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solid or dentated. Its function is to reduce further the length of the jump and to
control scour immediately downstream from the structure. For large basins that are
designed for high incoming velocities, the sill is usually dentated to perform the
additional function of diffusing the residual portion of the high-velocity jets that may

reach the end of the basin.

Fig.2.8 shows the basic types of stilling basins commonly used as outlet structures.

(c) Flip buckets: When the downstream channel bed is relatively stable, the flip-bucket
or ski-jump spillway can be considered, Fig.2.9. This form of dissipator structure
projects the high velocity jet away from the base of the dam into the downstream
channel. This is achieved via a concave section at the bottom of the chute section.
The spillway overflow is discharged into atmosphere completely above the tailwater
level. Under ideal conditions, these kinds of energy dissipators have been found to be

very efficient in dissipating the excess energy.

(d) Roller buckets: When the discharge channel has an appreciable natural erosion
resistance, the roller bucket can be used. This kind of dissipator requires substantially
higher tailwater levels than conventional hydraulic jump basins. Two types of roller
buckets have been developed, Fig.2.10. Scour will occur in the streambed at the point
of impingement when the jet dives, but will be filled in by the ground roller when the

jet rides.

(¢) Stepped spillways: Another possible energy dissipator option is to dissipate part of
the kinetic energy of the spillway flow on the spillway face itself. An ogee stepped
spillway is an ogee spillway containing a series of drops or steps in the invert. Ata
point just downstream of the spillway crest, steps are introduced into the profile so that
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the envelope of their tips follows the standard profile down to the toe of the spillway,
Fig.2.11. Therefore, the total fall is divided into a number of smaller falls. At each
fall, retarding forces are derived from the reaction of the steps to the descending flow.
The steps significantly increase the rate of energy dissipation taking place on the
spillway face and eliminate or greatly reduce the need for a large energy dissipation
basin at the toe of the spillway. Step geometries are either horizontal, inclined, or
pooled, Fig.2.12. Frizell (1992) examined the hydraulic performance of different step
slopes and showed that horizontal steps would have the greatest energy dissipation.

2.4. Discharge Coefficient

A curve relating the upstream reservoir level and the spillway discharge is called the
spillway rating curve. The relationship takes the form:

Q =CLH,)® 2.7)

where
C = discharge coefficient,
L = effective length of the crest,

2
H, = theoretical head on the crest ( = H+L ] , and

2
2L = velocity head component.

An overflow spillway can be considered as a short-crested weir. The basic difference
between a broad-crested weir and a short-crested weir is that nowhere above the short-
crested structure can the curvature of the streamlines be neglected; i.e. the pressure
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distribution is other than hydrostatic.

From an economical point of view, spillways must safely discharge a peak flow under
the smallest possible head, while on the other hand the negative pressures on the crest
must be limited to avoid the danger of cavitation. Theoretically, there should be
atmospheric pressure on the crest. In practice, however, friction between the surface
of the spillway and the lower nappe will introduce some negative pressures. If the
spillway is operating under a head lower than its design head, positive pressures occur
throughout the crest region and the discharge coefficient is reduced.

An operating head (H) greater than the design head (H,) will cause negative pressure
at all points of the crest profile and will increase the discharge coefficient. The
avoidance of severe negative pressure on the crest, which may cause cavitation on the
crest or vibration of the structure, should be considered an important design criterion
on high-head spillways. Model experiments indicate, however, that the design head
may be safely exceeded by up to 50%, but beyond this harmful cavitation may develop
(Chow, 1959).

The discharge coefficient, C, is influenced by a number of factors, such as (i) the depth
of the approach flow, (i) relation of the actual crest shape to the ideal lower-nappe
shape, (iii) upstream spillway slope, (iv) downstream apron interference, and (v)
downstream submergence (USBR, 1977). Through extensive laboratory tests, the U.S.
Bureau of Reclamation has compiled information on the coefficient of discharge for

smooth spillways. There are two conditions for which the value of C is determined
(Baban, 1995):

(i) when H/H, > 1.33 the velocity head is negligible, then C = 2.225 and
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(i) when H/H; < 1.33 the velocity head should not be neglected. The value of C
calculated from the experimental curves is presented in Fig. 2.13.
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Creager-Scimemi (1937)

Creager-Scimemi (1945)

Smetana (1948)

de Marchi (1928)

Table 2.1. K- and N- values deduced by different researchers (Senturk, 1994)

Upstream Face Slope

Vertical 0.500 1.850

1 (H) : 033 (V) 0.517 1.836

|| 1H):1V) 0.534 1.776
ﬁl

Table 2.2 USBR- recommended values of K and N
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Fig.2.2. Further examples of spillway types: (a) Open-channel, (b) Shaft, (c)
Siphon (after Novak et al., 1990)

(c)



2270242 My

¥=0.136N1g x2-0.108
y=0.219 Hg
\ Point
1anger
N |
Fig.2.4. Spillway crest shape
- S " s (after U.S. Army Corps of Engrs., 197
l -
Hq

Fig.2.3. Cavitation prevention criterion for

design head - ogee spillways (after Chaudhry, 1993)

Fig.2.5. Principal zones of aerated flow on spillway face
24



Start of akr ontrainment

Growing
boundary
lsyer

- Polnt of
Inception

Fig.2.6. Self-aeration mechanism on spillway face
(after Chanson, 1993)

30.00 —

25.00 —

l:::— ,/% :

S L B B L e e
0.00 10.00 2000 30.00 4000 50.00 60.00 70.00

H

dam
Fig.2.7. Recommended radius of bu;ket (after Creager et al. , 1964)

25




0.020¢ =3~
L4

Dentated sill,

L 0,'.-{?1
S

75°0.20¢

'-’\' s S S e WL -oec ol o, gheros o ee. B o
"zf:..f*"“"i{""«' T B O i

¥ oenoe
29=0.150;

L3

@a)

<3
o

1ig

oo e/ Sope « 2
3 “ *. 9,

8

'y
-Balfe piers

~Chule blochs L
d L

03738,

Fig.2.8. Examples of standard stilling basins: (a) Type II, (b) Type III (after

Peterka, 1958)
26



illways (USBR, 1977)

jump sp

ki

Fig.2.9. Flip bucket and S

———

:;
s

HE
1

e e e ....0..0...
..v..o..'..PW..o.. et

NI R R Y I

ssipators (USBR, 1977)

di

ig.2.10. Roller bucket energy

27



(a) Horizontal steps (b) Inclined steps (c)Pooledstep

Fig.2.12. Various types of step geometry
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Chapter 3

Literature Review

3.1. Historical Review

Drop structures and stepped spillway profiles have been used for more than 2500
years. The oldest stepped spillways are the spillways of the two Khosr dams, in Iraq,
built by the Assyrian King Sennacherib in 694 B.C. These dams were designed to
supply water to the Assyrian capital city Nineveh (near the present city of Mosul).
Both dams feature a stepped downstream face and were intended to discharge the
entire river flow over their crests. Much later, the Romans built stepped overflow
dams in Syria and Tunisia. After the fall of the Roman empire, several stepped
spillways in Iraq and Spain were designed by Moslem civil engineers. Spanish
engineers, who benefitted from Roman and Moslem precedents, were the most
exceptional engineers in dam expertise before 1850. Towards the end of the 14th
century they built the Almansa dam, in Spain, which in 1576 was raised while
keeping the lower original part intact (Fig.3.1.a). A similar structure is the
Tibi-Alicante Dam built between 1579 and 1594 on the river Monegre, in Spain
(Fig.3.1.b). The largest dam with a stepped spillway is the Puentes dam, in Spain,
which was built in 1791. This dam was washed out in 1802 after a foundation failure.
In central Mexico, several stepped overflow dams, like the Pabellon Dam, 1730
(Fig.3.1.c) were built by Spanish Engineers during the 18th-19th centuries.



In all of the above examples, stepped spillways were selected (i) to contribute to the
stability of the dam, (ii) for their simplicity of shape, or (iii) for a combination of the
two. The spillway of the New Croton dam, USA, (1906) is probably the first stepped
spillway designed specifically to dissipate energy (Wegman, 1907).

3.2. Gabion Stepped Spillways

Gabions are a common construction material for stepped spillways (Peyras, et al.,
1992). Their simple geometric form and easy positioning make the construction of
gabion spillway structures easy and cheap. Stepped gabion spillways are structurally
stable, resistant to water loads, and efficient energy dissipators, Fig.3.1.d. The
flexibility that they provide to dams and their drainage capacity make them a highly
suitable material for spillway construction. Stepped gabion spillways are frequently
used in dams less than 5 m high. From a technical point of view, stepped gabion
spillways can withstand unit-width flowrates q up to 3 m*/s/m without great damage,
if the setting of the gabions complies faithfully with the code of practice (Peyras, et
al,, 1992). Table 3.1 includes two examples of gabion stepped spillways.

Peyras, et al. (1992) studied the hydraulics of gabion stepped spillways. They
recommended stepped spillways as a good option for small dams. They found about
10-30% saving on stilling basin length by using a stepped spillway. Their research
focussed on describing flows over small, stepped, homogeneous gabion spillways to
quantify accurately the energy dissipation. Based on their experiments they developed
a graph (Fig.3.2) for estimating the amount of dissipated energy. With increasing
q’/(gF’), the head loss per unit height drops sharply, due to the change from nappe to

skimming flow.
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3.3. RCC and Concrete Stepped Spillways

Roller Compacted Concrete (RCC) is regarded as a powerful new material by dam
builders around the world. In addition to its use for gravity dams, RCC has found
increasing use for spillways as well as for foundation improvements for dams. Stepped
spillways are natural extensions of RCC placement techniques. Table 3.2 lists some
examples of RCC dams with stepped spillways.

In Norway, steps were introduced in a tunnel spillway with a free surface flow to
enhance the energy dissipation (Chanson, 1994). This design was selected to allow
detrainment upstream of a vertical shaft and to prevent entrainment of air in the shaft.
In the UK a stepped intake of a momning-glory type spillway was selected for
Ladybower reservoir, following model tests which showed that this arrangement
provided a larger discharge capacity than a smooth intake (Chanson,1994).

Recently the use of RCC for existing small earth embankments has received a great
amount of interest. RCC block-steps are more frequently being placed on the
downstream slopes of dams to allow for overtopping during flood conditions (Hansen,
1986).

3.3.1. Block Stepped Spillway

Dam Safety inspections have concluded that a large number of both small and large
embankment dams are unsafe due to predicted overtopping during extreme flood events
(Frizell, 1992). In addition, the capacity of a spillway often needs to be increased,
either because of changes in methods of hydrological assessment, or requirements for

higher standards of safety. In some cases it is even necessary to replace the existing
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spillway completely. However, often the preferred solution is to augment capacity
with an auxiliary spillway, which generally comes into operation at a higher reservoir
level than the existing spillway (Pravdivets, and Bramley, 1989).

Recently there has been considerable interest in the use of stepped-block spillways for
the construction of such auxiliary spillways, because of: (i) the ease of construction,
and (ii) the low cost per installed unit discharge capacity (Pravdivets, and Bramley,
1989). Stepped block protection has considerable potential as a low-cost method for
the construction of chute spillways and the protection of embankments from erosion
by overtopping flow. By using stepped blocks, the overall construction programme is
shorter because of the reduction in preparatory works required before dam construction.

The use of RCC to solve an inadequate spillway capacity condition was developed by
Freese and Nicholas (Hansen, 1986) for the Brownwood Country Club dam, Texas
(Fig. 3.3). After several possible solutions were investigated, it was decided to place
stair-stepped RCC on the dam's downstream slope. The entire project was completed
in two weeks at a cost of about one-third of the other options studied. This solution
has already produced similar designs for modifying two existing embankments in
Colorado and two more in North Carolina (Hansen, 1986).

Wedge-block spillways differ from conventional stepped spillways in a number of
respects. Apart from the drainage holes, an important consideration is that
wedge-block spillways are considerably flatter than traditional stepped spillways. In
addition, an under-drain is an important feature with adequate water egress at the toe.
The wedge block choice for the spillway at Brushes Clough, in the UK, proved to be
an economical solution and straight forward to construct. The loose blocks have not

moved or shown any sign of distress due to hydraulic forces and have been tested up
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to g=0.75 m%sec (Baker, and Gardiner,1995).

Research in Russia, the UK and the USA has shown that spillways constructed from
small, lightweight, wedge-shaped concrete blocks, can utilize flow hydrodynamics to
achieve a high degree of stability. Table 3.3 lists several examples of stepped block
protection in the UK and Russia, and Table 3.4 lists similar examples in the USA.

Pravdivets, and Bramley (1989) studied the hydraulics of stepped block spillways.
They found that the optimum block stability is given by:

1 3.1
4(h(6 (3.1)

where
1 = length of steps, and
h = height of steps.

Frizell (1992) studied the hydraulics of block stepped spillways through a physical
model test programme. The emphasis of his research was on producing a stable
stepped spillway overlay that still provides energy dissipation on 2(H):1(V)
embankment slopes. Frizell's results showed that the steps provide a good energy
dissipator, and they are also very stable.

The Construction Industry Research and Information Association (CIRIA) design guide
(Baker, and Gardiner, 1995) recommends a minimum block thickness of 100 mm for
a discharge intensity q = 1.525 m*/sec on a 1(H):3(V) slope. However, North West
Water Engineering (NWW) opted to increase the average block thickness to 212 mm,
giving a block weight of 120 kg and hence a greater resistance to removal or damage
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(Baker, 1995).

3.4. Hydraulic Characteristics

Poggi (1949) (Essery and Horner,1978) performed extensive experimental research on
the flow behaviour of a scale model of a stepped spillway operating as a series of
pooled steps. The objective of his investigations was to provide subcritical approach
flow to every drop by creating a series of hydraulic jumps. Thus, almost complete
dissipation of the energy attained by the change in level was achieved on all steps.
The resulting design consists of large pools and small drops, inherently a costly design.

When a flow enters a spillway having steps of constant geometry, it accelerates over
the initial section of the structure. This section is termed the transition zone. On steps
lower down the spillway, equilibrium is established and the flow geometry is the same
at each step, although the depth varies across each szep. This section is referred to as
the uniform zone. The length of the transition zone is influenced by the physical
characteristics of the spillway and by the discharge per unit width. On a prototype
spillway the length of the transition zone is generally small in comparison with the
length of the spillway. Therefore, in order to provide design information, it is only

necessary to make energy measurements on flows in the uniform zone.

In the transition zone containing the first series of szeps, when the flow accelerates to
a maximum velocity (V,,,,) and air starts to be entrained, the flow is smooth with slight
undulations reflecting the steps below. Then at V__,, air is drawn into the flow and
intense turbulence starts and grows toward the bottom of the spillway. The water
cushion on the steps gives way to bottom rollers in which air bubbles can be seen to

gyrate. The current skims over these rollers and the step lips. The air entrainment
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velocity is solely governed by spillway features, like step height and length. Peyras,
et al. (1992) recorded values of the order of 5.5-6 m/s depending on spillway slope.
Once V. is reached, flow velocity drops slightly. In addition to a loss of h m
potential energy per step, the flow also dissipates some of its kinetic energy.

It must be noted that cavitation damage may occur on stepped spillways, but the risk
of cavitation damage is reduced by the flow aeration phenomenon. Peterka (1953) and
Russell and Sheehan (1974) showed that 5-8% of air concentration next to the spillway
bottom may prevent cavitation damage on concrete surfaces. Further, the high rate of
energy dissipation along stepped spillways reduces the flow momentum. Essery and
Homer (1978) performed a physical model study of the complex flow behaviour down
stepped spillways. To the author's knowledge their report is the only available
guideline for design of stepped spillways. Unfortunately the results obtained from this
study apply only to a restricted range of designs.

Young (1982) studied the feasibility of a stepped spillway for the Upper Stillwater
Dam, Utah. He estimated a 75 percent reduction of energy through the use of a
stepped spillway. He noted that "the stepped spillway can be used with dams w here
the unit discharge is low and stilling basin construction is to be limited". He found
that at small discharges (0.25 < q < 0.75 m?s), the flow strikes each step and loses
nearly all of its velocity before accelerating to the next step. The results of his study
confirmed an enormous saving in concrete and excavation along with reducing the area

over which uplift pressures can develop.

Sorenson (1985) performed a physical model investigation of stepped spillways. He
found that the best way to eliminate the deflecting jet of water was to add a few steps
further up the face of the spillway. For a model spillway, the scaled steps form the
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dominant surface roughness. He stated that "the model surface roughness and resulting
turbulent boundary layer grow th and air entrainment w ere not sufficient to adequately
simulate the prototypical conditions". So, if the Reynolds numbers are in the order of
10°, the scale effects will be minimal and predicted prototypical toe velocities should
be closer to true prototypical values.

The spillway sections adopted for De Mist Krall weir on the Little Fish river, and
Zaaihoek dam on the Slang river, both in South Africa, are shown in Fig.3.4 and
Fig.3.5 respectively (Hollingworth and Druyts, 1986). Choosing stepped spillways for
these dams was for two purposes:

1. to help to dissipate the energy; and

2. to facilitate the placing of rollcrete and facing concrete.

The upstream faces of these two structures are vertical and their downstream faces are
stepped. The De Mist Kraal spillway was hydraulically tested on a small-scale model
(1:75). A step size 1 m high by 0.6 m wide was found to be optimum, for the
required discharge range. The same general configuration was adopted for the
Zaaihoek dam.

Houston (1987) studied the hydraulic model performance of the Upper Stillwater
stepped spillway. She stated that "the crest section must be appropriately designed 10
produce the desired flow conditions down the reminder of the stepped face." In her
studies, she found a reduction of 85 percent for the required stilling basin length. She
emphasized the needs for further research, regarding the design data that relates the
flow depths to energy dissipation on stepped spillways.

Rajaratnam (1990), in his work on stepped spillway flow, defined a coefficient of
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fluid friction, G, as:

3 .
c, - 2y, gsind (3.2)
q>
where
y. = normal depth ,and
sing = —= (3.3)

s

In his experiments C, was found to vary between 0.11 < C,<0.2, with an average of
0.18 and for small flow rates the range was found to be 0.25 < C, =028

Stephenson (1991) found that the energy loss over stepped spillways is proportional
to the length of the face once uniform depth is reached. It means the incremental
energy loss equals the incremental height of the dam. Therefore, the energy loss ratio
increases with dam height and is not only a function of step configuration. He also
noted that "... a recessed top step kept the jet against the dam face, giving a more
uniform loss gradient down the dam face." His results show that energy dissipation
increases up to a certain limit as the step sizes are increased, beyond which there is

limited advantage in increasing the step height.

Diez-Cascon, et al. (1991) studied the hydraulic behaviour of a prototype stepped
spillway, based on tests on a scale model. The 1/10 scale model represented a stepped
spillway containing steps of 30 cm length and 60 cm height. They observed that the
stepped spillway behaved in the same way as a smooth one, with some unknown

roughness, and they identified the trapped vortices in the steps as the main reason for
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energy loss. They presented a theoretical-experimental approach to the hydraulic
behaviour of skimming flow on the maximum air entrainment and swelling of flow.
They also observed a 91% reduction in upstream fluid energy as a result of using a

stepped spillway.

Hensen and Reinhardt's (1991) results are reproduced in Fig.3.6. It shows that with
increase in discharge the rate of energy dissipation decreases. At Monksville dam,
New Jersey, no terminal energy dissipator structure was required because of the dense
foundation rock at the end of the spillway. A 0.61 m high step appears to produce a
good combination of hydraulic efficiency and simple constructibility. Also, for
Monksville Dam the designers determined that the training wall height should be twice
that required by model similitude at maximum discharge to account for freeboard,
accommodate bulking of the flow, and reduce spray. For Upper Stillwater Dam,
laboratory studies indicated that, for the design discharge condition, the stepped
spillway produced a 70 % energy reduction over a conventional smooth spillway.
This, in turn, led to an 85 percent reduction in the necessary length of stilling basin.

Frizell (1992) mentioned that many embankment dams have been identified as unable
to pass their design flow without failure due to overtopping. She discussed the use of
stepped spillways, for providing erosion protection as well as dissipating energy.
Energy dissipation characteristics of several site-specific model tests are shown in
Fig.3.7. These data are plotted in prototype values and show the ratio of the kinetic
energy at the dam toe to the total available head versus the unit discharge. The kinetic
energy was calculated using measured velocities on the steps near the dam toe. The
ratio reduces to the average stepped spillway velocity over the theoretical maximum
velocity for a given dam height. Most of the information is for dams with 0.6 cm step
height.
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Peyras, et al. (1992) studied the hydraulics of gabion stepped spillways, based on 1:5
scale model tests. They examined gabion deformations and factors affecting resistance
to floods. The tests revealed some deformation of gabions, due to movement of the
stone filling. They recommended, for expected floods exceeding q = 1.5 m?%/s, that
wire mesh and lacing must be strengthened. It was also advised to stiffen the
zinc-coated box with a third row of extra binding wire and increase the number of
diaphragms in the gabions. In general, from an economic point of view, they found
a saving of 5-10% on project cost, using stepped spillways.

Chanson (1993) stated that up to 99% of the total head developed at a dam site can
be dissipated by using a stepped spillway. In his study he considered the effects of
air entrainment in stepped spillways. He noticed better efficiency for a stepped
spillway with slopes steeper than 30°.

Christodoulou (1993) found that energy loss due to the steps depend primarily on the
ratio of y./h, where y, = critical depth, as well as on the number of steps N,. He found
that for higher values of y/h, the effect of N, becomes appreciable at a certain y_h,
and that the relative energy loss increases with N,. In his experiments 10 and 13 step
models were used and discharges ranged between 10 and 45 I/s. He indicated that the
most important parameters governing energy dissipation are y_h, and the number of
steps N,. Using Sorensen's (1985) data, he developed a graph to find the amount of
energy dissipated (see Fig.3.8). It has been established that energy dissipation

decreases with an increase in y/N,h .

Bindo, et al.'s (1993) tests for the case of the M'Bali dam showed that:
L the discharge coefficient was not affected by the presence of steps;
2. the step heights progressively increase toward the toe of the spillway, so that
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the flow would not jump for low discharges;

3. the energy dissipation along the chute varied from 90 % (for low discharges)
to 50 % (design discharge);

4. the hydraulic jump was located within the basin; and,

downstream scouring was limited.

They also recommended that "the height of the steps be chosen in such away that, for
the maximum flow, air enters the flow some 5 to 10 m higher than the elevation of the

stilling basin." They developed Fig.3.9 for determining the flow velocity.

Chanson (1994) indicated that energy dissipation in a stepped spillway increases with
dam height. Also, for a given dam height and using a stepped spillway, the rate of
energy dissipation decreases when the discharge increases. Chamani and Rajaramam
(1994) presented a method to estimate the energy loss on a stepped spillway with
nappe flow. By analyzing the data of Homer (1969), and Moore (1943), they found
that the relative energy loss could be up to 97% for y/h < 0.8, which is a very low
discharge.

Rice and Kadavy (1996) studied the physical models for the Saldo Creek Site 10, San
Antonio, Texas. It is a RCC stepped spillway with slope 2.5(H) : 1 (V). This study
was limited to only three discharges. They found the energy dissipation for stepped
models was 71 %, whereas for a smooth model it was 25 %. Figs. 3.10.a and 3.10.b
present typical velocity distributions for stepped and smooth models respectively.
From these figures it can be concluded that with the use of steps the momentum
transfer caused by the roughness of steps penetrates vertically into the flow and results

in lower velocities compared to the smooth model.
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Rietspruit outfall, 2t0 4 3 successive stepped

South Africa weirs
San Paolo weirs, 63 1 9,11 and | Solid transport and
Brazil 1986 8 flood flow controls.

3 successive weirs
— "

Table 3.1. Examples of gabion stepped spillways
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Type of

Steps Steps
(m) h (m) Ns
Clywedog dam, 60 72 28 0.76 Precast
UK, 1968 concrete
De Mist Kraal 59 30 29 1 19 Horizontal
weir,
South Africa
1986
Zaaihoek dam, 58.2 45 15.6 1 40 Horizontal
South Africa
1986
Monksville, USA 52 36.6 9.3 0.61 Horzontal
1987
Olivettes dam, 53.1 36 6.6 0.6 47 Horizontal
France 1987
Upper Stillwater, | 72 & 61 11.6 0.61 Horizontal
USA 1987 59
MBali dam, 513 245 16 0.8 36 Horizontal
CAR 1990
New Victonia & 52 54 0.6 85 Horizontal
dam, Australia 513
1993
Petit-Saut dam 51.3 37 4 0.6 Horizontal

Table 3.2. RCC dams containing stepped spillways
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Type of Steps

dam, Russia, 1986

Brushes Clough 18.43 26 3.66 Wedge concrete
dam, UK, 1859/ blocks inclined
1991 downward 6=-5.6
Dneiper hydro plant, 8.75 60 Concrete block
Ukraine, 1976 system. Horizontal
steps
Sonsnovski dam, 11 33 Stepped block system
Russia, 1978
Lukhovitsky dams, 11, 115, | 3, 3.3, 29 | Stepped block system
Russia 1978, 1980, 7.5
and 1981
Transbaikal region 14 94 20 Stepped block system

Table 3.3 Embankment dams with stepped spillway protection in the UK, and Russia;
(Baker, 1989)



Dam and location

Unit Dis.

Downstream

m%/s lic (m) ream concrete facing

height Slope and Placement

(m) HV) technique
Lahontan, NV 6.32 33.53 1.83 2:1 Conventional
formed
H Brownwood Country 229 5.79 1.68 2:1 RCC unformed
Club, TX
Kerrville, TX 31.12 6.40 732 0.8:1 RCC unformed
McClure, NM 9.04 36.27 3.13 2.18:1 RCC unformed
Spring Creek, CO 2.62 15.24 1.36 23:1 RCC unformed
Goose Lake, CO 085 10.67 0.73 1:1 RCC unformed
Upper Las Vegas 21.37 11.28 5.49 2.5:1 RCC
WASH

Ringtown No. §, PA 4.46 18.29 1.83 2.75:1 RCC unformed

e T —————

Table 3.4. Stepped spillways for protection of the downstream slope of embankment

dams in the USA (Frizell, 1992)
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C d -

Fig.3.1. Examples of stepped spillway structures: (a) Almansa dam (Spain,
1576), (b) Tibi-Alicante dam (Spain, 1594), (c) Pabellon dam (Mexico, 1730)
(d) Gabion stepped spillway profile
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Chapter 4

Experimental Studies

4.1. Introduction

Physical models of hydraulic structures are probably the most common type of
hydraulic model to be studied. They are cheap, generally easy to operate, and easy to
interpret. Physical model studies are used to investigate the anticipated performance
of hydraulic structures. The model is usually a reduced-size representation of the
proposed hydraulic structure and is designed to investigate specific areas of concem
related to the hydrodynamic performance of the waterways. Modelling laws based to
the theoretical analysis and laboratory experience have been developed which permit
correct simulation of the particular hydrodynamic phenomena under investigation.
Once the model laws are understood and proper consideration is given to their limiting
range of application, successful laboratory investigations can be completed which will
in fact simulate the performance of the full scale structure.

The hydraulic model plays a key role in the development of final design concepts for
hydraulic structures. Although its most important role is to verify the adequacy of the
design concept, it is also used to fine tune details such as length of a stilling basin, or



the height of a spillway's training walls, etc., which normally produce construction
cost saving that more than offset the cost of the hydraulic model investigation.

The principal goal of this study was to experimentally investigate the emergy
dissipation and the location of the free surface water on ogee stepped spillway
models installed in a rectangular channel. This chapter provides details on the
experimental setup and apparatus used as well as the procedures followed during the
course of the laboratory investigations.

4.2. Experimental Setup and Measurements

The experimental programme was performed in the large adjustable-slope flume
located in the Hydraulics Laboratory of the Department of Civil Engineering,
University of Ottawa. The glass-wall flume is 12 m long and has a cross section
0.387 m wide x 0.61 m deep. A head tank with a sluice gate control section is located
at the upstream end of the flume. Water supply to the tank is via a 203 mm diameter
pipe with a perforated-T end section that ensure as even flow distribution to the tank.
Screens are installed in the tank to eliminate any residual large-scale turbulence in the
flows exiting the tank. Discharge to the flume is adjusted by a butterfly control valve
in the 203 mm diameter supply line. A variable-height weir is located at the flume's
downstream end and flows exiting the flume discharge to a collection tank situated
directly under the flume's outlet. Various types of sharp-crested weirs can be installed

in the collection tank to measure flow rates in the flume.

The flume is supported on two (wide flange) steel beams, which are pivoted close to
the upstream end of the flume and supported on two manually-driven screw-type jacks
close to the downstream end of the flume. Longitudinal slope adjustment of the flume

53



is achieved through vertical movement of the jacks. A drawing of the general

arrangement of the flume is shown in Fig4.1.
Water surface profiles within the test section of the flume were recorded as follows:

(i) a series of piezometer tapping points, located at intervals along the centreline of
the flume floor and connected to 2 manometer board by polyethylene tubing, provided
depth readings upstream and downstream of the various model spillways tested.

(1) a vernier point-gauge, having on accuracy of + 0.1 mm, were used to record water
surface profiles along the downstream faces of the model spillways. [Note : due to the
inherently unstable water surface associated with a model spillway flow, the actual
measurement accuracy when recording our model spillway flow profiles was closer to

+ 2-3 mm).

4.3. Spillway Models

Flow over hydraulic structures involves significant vertical velocity components and
it is therefore necessary to construct the model to a natural (i.e. undistorted) scale.
Any exaggeration of the vertical scale would cause an unacceptable exaggeration of

vertical flow components and for this reason must be avoided .

Because the flow is dominated by gravitational effects, models of free surface flow
around hydraulic structures must be scaled according to the Froudian criterion. To
ensure freedom from scale according to the fairly large and scales ranging from about
1:15 to 1:60 are common (Sharp, 1981). U.S. Bureau of Reclamation (1980) spillway
models for large dams have typically been constructed to scale ratios between 1:30 and

1:100. The Bureau recommends that medium-size spillway models not be smaller than
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a 1:60 scale.

The scale chosen will generally depend on the facilities available. Facilities like flume
sizes, discharge and so on. The model scale must satisfy two requirements:

(i) it must allow the whole model to be incorporated in the channel available, and

(ii) it must be such that the model discharge is within the capability of the existing

pump.

Because of cavitation considerations in spillway design, stepped spillways are practical
only for small- to moderate- height dams. Accordingly, based on the dimensions of
the University of Ottawa tilting flume and also on the capacity of the laboratory pump,
a hypothetical spillway (height H,, = 19.0 m and design head, H, = 2.5 m) was
selected as the prototype for this model study. The model to prototype scale ratio
adopted for the study was 1:50 which, given the dimension of the flume, meant that
the model spillways were 38.0 cm high and the design head was S cm. The model
spillways, which were constructed from plexiglass blocks, included (i) smooth ogee-
profile spillway models, and (i) various combinations of stepped ogee-profile

spillway models.

4.3.1. Smooth Ogee Spillway Models

All ogee-profile spillways investigated in this study had vertical upstream faces. The
spillway crest geometry used was that proposed by the Waterways Experiment Station
(WES) (1977). It includes the three-arc curve upstream from the crest section.
Downstream from the crest the following power function applies (see sec. 2.3.1 for
more detail):
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This shape continues down to the point where the slope of the curve meets the
terminal spillway slope. In this study 3 different terminal slopes were investigated,
namely: 45°, 50°, 60°.

Based on Creager, et al's recommendation (1964) a 14 cm radius of curvature was
chosen for the spillway toe transition curve for all models. This ensured a smooth
transition of the flow from the spillway to the downstream channel. In this study the
profile of these models were produced using the computer program GEMLSPS.
Figs.4.2 shows the smooth 45°, 50°, 60° models. The experimental outputs were
plotted in Figs. 4.3, 44, and 4.5.

4.3.2. Stepped Ogee-Profile Spillway Models

In this study the effectiveness of different ogee-profile stepped spillway configurations
were examined by considering : (i) different downstream slopes; (ii) different step

sizes; and (i) different arrangement of the steps.

For each spillway slope considered, the various stepped spillway profiles were arranged
so that the tips of the steps conformed to the corresponding smooth profile. The steps
themselves were introduced to the profile just below the crest section. Each of the 3
(base) stepped models constructed in two parts: (i) the crest part, which was 1/3 of the
total spillway height (H,,), and (7i) the bottom part, which had a height = 2/3 H,,..
While each parts of the models had a uniform step size throughout its profile, the step

sizes of the base models were different from each other.
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Based on the literature review (Sorensen, 1985, Christodoulou, 1993, Bindo, 1993,
Rice and Kadavy, 1996) two different step sizes were chosen:

1. 1/20 Hy,,, which considered as /arge-step sizes;

2. 1/40 H,,, which considered as small-step sizes.

Since the crest and bottom parts of the different base models could be interchanged,

this permitted testing a wide variety of step arrangements, as follows:

Model 45-CL-BL

This model has a (1H: 1V) downstream slope. The crest part has 10 large-size steps
and the bottom part has 16 large-size steps. Except for a few steps on the upper
portion of the crest section the height of steps are identical. The few steps on the
upper portion of the crest have a smaller height to provide the jet (Sorensen, 1985).
Among all 45° stepped models this model has the largest step size and the least
number of steps. Plate 4.1 shows this model. The water surface profiles are plotted
in Fig. 46.a.

Model 45-CS-BL

This model has a (1H : 1V) downstream slope. The crest part has 20 small-size steps
and the bottom part has 16 large-size steps. Therefore, this model provides smoother
face on the upper part of the model. Plate 4.2 shows this model. The water surface
profiles are plotted in Fig. 4.6.b.
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Model 45-CL-BS

This model has a (1H: 1V) downstream slope. The crest part has 10 large-size steps
and the bottom part has 32 small-size steps. In this model the upper part is rougher
than the base part. Thus more energy should dissipate on the crest part and there will
be a smooth transition to the stilling basin at the toe of spillway. The water surface
profiles are plotted in Fig. 4.7.a.

Model 45-CS-BS

This model has a (1H: 1V) downstream slope. The crest part has 20 small-size steps,
and the bottom part has 32 small-size steps. This model has the highest number of
steps, and also the smallest step size. The water surface profiles are plotted in
Fig. 47b.

Model 50-CL-BL

This model has a (1H: 1.192V) downstream slope. On the crest part this model has
7 large-size steps, and on the bottom part it has 12 large-size steps. Except the few
steps on the upper part of the crest the height of steps are identical. Those few steps

on the upper part of the crest have smaller height to provide the jet. Plate 4.3 shows
this model. The water surface profiles are plotted in Fig. 4.8.a.

Model 50-CS-BL

This model has a (1H: 1.192V) downstream slope. On the crest part this model has
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12 small-size steps, and on the bottom part it has 12 large-size steps. The smaller
steps on the upper part provides a smooth transient to the base part. Plate 4.4 shows
this model. The water surface profile are plotted in Fig. 4.8.b.

Model S0-CL-BS

This model has a (1H: 1.192V) downstream slope. On the crest part this model has
7 large-size steps, and on the bottom part it has 24 small-size steps. In this model the
crest part is rougher than the base part. Thus more energy should dissipate on the crest
part and there will be a relative smooth transition to the stilling basin at the toe of
spillway. The water surface profiles are plotted in Fig. 4.9.a.

Model 50-CS-BS

This model has a (1:H 1.192V) downstream slope. On the crest part, this model has
12 small-size steps, and on the bottom part it has 24 small-size steps. Among all the
50° models, this model has the largest number of steps, and the smallest step size.

The water surface profiles are plotted in Fig. 4.9.b.

Model 60-CL-BL

This model has a (1H: 1.732V) downstream slope. On the crest part this model has
7 large-size steps, and on the bottom part it has 12 large-size steps. Except the few
steps on the upper part of spillway the height of steps are identical. This model has
the largest step size and the least amount of step among all 60° models. Plate 4.5
shows this model. The water surface profiles are plotted in Fig. 4.10.a.
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Model 60-CS-BL

This model has a (1H: 1.732V) downstream slope. On the crest part it has 12 small-
size steps and on the bottom part it has also 12 large-size steps. The steps on the crest
part have lower height than the bottom part. It provides a smoother transition to the
rough surface at the downstream. The water surface profiles are plotted in
Fig. 4.10.b.

Model 60-CL-BS

This model has a (1H: 1.732V) downstream slope. On the crest part it has 7 large-size
steps, and on the bottom part it has 24 small-size steps. In this model the crest part
is rougher than the bottom part. Thus more energy should dissipate on the crest part
and there will be a relative smooth transition to the stilling basin at the toe of spillway.
The water surface profiles are plotted in Fig. 4.11.a.

Model 60-CS-BS

This model has a (1H: 1.732V) downstream slope. This model has 12 small-size steps
on the crest part, and 24 small-size steps on the bottom part. The steps are identical.
This model provides smoother model than the rest of 60° models. The water surface
profiles are plotted in Fig. 4.11.b.
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Model 45-CL-BL

1

Plate 4
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Plate 4.2. Model 45-CS-BL
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Plate 4.3. Model 50-CL-BL

2



Plate 4.4. Model 50-CS-BL
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Plate 4.5. Model 60-CL-BL
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Chapter 5

Hydraulics of Stepped Spillway

5.1. Drop Structure

Drop structures or free overfalls are usually used in irrigation canal systems, flood
conveyance channels, and degrading streams. These structures in the bed level are
provided at suitable places to economize the cost of the earthfill. They may be
vertical, or inclined, Fig.5.1. Rectangular vertical drop structures are probably as
frequently constructed in practice as the inclined ones.

Moore (1943) studied two physical models of drop structures having 0.15 m, and
0.45 m height. His study is very useful from a practical viewpoint. He found that
the energy loss at the base of the fall is a function of the relative fall (h/y). He
also noted that the depth of water standing behind the fall is greater than the depth
of water shooting from the base of the fall. Using the momentum equation he
found that the pool depth, ¥,» can be predicted by :

2 2
Yol | N] +gf2e)-3 (5.1)
y c yc y 1
White (1943), in the discussion of Moore's paper, developed a method to predict
the energy loss at the base of the drop. He used the following assumptions:



1. the recirculating flow in the pool at the bottom of the drop was the same
as the backwater flow;

2. the velocity of the supercritical stream immediately downstream of the drop
was the same as the uniform velocity in a thicker stream at the side of the
pool;

3. the angle of the falling jet was not affected by the presence of the pool;

4. the energy loss at the drop was due to the mixing with the pool; and

5. the effect of pool in the calculating the velocity of jet, V, was neglected.

These assumptions were questioned by many researchers, including Moore, in
particular the velocity is not uniform in the thicker stream (2 assumption), and the
pool would effect the flow. White (1943) found

2
(1.06+ i+15]
E _ 2, N (5.2)
4
Yo 106+ |Beis
Ye

Rand (1955) used his own sets of experimental data and Moore's data to develop

the following correlations:

y 5, )2
1 _ 3 (5.3)

L -054]|2¢

k (h]

y 5. 0o

2. 1,55(_"] (54)
h h
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0.66
% (L] (5.5)

0.81
L =4.3o(&] (5.6)

where
L, = distance from the wall to the position y, .

Gill (1979) modified White (1943) assumptions. He assumed that-
1. the uniform velocity occurs in the thinner layer below the pool;

2. the velocity is not constant in the mixing zone;
3. the effect of the pool in the calculation of velocity is considered as
V =\28(h+15y,-y,) (5.7)

4. the effect of the pool in regards to energy loss is neglected.
Gill's assumptions modified some of the weakness of White's assumption. But
assuming the pool would not effect the energy loss was incorrect. Gill's

relationships are:

y v.(>, e
| - c| 7¢ 5.8)
! -0.5242¢| 2= —0.0053 (
* <0 h( < -0.005 ]
0.697
R/ =1.os7(& —0.0016) (5.9)
h A
0.305
cosp =o.968(% —aooss] (5.10)

where
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B = the angle of the jet where it hits the bed.

El-Khashab, et al. (1987) developed theoretical model for a trapezoidal weir drop
structure, which was operating in a trapezoidal channel. A good agreement was
reported between the theoretical and observed data.

Chanson (1994), using the trajectory equations of the nappe centreline, developed

the following expressions:

Yy - (5.11)
N _o.e2sl 2 1
s el
y y 0.675 (5
Y _ Ye 12)
: 0.998( :.]
0.925
L, =2.171(§] (5.13)
A
-0.582
tanp =o.sss(3'h£] (5.14)

Rajaratnam and Chamani (1995) examined experimentally the energy loss at the
base of a drop structure. They developed the following relationships:

-0.766
AE =o.896(3'£] (5.15)
E, B
0.719
&/ =1.1o7(&] (5.16)
h B
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where

AE =E,-E, (5.17)

The energy upstream of the drop E, can be written as:

E, =h+1.5yc (5.18)
and
i
El =yl +5 (5-19)

Fig.5.1.a shows a vertical rectangular drop structure. The following assumptions

apply to Fig.5.1.a and the analysis performed in the present study:

L the shear force at the bed is negligible; and

2. the angle of the jet where it impacts the pool is the same when it impacts
the bed.

Applying the momentum principle to sections 1-1 and a-a , gives:

F,-F, =M,- M, (5.20)
where
1 1
Fo=3w® 5 Fo=3Yy% M, =pqV, ; M, =pqVcosp
where

Y = specific weight of the fluid, and
p = mass density of the water.

Therefore the eq.(5.20) can be written as:
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1 1
pqVeosp +5U3 =pq¥, 77)&2 (5:21)

The critical depth, y. , occurs some distance upstream of the brink. Applying the

momentum equation for sections c-c and a-a gives:

1
57y3=qucOSB-qu,, (522)

Assuming no energy loss between sections c-c and a-a, then

pele, 1 (5.23)
28 7 2g
Also
v, =/87. (5.24)
where

V.= critical velocity.
Therefore eq. (5.23) can be written as:

I
h+1.5y, =Y, +EE (5.25)

Based on the data obtained by Moore (1943), Rand (1955), and Rajaratnam and

Chamani (1995), one can write:

y y 1222
%t _q.s0] % (5.26)
" -0s0s(%

Therefore, solving egs. (5.21), (5.22), (5.25), and (5.26) gives:
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0.598
/38 1.025(& -0.03] (5.27)

A A
0.466
cosp =0 ’_] (5.28)
k
and
AE y -0813
22 0071 (5.29)
8E _oam(X]

Figs5.2,5.3, 5.4, and 5.5 compare the above equations with the experimental data
obtained in this study. Fig.5.3 shows that with increasing discharge the depth of
pool formed on the drop structure would increase. When y_= h, the depth of pool
would be y, = h, which means the whole space is filled.

The coefficient of detrmination (r?), the statistical F-Observed for eqgs. (5.26),
(5.27), (5.28), and (5.29), and F-Critical considering a 1 % level of significance and
the corresponding degrees of freedom have are presented in Table 5.1. Since for
the above equations F-Observed >> F-Critical, it can be concluded that good
agreement was achieved between the semi-empirical proposed equation and Moore's
(1943), Rand's (1955), and Rajaramam and Chamani's (1995) data. Figs. 5.6, 5.7,

5.8, and 5.9 show the observed parameters versus the predicted parameters.

Fig.5.4 presents the y/h vs cos B. It can be concluded that the angle of the jet
where it hits the bed is decreased when the discharge is increased. The value
predicted by eq.(5.28) is fairly close to the experimental data observed. Fig.5.5
presents the energy loss at the base of a drop structure. It can be seen with
increasing discharge the energy loss will decrease. When y_= h, the energy loss
rate would be the minimum (0.1). Applying eq. (5.29) shows a reliable agreement
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with the available experimental data.

In general, in this research some of the weakest assumptions for the theory of
hydraulics of rectangular vertical drop structures are replaced with better
assumptions. The resulting semi-empirical equations found show very reliable

agreement with the available experimental data.

S.2. Flow over a Stepped Spillway

The flow over a stepped spillway can be divided into nappe flow and skimming

flow regimes (Fig.5.10). Peyras, et al. (1992) described two types of nappe flow:

@ nappe flow with a fully-developed hydraulic jump for low discharge and
small flow depth, and

(&)  nappe flow with partially-developed hydraulic jump.

In the nappe flow regime, the flow from each step hits the step below as a falling
jet, with the energy dissipation occurring by jet break-up in the air, and Jjet mixing
on the step, with or without the formation of a partial hydraulic jump on the step.
In the skimming flow regime, the water flows down the stepped face as a coherent
stream, skimming over the steps and is cushioned by the recirculating fluid trapped
between them.

5.2.1. Nappe Flow

Consider a nappe flow with the unit discharge q, Fig.5.11. When the flow hits the
step below, part of the flow is directed upstream (against the flow direction) and
part of the flow continues downstream. When the upstream-directed flow meets the
vertical step wall, it is forced to reverse direction and a pool is formed. This flow

is recirculated in the pool and joins the downstream-directed flow with a lesser
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velocity.

Based on the experimental data of Essery and Horner (1978) and Peyras et al.
(1991) for gabion stepped spillways, the onset flow condition for chute stepped
spillways may be estimated as:

y h
=<l =1.01-0372 (5.30)
(h],.,, l

Skimming flow will occur when y/h > (y/h)_...

Rajaratnam (1990) suggested that nappe flow occurs when y/h < 0.8. Based on
his experiences with South African dams, Stephenson (1991) suggested the

following conditions for nappe flow:

tan® =% < 02 (5.31)
and
Y o 1 (5.32)
h 3

A recent re-analysis (Chanson, 1994) showed that skimming flow regime on a chute
spillway occurs for discharges larger than a critical value defined as:
Ve h

Yol . 1057-04652 (5.33)
(h]m 1.057 04651

This relation was obtained using a linear regression of the data of Essery and
Horner (1978), Peyras, et al. (1991), and Beitz and Lawless (1992) with a
regression coefficient of 0.79, which indicated a relatively poor correlation. This
was mostly due to infiltration through the gabion material of Peyras, et al. ( 1991).
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Theoretically, to have a fully nappe flow, the length of steps should be larger than
the length of a fully-developed hydraulic jump, L;, plus the length of drop (L,), or

I > Ld + Lj (5.39)

For the value of L, in eq.(5.34) , eq.(5.13) which was developed by Chanson(1994)
can be used. Chaudhry (1993) suggested:

L =6y, (5.35)

One can find y, from the classical hydraulic jump relationship:

% -o5(/i+8Fr2-1) (5.36)

N
where F,, =Froude No. | =—9_
;/gyls

From eqs.(5.26) and (5.36) we can write:

Y Y, o )
22 -0s548|2< (5.37
 —osu(%]

By applying eq.(5.13) and eq.(5.37) in eq.(5.34) the following criteria for the nappe

flow can be developed:

Lo s &]w 639
h ]

Fig.5.12 presents eq.(5.38) and the criteria developed for the data of Essery and
Horner (1978) and Peyras et al. (1991), Rajaratnam (1990), and Stephenson (1991).
It can be seen a nappe flow regime for higher discharges is possible, but this high
discharge needs very flat slope. Also for steeper slopes, it shows that the discharge
must be very low to have a nappe flow regime. Because of the implied large
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increase in concrete volume in the case of concrete gravity dam these conditions
make such a structure unattractive from an economic viewpoint. The step height
can also be a problem if the concrete thickness is limited. This is because the
forces caused by impinging water can crack the concrete and cause internal

stresses, which add to the rapid deterioration of the concrete.

Fig.5.13 verifies the eq.(5.38) with the experimental data found in this study. It
can be seen that these criteria are highly applicable to the results of measured
values. This figure indicates that a nappe flow is also possible for very high
downstream slopes, but it needs very low discharges. At these discharges most of
energy can be dissipated by using the stepped spillway.

5.2.2. Skimming Flow

Skimming flow occurs at moderate to high discharges. No nappe is visible and the
spillway is submerged beneath a strong, relatively smooth current. In the skimming
flow regime, the external edges of the steps form a pseudo-bottom over which the
flows pass. Beneath this, horizontal-axis vortices develop, filling the zone between
the main flow and the step. These recirculating vortices are maintained through the
transmission of shear stress from the fluid flowing past the edges of the steps.
Skimming flows are characterized by large friction losses and the air-entrainment

process.

Downstream of the point of inception, a layer containing a mixture of air and water
extends through the fluid. Far downstream, the flow will become uniform and for
a given discharge any measurement of flow depth, air concentration, and velocity
distribution will not vary along the spillway. Chanson (1994) states that, when the
skimming flow becomes fully-developed, a stepped spillway behaves in the same

way as an unstepped one.
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5.3 Boundary Layer Growth

From approximately the crest section of the spillway, a turbulent boundary layer
will develop on the concrete surface. A short distance downstream of the point of
inception of this boundary layer, where the boundary layer extends to the water
surface, the turbulence next to the free surface become large enough to initiate
natural free-surface aeration. On a smooth spillway, Keller and Rostagi (1977)
suggested that:

L .

;I: =-fl(F',me) (5'39)
and

X _f£(F,sinG - (5.40)

kl: 2( .3 ) ’
where

L; = the distance from the start of the growth of the boundary layer,

F, - 21 __ (5.41)

/zsn8 (k7)°

y; = the depth of flow at the inception point, and

k', = roughness of spillway surface
k', =h cosd (5.42)

For a smooth concrete spillway Cain and Wood (1981) found that:

L .
o = 136 @6y (1) (543)

86



yr _ 0223 (Fg.m) (5.44)

K, (sng%

k' <
Using the data of Bindo (1993), Frizell (1991.), Sorensen (1985), and Tozzi (1994),
Chanson (1994) found that, for a stepped spillway with a downstream slope 27°<
0 <53°:

k—,' = 9.719(sin@ A7 (F)75) (5.45)
s
and
Yr 0.4034 0.592
= 2= _(F] 5.46
K, (sine)“‘( ) (49

Eq.(5.45) and (5.46) are plotted in Figs.5.14 and 5.15. Applying eq.(5.43) for a
stepped spillway is inaccurate, as it overestimates the location of the inception
point. Eq. (5.45) implies that, with increasing discharge the point of inception

moves downstream.

5.4. Flow Aeration

Flow aeration on the spillway, also called self-aeration, was initially studied
because of the effects of entrained air on the thickness of the flow. Air
entrainment increases the bulk flow depth, and this is used as a design parameter
for the height of spillway sidewalls (Falvey, 1980). Also the presence of air within
the boundary layer reduces the shear stress between the flow layers and hence the
shear force. Further, the presence of air within high-velocity flows may prevent or
reduce the damage caused by cavitation (May, 1987). Although the flow conditions
between smooth and stepped spillways are different , it is assumed that the
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mechanisms of air entrainment are similar. Once the flow becomes fully-developed

then a stepped spillway can act as a smooth spillway with high roughness.

In nappe flows, air entrainment occurs near the impact point of the falling jet with
the horizontal step and the hydraulic jump. On the other hand large de-aeration
also occurs downstream of the falling jet and downstream of jump. Therefore, the
net aeration is small and it is believed that the effect of air entrainment on nappe

flows can be neglected.

In skimming flows, the air entrainment increases the flow depth after the point of
inception. When the flow becomes uniform the flow depth stays constant. It has
been observed that at low discharges the air entrainment is higher than high
discharges. In general to find the energy dissipation, if one applies the bulking
effect the result is highly overestimated. The local air concentration, C,, is defined

as the volume of air per unit volume, which can be expressed as:

C - Air Volume (5.47)
¢ Air Volume + Water Volume

It is generally accepted that air concentration in the flow on a wide chute (width-
depth ratio greater than 5) spillway can be estimated by U.S. Army Corps. of Engg.
formula (1977) in fps units as follows:

C, = 0701 hglo(ﬂ]«» 0971 (5.48)
qlls

The results of Knauss (1979) indicate a comparable rate of air entrainment for both
smooth and rough flows. His relationship takes the form:

C, = 1.44sin0 -0.08 (5.49)
Chanson (1993) states that the uniform air concentration on a stepped spillway can



be expected to be similar to that for a smooth spillway, where the air concentration
is a function of slope only. Senturk (1994) suggested the following empirical

equation for the air entrainment on an ogee-smooth spillway:

C,=10/F, -1 (5.50)

5.5. Flow Resistance

In any reai fluid flow, energy is continuously being dissipated. This occurs because
the fluid has to do work against resistance originating in the fluid's viscosity.
Whether the flow is laminar or turbulent the basic resistance mechanism is the
shear stress by which a slow-moving layer of fluid exerts a retarding force on an
adjacent layer of faster moving fluid. Between the adjacent layers moving with
different velocity there will be a retarding force exerted on the faster-moving layer,
because it is continuously receiving low-velocity fluid and losing high-velocity
fluid. This retardation will be in the form of a shear force, since it acts parallel to
the interface between the two layers. It is well established by observation that fluid
actually in contact with a solid surface has no motion along the surface. The
created transverse velocity gradient enables the solid surface to exert on the moving
fluid a drag force, which is transmitted outwards through successive faster-moving
fluid layers. Flow resistance therefore depends on: (i) the presence of solid
surfaces; and (i) the strength of the viscosity or turbulence.

Studies of skimming flow over large elements in open channels and pipes indicate
that the classical flow resistance must be modified to take into account the shape
of the roughness elements. Indeed, the flow resistance is the sum of the skin
resistance and the form resistance of the steps. Neglecting the effect of the flow
aeration, Chanson (1994) showed that the friction factor was a function of the step
roughness height and channel slope.
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f=f [i;eJ (5.51)

where
S = Darcy-Weisbach friction factor: and

A
Dy = hydraulic depth, ( =4F ] ; where P = wetted perimeter.

Noori (1984) experimentally studied the form drag resistance of two-dimensional
flat-stepped channels. He expressed the drag coefficient as:

2.02

Co = —mw
(y ] (5.52)
78 Frl.%

h

Based on Grinchuk et al.'s (1977) data and Noori's (1984) data for the flat slope (
6 <12 °)and 002 <k'/Dy < 0.3 the following equation is obtained:

i=1.421,{ﬁ]-125 (5.53)
I k',

Fig.5.16 shows good agreement between eq.(5.53) and the data obtained by
Grinchuk et al. (1977) and Noori (1984).

Fig.5.17 shows the results obtained from several authors for steep slopes (0>
27°). A comparison between Figs.5.16 and 5.17 shows substantial increase of the
friction factor. For flat channels and 0.02 < k'/Dy < 0.3 the space of recirculating
fluid beneath the pseudo-bottom formed by the szep edges is relatively thin. The
recirculating vortices do not fill the entire cavity between the edges of adjacent
steps. Therefore stable recirculating eddies cannot develop. For steep slopes, the
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space between the edges of the steps was filled completely by the recirculating
vortices. The energy dissipation and the flow resistance are functions of the energy
required to maintain the circulation of vortices. Chanson (1994) indicated that the

stable recirculation occurs for slopes larger than 27° on a stepped chute.

Vittal et al. (1977) performed experiments in open channel with two dimensional
triangular roughness elements. For a roughness height to length ratio of 1/5, their
results satisfy:

kl

s s

/ -8
f =144 -’;‘-‘(ﬁ'— +0.5] (3-54)

where
L, = the roughness spacing.

Rajaratnam and Katopodis (1991) studied the hydraulics of steeppass fishways.
Using theoretical considerations and experimental observations, they developed an
expression that relates the flow rate, the slope of the fishways, and the depth of
flow. They also obtained friction factors for steeppass fishways in the range of 0.4
to 4.

Stephenson (1991) by assuming the skimming flow reaches uniform depth found:

f- 1

y. P (5.55)
(1.144»210310 7"]

This equation has a singularity point when y/h = 0.067. This equation was
recommended for y,/h >0.2.

Gevorkyan and Kalantarova (1992) studied the flow past stepped teeth opposed to
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the flow with a roughness height to length ratio of 1/4. They reported the
following equation:

1000 \?
52-5122
kl

4

f=8g (5.56)

Chanson (1994) for the experiments of Hartung and Scheuerlein (1970) and
Scheuerlein (1973) developed the following empirical equation:

1 o K 5.5
— =-32log,;| (1.7 +8.1sin6) —= (57

F D,

These data were obtained for mountain rivers and rockfill channels. This equation
is a very rough estimation of the friction factor. The results obtained shows very
high friction factor. Therefore applying this equation estimates very high friction
factor.

Tozzi (1994) developed the following expressions:
@) for 6.69 (H) : 1 (V)

1 In
— ~3.68+028log,; > (5:58)

@ for2H):1()

1 Ya
5 =325+0.39log,> (5.59)

s

(@i) for 0.75 (H) : 1 (V), when y /k', >1.80
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1 3y
— =216 +124l0g ,— (5.60)
7 log,g 7

otherwise f = 0.163.

Fig.5.18 presents these equations. It can be seen that the y /k', decreases, the
friction factor increases. Applying eqs.(5.58),(5.59), and (5.60) obtained by Tozzi
(1994) gives very low friction factor.

Qibei and Baker (1995) studied the resistance forces on wedge-shaped blocks used
for spillway protection. They assumed that the flow passing over the steps is
similar to that passing through an abrupt enlargement. For a low-slope downstream
surface, they developed the following expression

-] 2 D)2 (561
< 2(:.)(:.]
where

C. = the Chezy coefficient.
In the next chapter the friction factor based on the experimental data of this
research will be presented.

S.6. Energy Dissipation

Although the mechanisms of energy loss are quite different between the nappe flow
and skimming flow regimes, but both flows can dissipate a major proportion of the
flow energy. A stepped spillway with nappe flow can be considered as a
succession of drop structures. The energy dissipation occurs by jet breakup in the
air, jet impact and jet mixing on the steps, with the formation of fully-developed
or partially-developed hydraulic jumps on the steps. In a skimming flow regime,
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the steps act as large roughness elements. Most of energy is dissipated to maintain
stable horizontal vortices beneath the pseudo-bottom formed by the external edges
of the steps. The vortices are maintained through the transmission of turbulent
shear stress between the skimming stream and the recirculating fluid underneath.

S.6.1. Energy Dissipation for Nappe Flow

Chanson (1993) assumed that the head loss at any intermediary step equals the szep
height. He expressed the total head loss for fully-developed hydraulic jump as:

y 0275 y -0.55
osf2 ]l
AE =1- h h (5.62)
Eo 15+ Hh
e

In this equation all assumptions of Rand (1955) were applied. Eq.(5.62) is in good
agreement with Moore's (1943) data, but when the number of steps increase it
varies significantly.

Chamani and Rajaratnam (1994) presented a method to estimate the energy loss on
a stepped spillway with nappe flow. Analyzing the data obtained by Horner
(1969), they introduced the concept of average relative energy loss per step. The
found the following equation:

N,-1
((1 -pl)N‘[ 1 +1.5(%]]+ Y -a -pl)‘J
i=1

AE

22 .1-

E, Y,
**"(7)

(5.63)

where

p, = the proportion of the energy loss per step;
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p, =a-b ’7] (5.64)

a, b = coefficients described by the following equations:

=030 —0.35(%) (5.65)

b =0.54 +027(%) (5.66)

All these equations are valid for y/h < 0.8. They found that the relative energy
loss could be up to 0.97. All these correlations were based on the Homer's (1969)
data.

The maximum energy can be stated as:

E, =H,_ +15y, (5.67)

Assuming the vertical distance between the crest and the first step as the height of

one step, then

H, =(N,+1)h (5.68)
Energy at the base of a spillway can be expressed as :

v’ (5.69)
Referring to eq.(5.26), eq.(5.69) can be expressed as:
! =o.5os(&)m(1 +3.ssz(&]m] (5.70)
h h h
Therefore the energy dissipation can be written as:
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y m:zz( y -o.aisJ
0.505{== 1+3.882] =
AE _,_ (h] (h) (5.71)

E,
Ng+1+1.5 %

Fig.5.19 the data obtained by Moore(1943) and Essery and Homer (1978)
superimposed on eq. (5.71). This equation does not have the limitations applied
to the Rand's (1955) equations which was used by Chanson (1993), or the
correlation of Horner(1969)'s data which was used by Chamani and Rajaratnam
(1994).

From their experimental data, Peyras et al. (1991) found that the rate of energy
dissipation of nappe flows, with partially-developed hydraulic jumps, was within
10% of the values obtained for nappe flows with fully-developed hydraulic jumps

for same flow conditions.
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F-Observed

" (5.26) 0.97 226.3 5.85
IL (5.27) 0.97 226.3 5.85
|| (5.28) 0.87 45 9.5

Table 5.1. Statistical parameters of the developed equations for a single vertical
drop
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Fig.5.1. Simple drop structures (a) vertical, (b) inclined
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Fig. 5.2 Comparison of eq. (5.26) with experimental data from various sources
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Fig. 5.3. Comparison of eq. (5.27) with experimental data from various sources

100



Cos B

0.70 —
— Eq(5.28)
O  Rsjantem & Chemmni's (1995) Data
0.60 —
0.50 —
040 —
T T T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50
yc/ h

Fig.5.4. Comparison of eq. (5.28) with Rajaratnam and Chamani's (1995) data
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Fig. 5.5. Comparison of eq. (5.29) with experimental data from various sources
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Fig. 5.6. Observed y,/h versus computed y/h
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Fig. 5.7. Observed Y,/ h versus computed y’/ h

104




Computed cosp

0.70 —

0.60 —

-
0.50 —
0.40 —

—/A / / A Rajerstoam & Chamani's Dats (1995)
030 € ~

7
0.20
T T T ]
0.30 0.40 0.50 0.60 0.70
Observed CosB

Fig. 5.8. Observed cosp versus computed cosg
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Fig. 5.9. Observed AE / E versus computed AE / E,
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(c)

Fig 5.10. Characteristic flows over a stepped spillway: (2) nappe flow with fully
developed hydraulic jump, (b) nappe flow with partially developed hydraulic
jump, (c) skimming flow
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Fig.5.11. Nappe flow profile with fully-developed hydraulic jump on a single step
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Fig. 5.12. Comparisan of eq. (5.38) with various criteria developed by others
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Fig. 5.13. Comparison of eq. (5.38) with experimental data
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from various sources
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Fig.5.16. Friction factor for stepped channels on flat slopes (8 < 12°)

(after Chansen, 1994)

10.00 1 —
1 o= o Ey.(523) !
B Sowwa(2dg) §
[ A Peyras e al. (45 2og.)
- X Pomweed.CTieg)
[ J , .
. - Frinal(2Teeg) _
- A  Chinelouloc (<3 deg) i
a ‘ ] 0 DimCucanal (3deg)
«® ¢® & ®  Buyu(sideg)
° (mln] O  Bindeeral (51 deg)
\ IOO‘ s @ag 8
"B ] - -a
o ©
8o <]
A © \
. Y d >~
"' ) Y )
Vd A ‘A‘:
e +
e A
P +
’
0.'0 . £ M ot
0.0t 0.1 1
k/ D
.8 H

Fig.5.17. Friction factor of stepped channels on steep slopes (@ > 27°)

( after C_hanson, 1994)
112



0.18 —

0.16 —

0.14 —

0.12 —

010 4 =«

0.08 —

0.06

0.04 —

0.02 lllfrl ] | Illflll l
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Chapter 6

Experimental Results

6.1. Introduction

The most common types of hydraulic model studied so far were physical-type
models, which are used to study the performance of hydraulic structures. These
models have an important role in the design and development stages. The literature
review carried out in Chapter 3 showed that the stepped spillways studied, so far,
were site-specific. The experimental models and setup were explained thoroughly
in Chapter 4. In this chapter the results obtained from the experimental programme
would be discussed.

6.2. Discharge Coefficient

In Chapter 2, the rational for a coefficient of discharge for a smooth spillway was
presented. In this section, the coefficient of discharge for 12 stepped spillway
models is determined on the basis of experimental observations for the different
models. In order to determine the effect of the steps on the coefficient of
discharge, the upstream head above the crest, and the corresponding discharges
were measured. At low heads it was noted that the water surface upstream of the
crest is essentially horizontal a short distance upstream of the crest. By increasing
the discharge this distance also increases. To ensure that the effect of the curvature
of water surface upstream of the crest would not effect the measurements, the head



measuring station was located about 12 H, upstream from the spillway crest.

Table 6.1 lists the discharges and the corresponding upstream heads, H, for all
models. The H-Q relationships are also plotted in Figs. 6.1, 6.2, and 6.3. The

rating curve for these models takes the form:

Q =C,LHS 6.1)

Comparing with the smooth models, it was noted that the coefficient of discharge
increased for stepped spillways (by approximately 8%). Also it was observed that
the downstream slope of the models does not effect the discharge coefficient.
Therefore it can be concluded that:

C, = 1.08C (62)

6.3. Friction Factor for Stepped Spillways

Since the fluid has to do work against resistance, the energy is being continuously
dissipated. In the skimming-flow regime on stepped spillways, the resistance
mostly depends on: i) the shape of the surface, and ii) the vortices on the steps.
In Chapter S5, different methods to determine the friction factors for rough
boundaries were reviewed. It was found that the friction factor found by these
methods could not be applied to stepped spillways with large downstream slope.
In this section the main effort was to develop a general equation for the friction
factor for the different stepped spillway models studied.

For non-uniform gradually-varied flows, the friction factor can be found from the
energy equation:
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_82y,> Dy AH 63)

f
2 4 As

where
AH = the total head loss over a distance As; and
AH/As = the friction slope.

Based on the results of our experimental studies and using the Grid Search Method,
the following equation develops:

( \-1.25

8700 22
k‘

kl
44922 118 | =2 _67.5( myp>
\ k' b,

[ 4

(6-4)

/

Figs. 6.4, 6.5, 6.6, and 6.7 show the comparison of the experimental data obtained
in this research with eq.(6.4). Based on a goodness of fit test (* = 0.968, F-
Observed = 536 >> F-Critical = 3.6 ), a good agreement between the experimental
data and eq. (6.4) is observed. Fig. 6.8 shows the observed f versus the computed
S from eq. (6.4).

Figs. 6.4, 6.5, 6.6, and 6.7 plotted y, / k', vs f for different spillway slopes. It can
be seen that, as y, / k', decreases the f increases. Eq. (6.4) is a general equation
to find the f. This equation shows that the higher the Q the smaller the f will be.
This consequence is mostly due to the effect of the trapped vortices on the main
spillway flow. With increasing discharge the effect of the trapped vortices, (in the
spaces between the steps) on the main stream will be reduced.

Figs 6.9, 6.10, and 6.11 compare y, / k', vs f for the different stepped models.
It can be seen that the CSBS and CLBS models provided the highest f, whereas the
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CLBL model has the smallest friction factor. This results mostly because of the
larger number of steps in the CSBS and CLBS models. Concerning the f; it would
appear that the number of steps is more important than the size of the steps.

6.4. Energy Dissipation for Skimming Flow

In the skimming-flow regime, most of the energy is dissipated in the maintenance
of stable depression vortices between the steps. Chanson (1993) proposed that, for
an open channel stepped spillway, if uniform flow conditions are reached at the
downstream end of the spillway, the total head loss can be expressed as:

f\° f\*
AE _ (Ssine) cosd "0'5( Ssine) (6.5)
E, L5 +Hpfy.

To find the energy at any point along the spillway Bernoulli's equation is used,

2
Le.: ( E =z+£ +L] ; where
Y 28

z = elevation above datum, and
p = hydrostatic pressure.

A hydrostatic pressure distribution is a good assumption for an open-channel flow
on mild slopes. However, as the slope increases the pressure distribution no longer
remains hydrostatic. Therefore, a pressure distribution correction must be made on

steep slopes, which is:
P =YY, cos0 (6.7)

where y, = ycosd . Therefore
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P =Y y, cos’® (6.8)

Near the crest and the toe of the spillway the streamlines have a substantial
curvature in the vertical plane. The piezometric pressure at the boundary must be
corrected by an appropriate factor. This factor is equal to the force produced per
unit area of a mass of water undergoing centrifugal acceleration. For the channel

invert, the factor is determined from the following relationship:

V2
c, -2 (6.9)
8R,
where
C, = centrifugal acceleration factor,
R. = radius of curvature.
Therefore, for the crest region:
P =1y,-C (6.10)
and for the toe region:
P =1y, +C, (6.11)

Substituting the values found by eq.(6.9) in egs.(6.10) and (6.11), the corrected
pressure for the required locations can be found. Applying egs. (6.8), (6.10), and
(6.11) one can find the energy at any intermediate step.

In skimming-flow regime, when the discharge is low (0.25<H/Hd < 0.5), the lower
nappe hits the step tips. The water will be projected into the air and reattached a
few steps downstream. Also, some of the water upon reattachment, will be
splashed into the air. Because of this effect, measuring the water surface profile at
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H/Hd < 0.5 would be very difficult.

For different slopes the energy dissipation rate (aE/E,) along the spillway bottom
axis (horizontal axis) were plotted in Figs. 6.12 to 6.23. In Figs. 6.24, 625, and
6.26 the energy dissipation rate aE/E, vs x/H, are also plotted for the smooth
models. These figures graphically illustrate the energy dissipation from the crest
to the toe of the spillway. Comparing Figs. 6.12 to 6.23 with Figs. 6.24 to 6.26
it can be concluded that the stepped models dissipate about 4 times of their
corresponding smooth models. From Figs. 6.12 to 6.23 it can be seen that the
energy dissipation in the spillway section immediately downstream from the crest
beginning (x/H, <1.5) have almost the same dissipation rate for all discharges. For
lower discharges, when H/H, < 1.25, and x/H, >1.5, the energy dissipation rate is
significantly higher. Upon increasing the discharge, the rate of energy dissipation
in the middle part of the spillway would decrease. At a point near the toe of the
spillway, this rate would sharply decrease and become almost zero, i.e. the energy
dissipation becomes constant after this point, which we will hereafter refer to as
the saturation point. It was observed that , upon increasing the downstream slope
the saturation point moved upstream from the toe toward the middle of the
spillway. Since the horizontal length of the spillway would shorten for steeper
downstream slope, the saturation point would stay the same for each of these
models. Therefore, the dissipation would be constant after a certain length. The
horizontal length of spillway has to be long enough to reach to the saturation point.
The saturation point can be found from the following relationship:

H
X > 34, (6.12)

tan®

where

X, = the horizontal length from the crest to the saturation point.
In high dams normally this criteria is satisfied. This is an important criterion for
low to moderate dams. It was also observed that for very high discharges (H/H,
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> 2), the energy dissipation rate associated with a stepped spillway would be
insignificant.

Figs. 6.12 to 6.23 show that the energy dissipation rate will decrease with
increasing discharge. It appears that, at high discharges (H/H, > 2), even if the
length of spillway is large enough to have a fully-developed flow, the effect of the
steps will be very small. In general, a stepped spillway will act the same as a
smooth spillway after H/H, > 1.5.

Figs. 6.27, 6.28, and 6.29 show the energy dissipation at the toe of the different
stepped models studied, for @ = 45°, 50° and 60°. It can be seen that overall the
CLBS models provide the highest energy dissipation rate among all the models
studied. The model tests indicated that larger steps at the upper portion of the
spillway, (where the depth of flow was lower), would have more effect on the
spillway flow. At the toe of the spillway the small steps will have a large number
of smaller vortices. Therefore, at the toe of the spillway the transition of flow to
the stilling basin would be very smooth.

In spite of high f associated in the CSBS models, the vortices created in the step
spaces were not large. Therefore the energy dissipation in these models is not the
highest. The CLBL models produced the strongest vortices but the number of
vortices is small. Both the CLBS models and CSBL models provided a2 combination
of strong vortices and a large number of steps. In the case of skimming-flow, the
water shoots down the face in a regular stream and steps act as a form of
intensive-friction in retarding the flow. The total energy dissipation above the
spillway and the residual energy at the bottom of the spillway are functions of

Hdm’ er q’ Nv and.f'
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%" =F (Houms8:2, Nof ) (6.13)

For the different models studied the friction factor can be found from eq.(6.4).
Among the 5 principal factors influencing energy dissipation, H,., 9, q, are
determined (i) by the purpose of structure, (i) by site topography, and (iii) the
design flood. Moreover, once N, is selected f is determined. Using the data
obtained for different 0, q, and N, and using the Grid Search Method the following
equation is obtained:

y 0461 \0.809
AE 1 9.773(th0&¢6] (6.14)
E, (6.652f3ec0)2%6 + 0.966

Figs. 6.30, 6.31, and 6.32 compare this equation with the data obtained for each set
of models. A good agreement between the experimental data and eq.(6.14) was
achieved (* = 0.9, F-Observed = 152 >> F-Critical = 3.62). Fig. 6.33 shows the
observed AE/E, versus the computed AE/E, from eq. (6.14). Accordingly, this
equation enables one to estimate the amount of energy dissipated on a stepped
spillway structure.

In most of the literature the energy dissipation rate reported was for low discharges.
This study shows that this rate is in the range of 50-60 percent for the design head.
When the head over the crest (H) is more than twice the design discharge the
stepped spillway will not be effective anymore.
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126

0.040



0.40 —

4.00

o
0.30 —
i
0.20 —
0.10 —
0.00 I L L L L L L
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
]
yn/ ks
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Fig. 6.6. Comparison of eq. (6.4) with CSBL model experimental data
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Fig. 6.7. Comparison of eq. (6.4) with CSBS model experimental data
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Fig. 6.8. Comparison of eg. (6.4) with 45° stepped model experimental data
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Fig. 6.9. Comparison of eq. (6.4) with 50’stepped model experimental data
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Fig. 6.10. Comparison of eq.(6.4) with 60 stepped model experimental data
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Chapter 7

Numerical Modelling of Spillway Flow

7.1. Introduction

Virtually every phenomenon in nature, whether biological, geological, or mechanical,
can be described with the aid of the law of physics, in terms of algebraic, differential,
or integral equations relating various quantities of interest. Most engineers and
scientists studying physical phenomena are involved with two major tasks:

1. Mathematical formulation of the physical process;
2. Numerical analysis of the mathematical model.

Development of the mathematical model of a process is achieved through assumptions
concerning how the process works. In a numerical simulation, one uses a numerical
method and a computer to evaluate the mathematical model and estimate the

characteristics of the process.

While the derivation of the governing equations for most problems is not excessively
difficult, their solution by exact methods of analysis is a formidable task. In such



cases, approximate methods of analysis provide alternative means of finding solutions.
Among these, the finite difference method (FDM) and the variational methods, such
as the Rayleigh-Ritz and Galerkin methods, are most frequently used in the literature.
In the finite difference approximation of a differential equation, the derivatives in the
latter are replaced by difference quotients (or the function is expanded in a Taylor
series) that involve the values of the solution at discrete mesh points of the domain.
The resulting algebraic equations are solved, after imposing the boundary conditions,
for the values of the solution at the mesh points. This method suffers from the
disadvantage that the approximation functions for problems with arbitrary domains are
difficult to construct.

The finite element method (FEM) overcomes the disadvantage of the traditional
methods, such as FDM, by providing a systematic procedure for derivation of the
approximation functions over subregions of the domain. In general, in the FEM, a
given domain is divided into subdomains, called finite elements, and an approximate
solution to the problem is developed over each of these. The subdivision of a whole
into parts has two advantages:

1. It allows accurate representation of complex geometries and inclusion of dissimilar
materials.

2. It enables accurate representation of the solution within each element, to bring out
local effects (e.g. large gradients of the solution).

7.2. Literature Review

The analysis of water flow over a spillway presents a difficult mathematical problem

because of the following :
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the flow is non-linear;

the free water surface is unknown beforehand;

the flow is subcritical upstream of the crest of the spillway;

the flow is supercritical downstream of the crest of the spillway; and

wos W~

there is a control section near the crest.

Depending on whether the flow is supercritical or subcritical, Southwell and Varisey
(1946) introduced two different iterative methods. Although they apply a relaxation
method to fluid streamlines, they found difficulty in determination of the free stream
boundary. Ikegawa and Washizu (1973) introduced a new iteration procedure by
combining the use of the variational principle (VP) and the FEM. In this procedure
the stream function and the free surface profile are independent quantities. The result
obtained by their model shows good agreement with those obtained using an empirical

formula.

Chan et al. (1973) using VP and FEM, studied free surface ideal fluid flows. Their
study was focussed on a steady two-dimensional, invisicid fluid with a free surface
boundary. To find the location of the free surface, they introduced an iterative
algorithm. Depending on the number of elements introduced, 10-20 iterations were
normally required for finding the exact location of the free surface. In their study the
entire domain had only 72 elements.

Taylor et al. (1978) used FEM to study models of turbulent flow. Dao-Yang and
Man-Ling (1979) developed a two dimensional mathematical model for flow over a
spillway. They developed a synchronous iteration to find the discharge and location
of the free surface. Bathe and Khoshgoftar (1979) presented an iterative procedure for
finite element analysis of free seepage problems. The procedure does not need
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changing in the finite element mesh, but instead uses a non-linear pressure dependent

permeability.

Salonen et al. (1981) used FEM to analyze a two-dimensional incompressible
irrotational inviscid fluid flow with the velocity components as basic unknowns. By
using a modified least squares method, i.e. a combination of the conventional least
squares and subdomain collocation method, they found a remarkable increase in
accuracy compared with the conventional method. Bettess and Bettess (1983) used
variable geometry isoparametric elements and a variational method to solve free
surface problems. Since this method allows the free surface to be curved rather than

be piecewise straight, the representation is more accurate.

O'Carroll and Toro (1984) presented an algorithm for flow over a weir. In their
algorithm they tried to solve the stream function and free surface location
simultaneously. This is a rapid convergent iterative procedure for computing the
correct value of critical discharge. Rasanen and Salonen (1984) using FEM suggested
the importance of curvature of the free surface on velocity. Rasanen and Salonen
(1985) used the velocity components (u,v-formulation) as basic unknowns and FEM
to develop an algorithm for the solution of free-surface problems. The basis of the
method is the modified least squares function. They also used an iteration method to
find the location of free surface.

Heng et al. (1986), by using a different iterative approach and FEM, tried to solve the
flow under a sluice gate, i.e basically a free surface flow. Their study showed that the
results are very sensitive to the finite element grid used. Aitchison and Karageorghis
(1988) used the boundary element method (BEM) to study the conventional flow of
an incompressible inviscid fluid past a plate in a channel of finite width and infinite
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length. The results show more accuracy because of the property of BEM to deal only
with the boundary of the region under consideration. Berger and Winant (1991)
developed a one-dimensional numerical model for shallow water, termed CURVEID.
This model however has a significant bed curvature limitation. The limit is
-'2< xy < 0.54, where K is the bed curvature and y is the depth.

Henderson et al. (1991), by a direct mathematical approach instead of trial-and-error
methods, presented a two-dimensional model for free surface flow over a weir. The
model mostly was developed for studying cavitation damage. They used BEM for the
numerical approach. Ratmanan and Engelman (1993), using FEM and the Galerkian
approach, presented an algorithm to simulate viscous free-surface flows. This
algorithm is valid only for a continuous boundary condition, and for fluid with high
viscosity. Bettess et al. (1994) used FEM to find the flow profile along a crump weir.
They adopted a rectangular element with variable geometry. By using the
Newton-Raphson iteration method, the location of the free-surface was found. Khan
and Steffler (1996) verified the applicability of a 1-D model velocity average and
momentum (VAM) equations on flow over curved beds. This method can be used
even for steep (near vertical) slopes. Using Montes (1994) experimental data, they
found the VAM equations model extremely well.

In spite of many researchers having studied fluid problems using FEM and BEM, there
is no specific procedure for solving all free-surface problems. This is because there
is a moving boundary at the free-surface. The location of the free-surface is very
important in the study of flows over spillways.
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7.3. Proposed Numerical Model

In order to establish a stable upstream boundary condition, a large-volume reservoir
is assumed. It is also assumed that flow in the domain can be described by velocities,
by location of the free surface, and by discharge. It is necessary to impose certain
conditions upon the flow to derive the governing equations. First, it can be assumed
that the flow out of the reservoir is time-independent. This assumption means that the
water level of the reservoir (the stagnation level) does not change with time and the
potential energy of the reservoir is therefore time-independent. Furthermore, it is
assumed the spillway flow is (i) two-dimensional; (ii) steady; (#i) incompressible;

(iv) non-viscous; and (v) irrotational on smooth and rotational on stepped models.

For flow downstream of the ogee-profile stepped spillway, the acceleration and
boundary layer development are taking place on the flow goes down the spillway face.
When the boundary layer meets the free surface, the flow becomes fully developed.
At this point, the point of inception, the phenomenon of air entrainment or insufflation
occurs. Due to the mixture of air and water after the point of inception, defining a
precise free surface is very difficult in practice.

The analysis of fluid flow problems, principally two-dimensional ones, is facilitated
by the concomitant consideration of a scalar. The stream function V¥ is a scalar field
function. This parameter was introduced by d'Alembert (1752) and was extensively
used by Lagrange (1781). The intimate relation between the stream function and the
continuity relation in two-dimensional fluid motion was demonstrated by Rankine
(1864). The stream function for two-dimensional flow of an incompressible fluid is
defined by:
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reh 4
_9¥ (7.1)
““

and

y=-3% (72)

in which
u = velocity in the x-direction; and
v = velocity in the y-direction.
The stream functions automatically satisfy continuity. Also in a two-dimensional flow

— T — 30
b %
in which
® = vorticity.

By substituting eq.(7.1) and eq.(7.2) in eq.(7.3), one gets:

This is the governing equation for flow over a stepped spillway. When the flow is
irrotational ® = 0, and eq.(7.4) becomes the Laplace equation. For rotational flow,
® # 0, and eq.(7.4) is termed the Poisson equation. The singular vortex elements in
the form of elements of circulation, are generated on solid walls in order to destroy

slip velocities.

7.3.1. Boundary Conditions

The boundary conditions are as follows:
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1. At the free surface, it is necessary to satisfy:

0
¥=0 (7.5)

and
@) An additional boundary condition on the free surface must be satisfied. The
pressure is prescribed there and is taken as atmospheric. Bernoulli's law then

gives the following boundary condition:

SRS

in which
n; = the normal outward vector on the boundary;
f(x) = the distance of the free surface measured from the stagnation level
(Fig.7.1); and

2. At the bottom of the channel:
¥-gq (7.7

It is also assumed the flow is uniform on the far downstream.

The final assumption is that ¥ varies linearly along the boundaries.

The goal of this numerical study is to predict the location of the free surface for a
given discharge q and flow field. The following procedure is suggested:

for an assumed q, estimate the corresponding water surface profile;
find the function f(x);

by using FEM find the value of ¥ at nodal points in the flow region;
calculate d'¥/dn, using ¥'s obtained in step 3;

pPowoN -
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S. substitute step 4 in eq. (7.6) find a new value for f(x);

6. repeat steps 3, 4, and 5 until the profile of free boundary surface is found to
have converged.

The SPIL-FLOW programme has been developed for the above algorithm.

7.4. Finite Element Method

The finite element method (FEM) is a simple two-dimensional geometric shape that
can be used to approximate a given two dimensional domain as well as the solution
over it. The FEM is endowed with three basic features that account for its superiority
over other competing methods:

(i) a geometrically complex domain of the problem is represented as a collection of
geometrically simple subdomains, called finite elements.

(ii) over each finite element, the approximation functions are derived using the basic
idea that any continuous function can be represented by a linear combination of
algebraic polynomials; and

(iii) algebraic relations among the undetermined coefficients (i.e, nodal values) are
obtained by satisfying the governing equations, often in a weighted-integral sense, over

each element.

Therefore, the ability to represent domains with irregular geometries makes the finite
element method a valuable practical tool for the solution of boundary value problems.
In FEM the approximation functions are often taken to be algebraic polynomials, and
the undetermined parameters represent the values of the solution at a finite number of
preselected points, called nodes, on the boundary and in the interior of the element.
The approximation functions are derived using concepts from interpolation theory, and
therefore called interpolation functions. One finds the degree of the interpolation
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functions depends on the number of nodes in the element and the order of the

differential equation being solved.

In a two-dimensional problem, not only one seeks an approximate solution to a given
problem on a domain but also one approximates the domain by a suitable finite
element mesh. Consequently, in the finite element analysis of two dimensional
problems, the approximation errors are due to the approximation of the solution as
well as discretization errors due to approximation of the domain. The finite element
mesh consists of simple two dimensional elements that allow unique derivation of
interpolation functions. The elements are connected to each other at nodal points on
the boundaries of the elements.

The major steps are as follows:

discretization of the domain into a set of finite elements;

weighted-integral formulation of the goveming differential equation (7.4);
derivation of finite element interpolation functions;

development of the finite element model using the weighted-residual form;
assembly of finite elements to obtain the global system of algebraic equations;
imposition of boundary conditions;

solution of equations; and

PN s LN~

post-computation of solution and quantities of interest.

These steps will be explained in detail in the following.

7.4.1. Finite Element Discretization

In a two-dimensional problem, the interpolation functions depend on:
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(i) the number of nodes in the element; and

(7i) the shape of the element.

The shape of the element must be such that its geometry is uniquely defined by a set
of points, which serve as the element nodes in the development of the interpolation

functions.

The representation of a given region by a set of elements is an important step in finite
element analysis. The choice of element type, number of elements, the density of
elements depends on:

(i) the geometry of the domain;

(iij)  the problem to be analyzed; and

(iij)  the degree of accuracy desired.

The general rules of mesh generation for element formulation include the following:

1. select elements that characterize the governing equations of the problem;

2. the number, shape, and type (i.e., linear or quadratic) of elements should be
such that the geometry of the domain is represented as accurately as desired;

3. the density of elements should be such that regions of large gradients of the
solution are adequately modeled (i.e., more or higher-order elements should be
used in regions of large gradients); and

4 mesh refinements should be gradually from high-density regions to low-density

regions.

7.4.2. Weighted-Residual Form

In the development of the weighted form, one needs only consider an arbitrary typical
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element. Assuming that Q° is such an element (Fig.7.2), one can develop the finite
element model of eq.(7.4) over Q.

To develop the weighted-residual form for eq.(7.4) one may proceed as follows:

i) Multiply eq.(74) with a weight function w, which is assumed to be
once-differentiable with respect to x and y, and then integrate the resulting equation
over the element domain Q°:

9.0%, 9.3% - 78
fﬂ‘w[ax( ) ay‘ay’]""” 0 (78)

ii) Distribute the differentiation equally between ¥ and w. To achieve this, one can
integrate the first two terms in eq.(7.8) by parts. First note the identities:

i a =_a < i_ 7_9
(w !) ow 3% w (E!) (7.9)
or
wl (9%, _wd¥ _ o 3% 7.10
w—( w—) (7.10)
and
e 4 ow 0¥ Y 4
_—W——) = e e W (X (7_11)
(w ) > w—(—)
or
d ,09 owd¥ 0, 0P
-wZl(&ty -wor _o9.,°% (7.12)
w—(—) (w—)

Then, recall the component form of the gradient (or divergence) theorem, ie.,
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3, 0% . . 1 3F 3
fn.a(wg)dxdy = ft.“’(g)"xd’ (7.13)

and
0, 0¥ _ s 4
f —(w—)dxdy = fp w(=-)n ds (7.14)

where n, and n, are the components of the unit normal vector on the boundary of the
element, I, and ds is the arclength of an infinitesimal line element along the

boundary.
R=n Emj (7.15)

£ 4

Using the above equations one obtains:

fm[awa? +awa'l']dm,y -fI.W["xg n ﬂ] -0 (7.16)

dx & dy & oy
The specification of ‘¥ constitutes the essential boundary condition, and hence ‘P is the
primary variable. The specification of the coefficient of the weight function in the
boundary expression

nnxg 'y

=n ¥ .0 OV (7.17)
t L

constitutes the natural boundary conditions; thus, t, is the secondary variable of the
formulation. The function t, = t,(s) denotes the projection of the vector a. V¥ along the
unit normal n. By definition, t, is positive outward from the surface as one moves
counter-clockwise along the boundary ™.

iii) Use the definition eq.(7.17) in eq.(7.16) and write the weighted-residual form of
eq.(7.4) as:
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wIF  ow ¥ 718
(2. ayay]dyfwtds'o (7.18)

The weighted-residual form in eq.(7.18) forms the basis of the finite element model of
eq.(7.4).

7.4.3. Finite Element Model

The weighted-residual form in eq.(7.18) requires that the approximation chosen for ¥
should be at least linear in both x and y, so that there are no terms in eq.(7.4) that are
identically zero. Since the primary variable is simply the function itself, the Lagrange
family of interpolation functions is admissible. Suppose that ¥ is approximated over
a typical finite element Q* by the expression:

e = TGy = Y ¢ Ay (7.19)

J=1
where y° is the value of ¥* at the jth node (x;y;) of the element, and A", are the

Lagrange interpolation functions, with the property

A@y)= 8, (720)
where 3; = Kronecker-Delta ,i.e.
d; = 1 if i=j, and
8; = 0 if ix.

Substituting the finite element approximation eq.(7.19) for y into the weighted-residual
form eq.(7.18), one obtains:

R
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This equation must hold for any weight function w. Since n independent algebraic
equations are required to solve for n unknowns v, ,, ..., V,, then n independent
functions for w: (W=A,, A,, ..., A,) must be chosen. This particular choice is a natural
one when the weight function is viewed as a virtual variation of the dependent
unknown (i.e., w = 8y = ', 5y;A,). One can label the algebraic equation resulting
from substitution of A, for w into above eq.(7.21) as the first algebraic equation. The
ith algebraic equation is obtained substituting w = A, into eq.(7.21):

2 OA;, OA, OA, OA
E[fn,( L=+ e f)]k@]*_i‘fplit.ds':O @=12,.n (722)

j=1 & & ay ay
or
E K; *; = ch (7.23)
i
where
e_r (3% a a;.jJ (7.24)
5 0'( )
and
Q= ¢ fAids (7.25)
In matrix notation, eq.(7.23) takes the following form:
[k ] ) = (@9 (7.26)

This completes the development of finite element model.

7.4.4. Interpolation Functions
The finite element approximation ‘W*(x,y), of y(x,y) over an element €*, must satisfy
the following conditions in order for the approximate solution to be convergent to the

true one:
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1. ¥* must be differentiable, as required in the weighted-residual form of the
problem;

2. the polynomials used to represent \¥* must be complete; and
all terms in the polynomial should be linearly independent.

The number of linearly independent terms in the representation of W* dictates the shape
and number of degrees of freedom of the element. In general, by using Pascal's
triangle, which contains the terms of polynomials of various degrees in the two

coordinates x and y, pth-order triangular element has n, nodes, with

m=3@+(P+2) (7.27)
and a complete polynomial of the p.th degree is given by

" "
¥@y) =Y ax™y™ =Y wA, m, +m, <p, (7.28)
J=1

i=1

For this study, a second-order triangular element (p,=2) was developed, which contains
6 nodes. The positions of the six nodes in the triangle are at the vertices and at the
midpoints of the three sides (Fig.7.3). The polynomial involves six constants which can
be expressed in terms of the nodal values of the variable being interpolated:

6
¥= Y Ay (7.29)

i=1

where A, are the quadratic interpolation functions.

The quadratic polynomial associated with the quadratic (six-node) triangular element
is:
¥&)) =6, +a,% +8,y +a,xy +a;x> + a5y’ (7.30)

The derivatives of y* are:
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% =a,+a,y +2a,x, % =@, +a,X +245y (731)

Since the transformation from the global coordinate, (x,y), system to the local
coordinate, (r,s), system involves only rotation and translation, the second order
polynomial in the global coordinate system has still the second order in the local
coordinate system. Therefore,

6
WA =a+a,r+a5 +ars+asri +ags® =Y wirs) A (7.32)
=i

where a'; ( i=1,2,...,6) are constants depending on the a; and the angle of rotation.

The interpolation functions of a 6 number-node element are:

A =1-r-s-%l.‘-%ls (733)
1, 1
by =r-2A,= 2, (7.34)
1, 1
Ay =5-2h5- 2%, (7.35)
A, =4r(1-r-s) (7.36)
A; =4rs (7.37)

and
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Ag =4s(l-r-s) (7.38)

These functions are constructed in the usual way, namely, Q. must be unity at node i

and zero at all other nodes.
7.4.5. Coordinate Transformation
The transformation of a quadrilateral element of a finite element mesh from a local

coordinate (r,s) system to a global coordinate (x,y) system is for the purpose of
numerically evaluating the integrals. Consider the element coefficients

e _[ |OM 9] O oA (7.39)
% fﬂ'[ax =y ay]‘“’

The integrand is a function of the global coordinate. One has to rewrite in terms of r
and s using the following transformations:

x =Y % A{r,s) (7.40)
J=1

Y =X ¥ s (7.41)
J=1

This integrand contains not only functions but also derivatives with the respect to the
global coordinates (x,y). Therefore, one has to relate 3'¥*/dx and 3¥/dy to 3¥/dr and
d¥/ds using the above transformations. Hence, by the chain rule of partial

differentiation, one can write:
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3 _Mia 9y (7.42)
or dxadr oy or
31: - 31: 2 . al: ﬂ (7.43)
ad d&ad &

or, In matrix notation,

a8]] & aype[or
Jorl_(or o & (7.49)
ar;| | | |aas
x| & &[G

which gives the relation between the derivatives of A* with respect to the global and
local coordinate.

The Jacobian matrix is defined as:

& I
" A (7.45)
& ¥
& a
Therefore

(9a¢] EH

4 & y = EIJ" 4 or > (7.46)

7 OA!

| 9y | | as |

where [J]" is the invert of the Jacobian matrix.
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7.4.6. Numerical Integration

A very important numerical integration procedure, in which the positions of the
sampling points and the weights have been optimized, is the Gauss quadrature (Bathe,
1996). It can be written as follows:

L L ]
[80)dE =Y a.8(E) (747)
-1

i=1

or, when extended to a two-dimensional case:

v y - =
f f 8(rs)drds =f 2; & 8(ryS)ds =Y Y «,a,8(r,s) (7.48)
J=1 i=1

-1-1 -1i=
where
o; and o; = the weighting factors,
r;and r; = the locations, and
m = the number of Gauss points.
Table (7.1) Lists the value of a; and r; for one-dimensional g(r). In this study a 4-point
Gauss quadrature was chosen.

7.4.7. Assembly of Element Equations
The assembly of finite element equations is based on two principles:

1. Continuity of primary variables, and
2. Equilibrium of secondary variables.

The continuity of the primary variables at the interelement nodes guarantees the
continuity of the primary variable along the entire interelement boundary. For the
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secondary variables, at the interface between the two elements, the fluxes from them
should be equal in magnitude and opposite in sign.

In general, when several elements are connected, the assembly of the elements is
carried out by putting element coefficients K;° and Q;° into proper locations of the
global coefficient matrix and the right hand vector. This is done by means of the
connectivity relations, i.e. the correspondence of the local node number to the global

node number.
7.4.8. Imposition of Boundary Conditions

There are two types of boundary conditions for this study:

1. Essential (Dirichlet) boundary conditions, i.e. boundary conditions on primary
variables;
2. Natural (Neumann) boundary conditions , ie. conditions on secondary

variables.

The procedure for implementing the boundary conditions on the primary variables
involves modifying the assembled coefficient matrix and the right-hand column vector
by the following three operations:

1. moving the known products to the right-hand column of the matrix equation;

2. replacing the columns and rows of the assembled coefficient matrix
corresponding to the known primary variable by zeros, and setting the
coefficient on the main diagonal to unity;

3. replacing the corresponding component of the right-hand column by the
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specified value of the variable.

Finally the full matrix form is:

PKII Klz e Kl!; (tl‘ El‘
K, Ky ...Kp|l¥, 3

{"r=4">» (7.49)
K Kz - - - Kol 0] Ry

7.4.9. Solution of Equations

Gaussian elimination and back-substitution was used to solve the equation system
eq.(7.49). This is the most effective direct solution technique (Bathe, 1996, Hoffman,
1992). Scaling and pivoting are essential elements of Gauss elimination.

7.4.10. Postprocessing

The finite element solution at any point (x,y) in an element {* is given by:

TGy) =) ¥ A xY) (7.50)

i1
and its derivatives are computed as:

z': v o¥; i ol 2': ‘ o¥; (7.51)
[d 8

*.
& g & ¥ %Y

The above equations can be used to compute the solution and its derivatives at any
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point (x,y) in the element.
7.5. Discussion

The effect of air entrainment in the model was studied by applying the U.S. Army
Corps. of Engg. formula (eq.(5.48)). Based on this equation it can be concluded that,
with increase in discharge for a specific downstream slope, the air entrainment will
decrease. After the point of inception eq.(5.48) was applied to the water surface
profile found using SPIL-FLOW. It was found that, for H/H,>1.25, the required length
to establish uniform flow could not be achieved. Therefore our numerical model can
not be applied in situations where uniform flow conditions on the spillway face cannot
be achieved.

In order to apply our model and verify it, detailed information regarding the
coordinates of the spillway surface, discharge, and location of water surface profile are
necessary. Therefore, for the purpose of comparison, the model was applied to several
series of test data in which H/H, <1.25 and where uniform flow condition on the
spillway face were achieved. Figs. 7.4 to 7.12 show the results of these verification

tests.

The maximum total number of elements used was 576 with 1305 nodes (the SPIL-
FLOW model can handle 1000 elements). The maximum number of iterations was 30.
As indicated in Figs. 7.4. to 7.12, the model predicts water surface profiles better for
low range of H/H, ( H/H, <1.0 ). The maximum difference between the numerical
simulation and the experimental results is about 10 % (Fig. 7.13), with * = 0.947.

In spite of applying the air entrainment coefficient it is found that the flow-depth

179



results of the numerical modelling are always less than the experimental data In
regards to predicting the spillway water surface elevation profiles the model
underpredicts, by a maximum 10%, the observed water surface profiles. The reason
for this may be that the actual air entrainment coefficient is higher than the one
estimated by eq.(5.48). This will lead to underestimating the energy dissipation as well
as the height of the necessary retaining walls.

7.6. Summary

In this chapter, an algorithm that applies a 2-D finite element method to find the
location of the free water surface for flow over a spillway has been proposed. The
main conclusions are:

() Based on the nature of the governing equation and the boundary conditions, the
variational method (with quadratic triangular elements) was applied to develop
the FEM procedures.

(ii)  In order to find the location of the free water surface for flow over a spillway,
a trial and error procedure based on Bernoulli's equation has been used.

(iii)  The effect of air entrainment was studied by applying the well-known and
generally accepted U.S. Army Corps. of Engg. formula (eq.(5.48)).

(iv)  The model has been applied to the test data corresponding to H/Hd < 1.25,
which is the data for which uniform flow conditions were achieved on the
mode! spillways. For this range of data the model predicts a good comparison.
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ai

0.0

20

+0.57735

1.0

+0.77460
0.0

0.55556
0.88889

+0.86114
+0.33998

0.34785
0.65215

+0.90618
+0.53847
00

0.23693
0.47863
0.56889

+0.93247
+0.66121
+.23862
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0.17132
0.36076
0.46791

Table 7.1. Sampling points and the weights in Gauss quadrature (after Bathe, 1996)
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Fig.7.4. Comparison of depth of water between the numerical simulation output
and experimental data for 45°smooth model
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Fig. 7.5. Comparison of depth of water between the numerical simulation output
and experimental data for 50° smooth model
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Fig. 7.6. Comparison of depth of water between the numerical simulation output
and experimental data for 60° smooth model
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-Fig. 7.7. Comparison of depth of water between the numerical simulation output
and experimental data for 45-CL-BL model
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* Fig. 7.8. Comparison of depth of water between the numerical simulation output
and experimental data for 45-CS-BS model
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Fig. 7.9. Comparison of depth of water between the numerical simulation output
and experimental data for 50-CL-BL model
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Fig. 7.10. Comparison of depth of water between the numerical simulation output
and experimental data for 50-CS-BS model

190



y,, (mm)

10.00 —

5.00 —

0.00 — 1 T T T T T ]
650.00 750.00 850.00 950.00 1050.00

X (mm)

Fig. 7.11. Comparison of depth of water between the numerical simulation output
and experimental data for 60-CL-BL model
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Fig. 7.12. Comparison of depth of water between the numeric sLulation output
and experimental data for 60-CS-BS model
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Chapter 8

Summary, Conclusions, and Recommendations
for Future Research

8.1. Summary

The stepped ogee-profile spillway is a spillway whose downstream face is provided
with a series of steps from near the crest to the toe. The steps, which are arranged so
that their tips conform to the corresponding smooth ogee-profile, significantly increase
the rate of energy dissipation taking place on the spillway face. Accordingly, if a
stilling basin is also required, its size is significantly reduced by the action of the
steps. In this research the hydraulic characteristics of various combination of ogee-
profile stepped spillway were investigated experimentally and numerically. The
performance of the various stepped models were compared to those for the

corresponding smooth profile.

Twelve stepped ogee-profile models and three smooth ogee-profile models were tested
in this study. All models had vertical upstream faces and the spillway crest geometry
used was that proposed by the U.S. Waterways Experiment Station (WES) (1977).
The models, which included downstream slopes of 45° , 50° , and 60° had an
assumed model to prototype scale ratio of 1:50. The computer program GEMLSPS



was used to generate the geometry of the models. Model performance was examined
for a wide range of operational head, H (i.e. from 0.5 H, to 2.5 H,). In the case of
the stepped models, at the lower discharges the water jet upon impacting the first step
was projected into the air and became reattached a few steps downstream. Upon
reattachment, some water was splashed into the air, and measuring this particular
water surface profile was virtually impossible. It was also found that the effect of
steps was insignificant for H/H, >2.5, and stepped models acted as the smooth models.

The flow over a stepped spillway can be divided into nappe and skimming flow
regimes. Nappe flow regime can be described as (i) nappe flow with fully developed
hydraulic jump, and (7i) nappe flow with partially-developed hydraulic jump. In the
case of nappe flow with fully developed hydraulic jump, each nappe would perform
the same as a drop structure. In this research the drop structures were studied
extensively (see sec. 5.1). Based on the results of this research, new criteria were
developed for the drop structure. Applying these criteria, a general equation was
derived to distinguish between a fully-developed nappe flow regime and a skimming
flow regime (eq. (5.38)). For a fully-developed nappe flow regime, a general equation
based on the momentum principle was developed to predict the amount of dissipated
energy (eq. (5.71)). This equation was found to be more applicable to the available
data from other sources than similar equations found in the literature (Chanson 1993,
Chamani, and Rajaratnam, 1994). Although the nappe flow regime was studied, the
main emphasis of this research was the skimming flow regime. From an economical
and practical viewpoint, in order to have a nappe flow regime one needs flat slopes.
In this study, the models studied had relatively steep downstream slopes.

It was found that compared to an equivalent smooth spillway the discharge coefficient
increased for the case of a stepped spillway (see eq. (6.2)). Increased discharge
capacity is one of the advantages of stepped spillways over equivalent smooth
spillways. This increase provides more deployment of flood to the downstream
channel in a given time period. Another important hydraulic characteristic of a
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stepped spillway is its friction factor. This aspect was also investigated in this
research and a general relationship was developed (eq. (6.4)). This equation was also
verified based on the experimental data. It is shown that, in general, the models with
the larger numbers of steps (CSBS- type models) provide higher friction factors.

It was found that energy dissipation on stepped spillways is a function of the height
of dam (H,,), slope (), discharge (q), number of steps (N,), and the friction factor
(f)- Based on the experimental results, a general equation for the rate of energy
dissipation for flow over a stepped ogee-profile spillway was developed (eq. (6.14)).
Also, based on the different models tested, it was found that a certain horizontal length
was required for the energy dissipation to reach an equilibrium rate (eq. (6. 12)).

A 2-D non-linear Finite Element (FE) model was developed for estimating the
spillway water surface profile. Because of the problems such as non-linearity of the
governing equation, and unknown boundary conditions beforehand, the analysis of
flow over a spillway is a difficult mathematical problem. Using Bemoulli's law, an
algorithm (SPIL-FLOW) was introduced to find the location of the free water surface
over a spillway. This numerical model was verified using the experimental data.

8.2. Main Conclusions

Based on the results obtained in this study, the main conclusions are:

L. Applying the momentum principle, semi-empirical equations for y,/h, y/b
cosP, and AE/E,, namely egs. (5.26), (5.27), (5.28) and (5.29), for a drop
structure were developed in this study. As noted in Table 5.1. the results show

good agreement with the data published by Moore (1943), Gill (1978), and
Chanson (1993).
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4.

Equation (5.38) was developed to describe fully-developed nappe flow. From
this equation, the possibility of fully-developed nappe flow with high discharge
can be predicted. Also the equation shows that fully-developed nappe flow is
possible even for steep slopes.

Equation (5.71) for the energy dissipation rate for fully-developed nappe flow

over an ogee-profile stepped spillway was developed. This equation does not
imitations of simil found in the li

Based on the results of the experiments, the discharge coefTicient for a stepped
spillway was determined (see eq. (6.2)). It was found that for the same head
condition on the crest this coefficient is higher for stepped spillways than for
smooth spillways.

Based on the experimental data and the Grid Search Method, a general implicit
equation (eq. (6.4)) was developed for the friction factor ( f). It was found
that the number of steps is more important than the size of the steps.

It was found that energy dissipation mainly occurs in the middle part of a
stepped spillway (see section 6.4). To reach the maximum possible dissipation
rate (saturation point), a certain minimum horizontal length (expressed in eq.
(6.12)) is required. Based on the experimental results this length criterion was
found.

It was found that the energy dissipation rate is a function of H_, 6, q, N,, and
J- A genenal equation (eq. (6.14)) was developed for the energy dissipation
rate for a skimming flow regime.

Among the 12 models tested, in general stepped spillway configurations having
large steps near the crest followed by small steps near the toe, (e.g. CLBS-type
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models) gave the highest energy dissipation rate.

A 2-D non-linear Finite Element (FE) model (SPIL-FLOW) was developed to
estimate the water surface profile on an ogee-profile stepped spillway. A
good agreement (* = 0.947) was obtained between the results generated by the
pumerical model and the experimental (physical model) results.

8.3. Future Research

Future research investigations should be carried out to provide information in the

following areas:

The mechanism of flow recirculation in skimming flow regime needs to be
studied in detail. The flow recirculation is the major source of energy
dissipation in skimming flow regime. To study this mechanism one needs to
build large scale physical models. A ratio of 1:10 is recommended.

One of the most important water quality parameters in rivers and streams is the
dissolved oxygen content. Deep and slow pools of water upstream of a dam
reduce the air-water gas transfer process. Stepped spillways can enhance the
oxygen transfer during the water release. Also stepped spillways are used in
water treatment plants to enhance the air-water transfer of atmospheric gases.
This process needs to be studied in detail for both nappe flow and skimming

flow regimes.

On a stepped spillway, the high rate of energy dissipation reduces the flow
momentum in comparison with a smooth spillway. The presence of air within
the flow will increase the flow depth, which results in reduction of flow
velocity. The reduction of flow velocity also reduces the risk of cavitation as
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the cavitation index increases. Preventation of cavitation damage requires the
knowledge of the air concentration in the layers close to the spillway bottom.
Further study is required to examine the efficiency of stepped spillways in
reducing cavitation.

Although Kells (1993) among the others have made preliminary studies of the
hydraulics of gabion stepped spillways, there is still a need for further studies
of fundamental nature on this important topic. The modelling of flow through
and over the stepped spillway needs to be studied in detail. It is very
important and essential for gabion stepped spillways. In order to investigate
the flow through and over the stepped spillway, one needs to build several
large scale physical models.
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Appendix

The following tables are the location of water surface profile measured for all the
experimental models.
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