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Preface

Since the development of RCC techniques for the construction of concrete dams, the be-
haviour of aerated flow on conventional stepped chutes was investigated by a large number
of researchers. In parallel, several lining systems consisting of macro-roughness concrete ele-
ments for protecting the downstream face of embankment dams have been developed.

Dr. Stéphanie André carried out for the first time a systematic experimental study on
stepped chutes equipped with additional macro-roughness elements with the purpose of in-
creasing energy dissipation along the slope. The effect of endsills and blocks fixed on the steps
was analyzed for alternate arrangements and different spacings. The numerous tests with vari-
ous configurations of macro-roughness elements allowed a better understanding of the physical
mechanism involved in the energy dissipation process. The influence of macro-turbulence phe-
nomena such as circulation cell and transversal jet could be clearly shown. Several methods
for the estimation of the residual energy at the toe of the chute i.e. dam, were analyzed in
detail. This allowed a better understanding of the importance of the assumptions and their
consequences on the flow characteristics.

Several concepts for the definition of the free surface of the highly aerated flow were
compared. Based on flow smooth chutes, an efficient homogeneous flow depth was defined for
the first time. Compared to previous works, not only skimming but also nappe and transition
flow were studied. Their influence on air concentration, flow velocity and pressure distribution
could be shown. For the first time, the variation of dynamic pressures acting on steps and
macro-roughness elements (endsills and blocks) were directly measured with sensors for the
three flow regimes and arrangements of macro-roughness elements. Spectral analysis of the
dynamic pressures allowed detecting the change of the flow regime and the frequency of the
macro-turbulence involved. Based on the experimental results, an original semi-empirical
approach for the implementation of the Navier-Stokes equation could be proposed, which lead
to a promising quasi -2D numerical model.



Dr. Stephanie André determined a head loss law, which considers the energy head, the
number of steps, the critical flow depth and the non-dimensional parameter of the macro-
roughness elements. Characteristics of an optimum system of macro-roughness elements were
proposed which opens the door for further developments. Helpful empirical relationships were
given for the determination of air concentration, flow velocity and residual energy for the
different types of macro-roughness overlays. Finally, recommendations were given for the
design of the macro-roughness elements.

We would like to thank Prof. Dr. Michel Pirotton and Benjamin Dewals from the Uni-
versity of Liége for their contributions in the field of numerical modelling. Furthermore we
thank Dr. Henry T. Falvey, Colorado and Prof. Jorge Matos, University of Lisbon for their
significant support and guidance. Finally we are grateful the Swiss Federal Office for Water
and Geology for their financial support.

Prof. Dr. Anton J. Schleiss
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Abstract

Uncontrolled overtopping during flood events can endanger embankment dams. Erosion of
the downstream slope and scouring of its base caused by the high velocity and energy of the
overflow can indeed lead to breach formation until complete failure.

In this context and faced with the important number of overtopped embankment dams
to be rehabilitated, since the early eighties, researchers have investigated surface protection
solutions for downstream slope. Overlays against erosion such as seeded goetextile or cable-
tied cellular concrete blocks, are not sufficient. In fact, they can resist only short events with
low discharge and velocity. Solution to overcome more severe overflow lies in overlays which
dissipate flow energy along the downstream embankment slope. Conventional steps resulting
from Roller Compacted Concrete (RCC) techniques fulfill efficiently this challenge.

However, flows over steep stepped chutes are quite complex, characterizing by great aera-
tion, high turbulence and confused wavy free surface. Then, most of hydraulic studies of such
flows are performed on physical model. Yet, understanding and definition of flow behaviour
and accurate approach to estimate energy dissipation are still lacking. General guidelines of
hydraulics of aerated flows over stepped macro-roughness chutes and for optimal design of
protection overlay remain confusing.

To contribute to reduce these uncertainties, experimental study of flow over stepped chutes
equipped with macro-roughness elements is performed in a laboratory gated flume for mild
(~ 1.7H : 1V) and weak (~ 3H : 1V) chutes. Thus, they are representative of the range of
embankment dams and spillways slopes.

Three types of stepped macro-roughness overlays are assessed, namely rectangular conven-
tional steps, steps equipped with endsills fixed on their nose over all the flume width and steps
equipped with rectangular spaced blocks. Endsills overlays were characterized with different
longitudinal distributions whereas blocks overlays consisted in different transverse patterns.
Tests were conducted for the three nappe, transition and skimming flow regimes. Results can
be extrapolated to 1/5 to 1/15 scaled prototypes using the Froude similarity with negligible
scale effects.

Flow depth, local air concentration and longitudinal velocities are measured with a double
fiber-optical probe. Pressures at macro-roughness faces are taken with piezo-resistive sensors.
Sequent depths of the hydraulic jump forced in the stilling basin at the lume base are measured
with ultrasound sensors. Thus, this experimental phase of the thesis has allowed:

e to define flow parameters (regimes, depths, velocity and air concentration distributions,
hydrodynamic forces) for tested overlays,

e to highlight that air-water flow depth is divided into:



— a rough boundary layer influenced by shear stress and by drag form (macro-
turbulence) caused by macro-roughness,

— a homogeneous aerated layer which represents the main portion of flow involved in
energy dissipation mechanism,

— a free surface layer which must be considered in the side walls design,
e to stress that energy dissipation is mainly a question of drag losses,
e to validate indirect method of hydraulic jump for energy dissipation estimation,
e to estimate relative energy loss for several stepped macro-roughness overlays.

Tests finally show that an optimal alternative to dissipate the overflow energy during an over-
topping event consists in spaced blocks, with transverse space larger than the width of block
and fixed alternately on conventional steps.

However, experimental results remain related and limited to their tested domains. Then,
in order to provide more general governing equations of aerated flows over macro-roughness
stepped chutes, a numerical modeling of two phase flows over conventional stepped flume was
performed in collaboration with the Laboratory of Applied Hydrodynamics and Hydraulic
Constructions at University of Liége. A quasi-2D numerical model based on the finite volume
method was developed. It consists in applying the classical depth-averaged simplified Navier-
Stokes equations (viscosity and Coriolis terms neglected) to a 1D incompressible air-water
mixture flow over mild and steep slopes with a stepped topography.

Self-aeration process is modeled by a transport equation of depth-averaged air concentra-
tion whereas turbulent structures are indirectly implemented through the Boussinesq coeffi-
cient.

This first 1D-approach of semi-theoretical description of aerated flow over steps is tested
for a 30° gated stepped flume and a 52° crested spillway laboratory model. This numerical
model leads to realistic results regarding mixture depth, mean flow velocity, air concentration
and wave amplitudes of the flow free surface.

Finally, on the basis of existing protections of embankment dams and previous studies,
the present experimental and numerical results contribute to extend the knowledge of high
velocity aerated flows over macro-roughness and to provide elements of guidelines to optimize
stepped macro-roughness overlays for embankment dams safety.
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Résumé

Pendant une crue, le déversement incontrdlé sur un barrage en remblai peut mettre en danger
sa stabilité. En effet, I’érosion du parement aval et I'affouillement de sa base causés par
les hautes vitesses et 1’énergie propre de I’écoulement peuvent ouvrir des bréches jusqu’a la
rupture de 'ouvrage.

Dans ce contexte et face au nombre important de barrages en remblai nécessitant une
réhabilitation, des recherches sont menées depuis le début des années quatre-vingt, sur des
solutions de protection du coursier aval. Des couches protectrices superficielles, telles que du
geotextile ensemencé ou des treillis de cellules de béton ne sont pas adéquates car elles ne
résistent qu’a des petits déversements a faibles débit et vitesse. Par contre, un revétement en
marches d’escalier construit en béton compacté au rouleau (BCR) répond efficacement a ce
défi de protection.

Les écoulements sur marches d’escalier sont trés complexes car ils sont fortement aérés
et turbulents avec de surcroit une surface libre ondulée mal définie. Par conséquent, la plu-
part des études concernant ces écoulements particuliers sont menées sur modeéles physiques.
Toutefois, la compréhension et la définition de I’écoulement ainsi que l’estimation correcte
de I’énergie dissipée manquent toujours de clarté. L’hydraulique des écoulements aérés sur
macro-rugosités et les outils de dimensionnement de systémes de protection optimals restent
confus.

Pour contribuer a réduire ces incertitudes, une étude expérimentale des écoulements sur
pente en escalier équipée d’éléments de macro-rugosité est menée dans un canal & pente
moyenne (~ 1.7H : 1V) et a pente faible (~ 3H : 1V). Celles ci représentent la gamme
habituelle des pentes des ouvrages en remblai.

Trois types de revétement en marches d’escalier sont testés, des marches rectangulaires
conventionnelles, des marches équipées de seuils a leur nez sur toute la largeur du canal et
des marches recouvertes & leur nez de blocs espacés rectangulaires. Les variantes avec seuils
sont caractérisées par différentes répartitions longitudinales alors que les systémes de blocs
présentent différentes distributions transversales.

Les essais sont menés pour les trois régimes en nappe, en transition et en mousse de I’écoulement.
Les résultats sur modele peuvent étre extrapolés selon la similitude de Froude a des prototypes
d’échelle 1/5 a 1/15 sans effet d’échelle significatif.

La hauteur d’eau, la concentration en air et la vitesse longitudinale sont mesurées avec
une double sonde optique. Les pressions sur les faces des macro-rugosités sont prises a l'aide
de mini capteurs piezo-résistifs. Les hauteurs conjuguées du ressaut hydraulique formé dans
le bassin de dissipation au pied du canal sont mesurées avec des limnimeétres & ultrason. Cette
phase expérimentale de la thése a contribué a:
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e définir les parameétres hydrauliques de ’écoulement (régime, hauteur d’eau, distribution
de vitesse et de concentration en air, forces hydrodynamiques) sur les systémes testés,

e montrer que le mélange eau-air se décompose en:

— une couche limite rugueuse influencée par le cisaillement mais surtout par les effets
de forme (macro-turbulences) causés par les macro-rugositeés,

— une couche aérée homogeéne qui constitue la part principale de ’écoulement im-
pliquée dans le mécanisme de dissipation d’énergie,

— une couche de surface qui doit étre prise en compte pour le dimensionnement des
murs bajoyers,

e confirmer que ’énergie dissipée est surtout associée aux pertes de charge singuliéres,

e valider la méthode indirecte du ressaut hydraulique pour estimer l’énergie dissipée par
les différents systémes de macro-rugosités testés.

Les essais ont finalement montré que la variante optimale pour dissiper ’énergie de I’écoulement
sur le parement aval consiste en un systéme de blocs espacés avec un écartement transversal
plus grand que la largeur du bloc lui-méme et fixés en ordre alterné sur le nez des marches.

L’ensemble des résultats expérimentaux reste par définition lié et limité aux conditions
testées. C’est pourquoi, dans le but de généraliser les équations qui gouvernent les écoulements
aérés sur des chutes en escalier équipées de macro-rugosités, une modélisation numeérique des
écoulements sur marches conventionnelles a été menée en collaboration avec le Laboratoire
d’Hydrodynamique Appliquée et de Constructions Hydrauliques de I’Université de Liege. Un
modéle numérique quasi-2D a été développé, basé sur la méthode des volumes finis. Ce modéle
applique les équations simplifiées (termes de viscosité et de Coriolis négligés) de Navier-Stokes
intégrées sur la hauteur a ’écoulement du mélange eau-air considéré incompressible et mono-
directionnel.

Le processus d’auto-aération est modélisé par une équation de transport de la concentration
en air moyenne alors que les structures turbulentes sont indirectement prises en compte par
le coefficient de Boussinesq.

Cette premiére approche de la description semi-théorique des écoulements aérés sur marches
d’escalier est testée pour un canal a 30° avec une entrée controlée par vanne et pour le modéle
réduit d’un évacuateur de crue a créte en ogive et de pente de 52°. Le modéle numérique
conduit & des résultats comparatifs réalistes tant du point de vue des hauteurs d’eau que des
vitesses et concentrations en air moyennes ainsi que des amplitudes d’oscillation de la surface
libre.

Finalement, sur la base des solutions récentes appliquées aux barrages en remblai réhabil-
ités et des enseignements d’études antérieures, les présents résultats empiriques et numériques
contribuent & étendre la connaissance des écoulements aérés sur macro-rugosités et fournissent
des éléments pour optimiser un revétement de surface en marches d’escalier avec macro-
rugosités destiné a la sécurité des barrages en remblai.
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Chapter 1

Overtopping of dams: 1s it a real
nowadays problem?

Energy control of aerated high velocity flows is one of the main challenges in the design
of hydraulic structures. In fact, this type of flows is often observed in torrents, in drainage
systems of urban areas, in industrial efluent evacuations and on spillways and overtopped
dams.

For the later case, about 40 % of the recorded world failures without counting China [Lem-
périére (1993)] of embankment dams lower than 30 m are caused by uncontrolled overtopping
during flood events. High energy of the overflow is indeed able to create dramatic damage as
erosion of the downstream slope and scouring at the base of the chute which might lead to
complete failure.

Nowadays, a great number of embankment dams have an under-designed spillway capac-
ity since they were built at a period when hydrologic data, computation and measurements
techniques were limited. They all could experience overtopping during severe flood events.

Then, as a reaction to these possible risks of dam failure, engineers become more and
more interested in controlling overtopping with safe-time and economic solutions. As a conse-
quence, important research activities have been conducted since the early eighties to develop
downstream slope surface protection systems so-called overlays in the following.
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Chapter 2

Why macro-roughness overlays can
protect embankment dams during
overtopping?

An efficient protection overlay consists in fitting the embankment slope with steps. This
alternative is more and more developed since the eighties with the arrival of Roller Compacted
Concrete (RCC) techniques. Steps behave like macro-roughness during overtopping: their
height remains large compared to the overflow depth.

The main property of stepped overlay lies in its capacity to dissipate the flow along the
slope which results:

e First, in the slowing down of bottom velocity and consequently in diminishing the risk
of slope erosion.

e Secondly in a drastic decrease of the residual energy at the base of the chute. That
leads to a reduction of scouring damage and also to a diminution of the dimension of
the stilling basin.

Advantages of steps are not limited to their energy dissipation efficiency. In fact, they con-
tribute also:

e to minimize the risk of cavitation thanks to the high aeration of the flow,

e to increase the spillway capacity of existing embankment dams because the steps tend
also to stabilize the downstream slope [Matos, Pinheiro, Quintela & Frizell (2001)],

e to dissolve gas abatement since self-aeration process due to steps permits to regularly
aerate the downstream river and then to "degase" partially the water [Ahmann & Zapel
(2000)],

e to improve the quality of the wasted water or industrial effluents by re-aeration [Toombes
& Chanson (2000)],

e to the safety of canoeists and rafters by reducing the dangerous reverse-flow region of a
plunging flow in a inclined chute in a river [Yasuda & Ohtsu (2000)].
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Chapter 3

Scope and organization of the study

Because of the high turbulence and the two-phase structure of the flow over stepped chutes,
an accurate approach to estimate energy dissipation is still lacking. A better assessment
strongly depends on a more precise description of the flow behaviour, especially the air-water
structures. In fact, during the last international workshop on hydraulics of stepped spillways
|at the Swiss Federal Institute of Technology in Zurich, Switzerland, (2000)|, guidelines to
design a stepped protection, such as friction coefficient, were scattered and confused. Further-
more, few studies are focused on optimization of macro-roughness overlays regarding energy
dissipation and resistance.

In this context, the aims of this research project are:

e to extend the knowledge of two-phase structure of the flow over macro-roughness stepped
chutes,

e to understand the contribution of the drag form effect caused by the macro-roughness
in energy dissipation mechanism and to assess the relevant head losses,

e to propose an accurate method for estimation of residual energy,

e to investigate different stepped overlays to estimate the influence of geometry, size and
distribution of the macro-roughness elements on energy dissipation,

e to furnish the bases for the recommendations and guidelines to design an optimal stepped
macro-roughness overlay regarding flow depth, pressure field, air concentration, velocity
and head loss.

Finally, this research project contributes to the reduction of the confusion regarding en-
ergy dissipation efficiency, to provide elements for an empirical guideline, to optimize surface
protections for embankment dams and to introduce a numerical model of aerated flows over
stepped chutes.

To attain these objectives, the project is developed in three steps, a literature review, an
experimental and a numerical phases as illustrated with more details in Figure 3.1.
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Figure 3.1: Organization of the research project
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Part 11

EXISTING LINING PROTECTION
TECHNIQUES FOR OVERTOPPED DAMS:
A SUMMARY
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Chapter 4

Overtopped dams: a current problem
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In addition to supply the volume and water head for hydroelectric energy production,
dams have also often been constructed to store drinking, industrial and irrigation water and
more and more used for the protection against floods. Embankment dams lower than 30 m
high are the most construction used structures due the low cost of construction, the facility of
environmental integration and the techniques compared with concrete dams. This may explain
the proliferation of embankment dams around the world, especially in developing countries.
According to the last ICOLD statistics in 1995 [ICOLD (1997)], over the 145000 "large"! and
"small"? dams in operation in the world, 93 % are lower than 30 m high, including around
90 % of earthfill dams.

The following literature review will thus focus on these embankment structures.

The very first embankment dams are already 2000 years old, but most existing dams were
built in the fifties of the 20" century. During this period, hydrology sciences were just starting
and measurement techniques were limited. As a consequence, a great number of embankment
dams have an under-designed spillway capacity and could experience overtopping as illustrated
in Figure 4.1a for the spillway of Treig dam in Scotland.

Cofferdams during a construction period are also subject to overtopping since they are
generally in operation for a short duration and thus designed for low flood events (see exam-
ple of Cabora-Bassa cofferdam, Fig. 4.1b).

Uncontrolled overtopping during floods can be a real danger for the embankment safety. In
fact, the high energy and velocity of the overflow are able to create dramatic damages such as
erosion on the downstream slope and at the toe as well as breach formation which could lead
to complete failure of the dam itself. This extreme situation concerns overall the earthfill or
rockfill embankment dams which are built with natural material, not always well compacted
and thus very vulnerable to erosion.

Uncontrolled overtopping is indeed a real problem since it is the cause of 40 % of the recorded
world failures (without China) [Lempériére (1993)].

Until the beginning of the eighties, uncontrolled overtopping was absolutely rejected in
safety dam programs. To prevent eventual damage, alternatives in masonry rehabilitation in-
cluded either increasing the reservoir storage or enlarging the spillway capacity [ASCE (1994)].
It could consist in:

e raising the dam crest,

e increasing the crest length (by a Labyrinth weir, for instance),

e improving the discharge coefficient (by a refinement of the crest shape, for instance),

e adding spillways or outlets,

e using fuseplug embankments or submersible fusegates.

InLarge" dams, as defined by the ICOLD, are dams more than 15 m high, and dams between 10 m and
15 m high with a storage capacity larger than 1 hm3, or more than 500 m long, or with a design discharge
flood of more than 2 000 m?®/s

2'Small" dams are lower than 15 m with storage capacities less than 1 hmn®
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These solutions are not always feasible, not only because of the cost and the techniques in-
volved but also due to their requirements in space, in the topography, soil quality and their
environmental impacts.

As a reaction to these overtopping events and to the burden of such techniques, engineers
became more and more interested in controlling overtopping. This may be indeed a real time
saving and an economic interest to rehabilitate the numerous likely overtopping dams. Im-
portant research activities have been then conducted since the early eighties, particularly in
Russia, in the USA through a number of Federal agencies and private consulting firms (as an
example, the USACE: United States Army Corps of Engineers) and the UK (as an example,
the CIRIA: Construction Industry Research and Information Association). They intend to
develop systems to ensure safe embankment dams during overtopping, in particular linings for
the downstream slope protection. Notably, in parallel to this increasing interest in controlled
overtopping and due to the encouraging results of the researches, legislation of dam safety has
also evolved. Controlled overtopping is accepted for small dams for some countries such as
the USA [Hagen (1982)], UK [Minor (1998)] and recently Switzerland [OFEG (2002)]. The
conditions required to accept overtopping is that the crest, the downstream slope and the toe
are equipped with protection systems.

However, due to the complexity of the turbulent aerated overflow behaviour, establishment of
general design relationships for optimal protection systems are still lacking. As a consequence,
controlled overtopping has not yet been widely adopted.

Though the crest and toe protections are important measures for dam safety, the following
state-of-the art focuses mainly on the surface protection systems used to cover the downstream
slope of embankment dams. As shown in the following, lining protections are required during
overtopping because not only they avoid erosion of the downstream slope, but also they can
contribute to diminish the residual energy at the toe of the chute.

Figure 4.1: Overtopping of a) the spillway of the Treig dam near Fort William in Scotland
[British dams organisation (2004)| ; b) upstream cofferdam of Cabora-Bassa, Africa, in 1972
[ICOLD (1984)]
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Chapter 5

Erosion and failure processes during
overtopping events
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In order to develop reliable, efficient and adapted protection solutions, it is essential to
understand the hydraulic behaviour of the overflow, its energy dissipation capacity and the
consequences on the erosion and the failure processes of the structure during overtopping.
Therefore overflow behaviour is briefly described in the following.

If hydraulic overflow is comparable to the hydraulic of flow over smooth steep chutes
(as described in Appendix B), the behaviour of the overtopped embankment dam remains
complex, involving interaction between a turbulent aerated flow and the erosion processes
of granular or cohesive soils with a significant slope effect. As a consequence, the existing
descriptions of embankment dam response during overtopping derive in general from history
cases or from physical model studies performed in laboratories. They are then limited to their
tested domain.

5.1 Hydraulics of the overflow

When the water level in the reservoir overtops the dam crest with a very shallow water depth,
flow is lost in seepages due to the permeability of the downstream slope in case of earthfill
or rockfill structures due to settlement cracks and joints. As the water level increases, flow
starts to run over the downstream slope. As illustrated in Figure 5.1, the overflow can then
be described in 3 zones |[Gray (1991), Powledge, Ralston, Miller, Chen, Clopper & Temple
(1989)], each of them characterized by the flow structure and regime and the energy gradeline
(represented with the dotted line).

4 Zone 14 Zone 2 1

Crest Downstream slope

Zone 3 - Toe

Reservoir Hydraulic jump

Ae
AALALAITIA AT AT A TSI A A A A AP A AT SIS TSI TSI A A A A IS I AT

Figure 5.1: Sketch of flow zones over steep embankment slopes

5.1.1 Zone 1: Crest

The flow transits from a subcritical regime in the reservoir, with a very low approach velocity
to a supercritical regime downstream from the crest through the critical depth, h., given by
Eq. 5.1. Critical depth is located within the downstream third or fourth of the crest, depending
on its shape and roughness as well as the overflow head.

he = {22 (5.1)



where ¢, is the unit discharge of the overflow and g the gravity acceleration.

The boundary layer is laminar upstream of the critical depth (low flow velocity) and the
energy gradeline varies proportionally to the flow velocity. By consequence, the energy slope
is insignificant and the tractive forces are negligible: only very highly erodible material can
be moved.

The laminar flow condition transits to the turbulent flow regime downstream of the critical
depth, with an increase of the flow velocity. Therefore, over a short distance, the energy head
(proportional to the square of the velocity) and tractive forces increase significantly. Erosion
has then to be expected at the downstream edge of the crest. In addition, if the angle be-
tween the crest and the downstream slope is sharp, the pressures decrease from hydrostatic
pressure as the flow begins curving toward the slope, creating a separation of the nappe,
with the formation of negative local pressures. This pressure gradient can be the origin of
an erosion at the crest brink which can progress down the slope and lead to failures of the dam.

The depth and the head of the flow over the crest are respectively hy and Hy. They may
be estimated with the broad-crested weir equations (Eq. 5.2, 5.3):
For no or low tailwater:

gw = CpCer/29HY (5.2)
For submerged crest:
gw = CpCe\/29SHY? (5.3)

with Cp, the discharge coefficient given by [Rehbock (1929)]:

0.135h0] [1 N 0.0011]3/2

Cp = 0.4023 [1 +
ho

We

251nA,
9[1 + (H()L—ewe )4]
the submergence factor and H,, the downstream or tailwater head (m). we, L, and A, are

respectively the height of the weir, the length of crest and the angle of the upstream slope of
the weir (Fig. 5.1).

, and with § = /1 — (Z=)2,

C., a correction coefficient given by C, = 1 — .

5.1.2 Zone 2: Downstream slope

The flow down the steep slope accelerates rapidly until head loss equilibrium is reached and
uniform flow is established. As represented in Figure 5.2, the flow down the chute can be
divided into a number of distinct regions [Falvey (1980), Wood (1991)].

Non aerated flow :
Near the dam crest where there is no air entrainment, the turbulent boundary layer
grows but has no significant effect on the water surface which remains smooth. In this
clear water region, depth decreases according to drawdown curve. The flow velocity and
energy level increase drastically, with a high erosion potential.

Aerated region :
When the turbulent boundary layer reaches the water surface, the turbulent energy
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of the vortices is large enough to exceed the surface tension and gravitational forces:
natural air entrainment starts to be developed at the so called inception point (I in the
Figure 5.2). The free surface becomes wavy and white with ejection of spray. In this
developing aerated region, mixture flow depth and mean air concentration increase down
the slope. If the slope is long enough, an equilibrium between head loss and gravity
is established. In this uniform region, air concentration (concentration at saturation),
velocity and flow depth (normal depth h,) are constant with distance. Pravdivets &
Slissky (1981) proposed that the uniform regime would be attained at a distance at least
20 times the critical depth from the crest. However, this distance depends also on the
slope and on the bottom roughness.

The presence of air has two principal positive effects for the embankment slope: the
reduction of the cavitation risks since the mixture is more compressible as well as the
decreasing of the shear stress [Wood (1991)]. However, for large overflows, the velocity
and flow energy are so great that tractive forces are high enough to produce erosion and
head cuts on the slope.

The flow characteristics over the downstream slope can be computed based on the stan-
dard step method [Chow (1959)], including air entrainment and friction relationship,
such as proposed by Falvey (1980) (see Appendix B).

26



Froude<1 Froude>1 5
Non aerated region 4 Aerated region
Fully
Developing flow developed
flow
(uniform
region)

Figure 5.2: Regions of the aerated flow over steep slope

5.1.3 Zone 3: Toe of the chute

The residual energy at the toe of the chute is generally under-estimated because the friction is
not properly computed. To take into account air effects, Wood (1991) proposed the following
approximation of the residual energy.

& In the developing region
Based on the Aviemore dam measurements |[Cain (1978)], the residual energy H,, is estimated
by Eq. 5.4.

1.09 ( Qu

2
H, = Z,cos0 + g Z_w) + Zref (5.4)

where Z,, is the equivalent clear water depth defined as Z,, = (1 — C)Zgy and Zgy the mixture
flow depth at 90 % of air concentration, C, the mean air concentration and where z,.s is the
vertical distance to the structure toe from some datum.

& In the uniform region
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The residual energy Hg, can be expressed by Eq. 5.5:

U2
H,, = Z,cosf+ 2—;’ + Zref (5.5)

where U,,, the clear water flow velocity, is computed from the Darcy-Weisbach friction relation
according to Eq. B.1, in Appendix B.

When the high velocity flow reaches the base of the dam, a hydraulic jump is developed
(see Fig. 5.1). For low tailwater depth, the non-submerged hydraulic jump involves great local
shear stresses as well as high pressure fluctuations. Therefore, if the base of the overtopped
dam consists of erodible soil, scouring may occur. If it is lined with concrete slabs, significant
uplift pressures may develop. That can cause failure. With increasing tailwater depth, the
stresses are progressively reduced but in same time, the hydraulic jump dangerously moves
up to the downstream slope of the dam. In this case, the pressure fluctuations and the high
stresses applied on the slope itself can cause severe erosion.

5.2 Erosion and failure processes

Compared with concrete dams, embankment ones are more vulnerable and they are subject
to:

e deformation due to settlement during and after construction,

e erosion, since they are fitted with natural materials with a low degree of resistance to
shearing stress,

e infiltration due to their high permeability and to the presence of cracks resulting from
settlement.

Therefore, the main failure mechanisms for earthfill and rockfill dams are the result of internal
erosion of the filling material either in the embankment itself or along the foundation interface
or also at the contact surface with an adjacent concrete structure. This process is responsible
of about 30 % of the failures [Serafim (1981)]. External erosion of the downstream slope during
overtopping, uplift pressures at the downstream crest edge and at the toe as well as in the
foundation of the structure may also lead to failure.

5.2.1 Erosion mechanism

In general, experience of failure cases has shown that during overtopping the erosion mech-
anisms can be influenced by structural or hydraulic parameters such as |[Powledge & Sveum
(1988)]:

e Geometry of the dams (angle of the downstream slope and shape of the crest). A flatter
slope would experience a lower erosion potential, and a smooth shape crest would involve
lower uplift pressures.

e Quality of the filling materials for embankment dams (density, compaction and per-
meability). The more the earthfill is compacted and cohesive, the less erosion can be
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developed. In addition, risks of infiltration would be limited for poorer permeable ma-
terial.
In the particular case of concrete dams, it is the cement content which determines the
resistance to abrasion when the degree of compaction influences the resistance to shear
stress.

e Discontinuity over the downstream slope. Construction joints and bolt holes may cause
local cavitation when the overflow velocity is very high (above 30 m/s, [Minor (2000)])
with local damage of the slope surface.

e Location of the hydraulic jump formed at the toe of the chute. It can induce uplift
pressures and high shear stress.

e Drainage and sealing systems. They are essential to avoid percolation under-pressures
and seepage uplift pressures, both for embankment and concrete dams. They also permit
to avoid piping effect for earthfill dams.

e Duration of the overtopping. In fact, erosion depends not only on the velocity and the
depth of the overflow but also on duration of the overtopping which has a great influence
on the extent of the damages.

In most of the cases, erosion starts at the toe of the structure where the plunging overflow
is highly turbulent and energetic. In addition, at this place, joints increase the risk of infil-
tration and uplift pressures. Then, the scouring and the local erosion developed at the toe
tends to progress upstream until it reaches the dam crest. At the same time, due to its sharp
shape, the crest may also experience undercutting and sub-pressures due to the wake of the
flow which turns from the crest edge to the downstream slope.

A sketch of erosion mechanism for homogeneous earthfill embankment dams is given in
Figure 5.3. As it can be seen in drawing a), for normal conditions, a water saturation line is
established and seepage flow is collected by a drainage system at the dam toe.

During overtopping, the process of erosion can be divided into two mechanisms [Olivier
(1967)| described in the following.
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Internal mechanism :
If there is infiltration from the downstream slope, then a wet front progresses inside
the embankment (Fig. 5.3b). If the saturation line is raised then infiltration water exits
through the downstream slope, thus increasing uplift pressures in the embankment. That
can produce slides. When the saturation line attains the slope surface at the toe of the
structure, erosion and backcutting develop.

External mechanism :
If at the toe of the chute, velocity of the overflow and pressure fluctuations are large
enough to exceed the material resistance or the weight of protection slabs, erosion starts
at the base of the structure and progresses upstream if the overtopping lasts long enough
(Fig. 5.3¢).

Both erosion mechanisms may cause bank slides, removal of chunks, scouring of the slope,
breaches of the embankment and at the last stage the failure of the dam itself.

If the earthfill dam is equipped with an impermeable element such as a clay central core,
the embankment is divided into two regions during normal operation: upstream of the core
where the earthfill is almost totally saturated and downstream of it where the region is dry.
The stability of the dam strongly depends on this saturated /dry distribution. Therefore, dur-
ing overtopping, in addition to the internal and external mechanisms described above, the
progression of the wet downstream front by infiltration can dramatically and directly endan-
ger the stability of the structure itself.

In addition, impermeable elements allow a delay of internal erosion progression during over-

topping.

For rockfill dams, the failure process is quite comparable to earthfill ones with also an
internal mechanism. However, due to the more permeable properties of the embankment
material, infiltration spreads faster. The uplift pressures first wash out the finer particles,
following by bank slides if seepages are not well drained [Olivier (1967)].

Concerning the external erosion, in this case, shear stress and uplift pressures may turn
over rock boulders and remove them, leading to scouring and breaches.

Therefore, according to the failure process description, particular attention must be taken
at the toe and slope protection to ensure the safety of embankment dams during overtopping.
It may be concluded that both the impermeability of the slope and the reduction of the
overflow velocity corresponds to the most relevant action to control overtopping.
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Figure 5.3: Sketch of the erosion processes during overtopping for homogeneous earthfill em-
bankment dams

5.2.2 Dam failure examples

In order to highlight the consequences of uncontrolled overtopping, some historical failures of
dams during overtopping, described by Powledge & Sveum (1988) and Powledge et al. (1989)
are summarized in the following Table 5.1. In all cases, no information about drainage and
sealing systems was available. A complete data base of all dam failures is available on the
web-site of the United State Bureau of Reclamation [USBR (2004)]. The data concerning
failures must be given more substance to be able to hold some design recommendations.

It can be noticed that no comparable criteria characterizing the overflow exists in literature.
In fact, either the overtopping duration, or the maximum depth of the overflow, or even the
specific discharge are given to define the phenomena, but never all of them. It is therefore
difficult to compare the resistance response of dams in order to classify the safest structure.
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Dams Height Fill material Overtopping: Max. | Damage
(m) depth  (m) Du-
ration  (h)  Unit
discharge (m?/s)
R.F. Bailey Ccofferdam, || 18.3 Well graded sand | 2.0 m depth and 4 h | Breached
West Virginia (USA) and sandstone before breaching
Bloomington cofferdam, || 9.1 Clayed sand | 0.15 m depth and 1 h | Breached
West Virginia (USA) gravel before breaching
B. Evertt Jordon coffer- || 9.1 Silty-clay 0.3 m and duration | No significant
dam, North California more than 24 h damages
(USA)
Little Blue River Levee || 4.6 Vegetated clay Overtopped in 1977 -
(USA) No damage
in 1982 0.3 m | Breached
depth and 12 h be-
fore breaching
Jacksonport Levee, || 4.6 Clay 0.3 to 0.6 m depth | No significant
Arkansas (USA) and 1 week damage
Rocky Run Dam, lowa || 6.1 Loess 0.5 m and duration of | Moderate
(USA) 5h damages
Rocky Run Protection || 2.7 Loess 0.6 m depth and du- | Moderated
Levee, Iowa (USA) ration of 6 h damages
Elm Fork, Texas (USA) || 11.0 Vegetated Clay 0.12 m and duration | Moderate
of 3h damage
Rainbow, Michigan || 14.3 Clay 0.61 m and 12 h be- | Breached
(USA) fore breaching
W. Fork Pt., Arizona | 10.7 Lean clay, gravel, | 0.37 m and duration | No significant
Remove Cr. Site 2 and silty sand shorter than 2 h damage
(USA)
W. Fork Pt., Arizona | 15.2 Lean clay gravel, | 0.3 m and duration | No significant
Remove Cr. Site 4 and silty sand shorter than 2 h damage
(USA)
Randal RC+D CA- || 6.7 Lean clay 0.3 m and duration | No significant

191-BH, South Dakota
(USA)
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Dams Height Fill material Overtopping: Max. | Damage
(m) depth (m) Dura-
tion (h) Unit dis-
charge (m?/s)
Colorado Retarding || 11.6 Vegetated clayey | 0.4 m and duration | No significant
structures, M-1, Col- sand about 2 to 4 h damage
orado (USA)
Colorado Retarding || 7.0 Vegetated clayey | 0.23 m and duration | No significant
structures, S-1, Col- sand about 2 to 4 h damage
orado (USA)
Colorado Retarding || 14.9 Vegetated clayey | 0.9 m and duration | Moderate
structures, W-1, Col- sand about 1 to 2h damage
orado (USA)
Gibson dam, Montana || 60.7 Concrete l1mand 20 h No significant
(USA) damage
Mc Carty, Texas, USA 16.5 Sandy clay Depth unknown, | Breached
overtopped  during
24 h before breaching
Kerrville Ponding Dam, || 6.4 Concrete-clapped | 3 m depth Damage of
Texas (USA) clay the concrete-
capped on
the down-
stream  slope
and of the
embankment
Armando de Salles, || 33.5 m Earth fill 1.22 m depth and 0.3 | Breached
Brazil h before breaching
Euclides de Cumba, || 61.0 Earth fill 1.22 m and 7.5 h Breached
Brazil
Oros dam, Brazil - Classified rockfill | ¢ < 1m?/s Breached
Hell Hole dam 30 Classified rockfill | - Retrogressive
erosion

- no information

Table 5.1: Selected overtopping events
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Chapter 6

Downstream slope protection linings
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The economical interest of controlling overtopping has enhanced research on alternative
solutions to protect embankment dams. The understanding of failure mechanisms pointed out
that the most vulnerable points during an overtopping of embankment dam concern:

e Uplift pressures at the downstream edge of the crest,

e Low resistance of granular and cohesive material as well as cavitation and uplift pressures
risks on the downstream slope,

e High residual energy of the flow, fluctuations and uplift pressures at the toe.

Though the crest protection and the stilling basin design are of great importance to limit
damage and though the drainage and sealing systems are essential to the good and efficient
functioning of the whole protection system during overtopping, this literature review focuses
on the downstream slope surface protection.

In this context, the proposed alternatives, described briefly in the following, result mainly
from physical model studies. The principal aims investigated were :

1. to protect the slope surface against retrogressive erosion (initialization at the toe),
2. to increase the shear resistance of the surface,
3. to avoid infiltration in the downstream part of the dam,

4. to dissipate the energy along the structure itself in order to decrease the residual energy
at the toe,

5. to reduce the risk of cavitation.

Their performances are summarized in the table in Fig 6.8. However, it is important to
notice that among the collected examples, only a limited amount of information on the lining
behaviour during overtopping could be obtained. Firstly this is due to the low probability of
occurrence of an overflow observation. Secondly, in general the protected overtopped structures
have not been followed up and were not the subject of scientific publications.

6.1 Protection linings without energy dissipation capacity

Established vegetation linings

This low cost solution is the most common system for protection against erosion of earthfill
dams. Vegetation linings only require that the downstream slope be seeded with grass or
another dense short vegetation.

However, this provides only limited erosion protection. Results of physical models and
prototype observations have shown that well-established dense grass can provide moderate
resistance during short overtopping (order of one hour), for overflow velocity up to 1.8 m/s for
earthfill or 1.2 m/s for granular slope [Hewlett, Boorman & Bramley (1987)|. However, areas
of poor grass covering, of non homogeneous distribution of grass or of holes, are responsible
for earlier local erosion which can be spread over all the slope.
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e Advantages
Easy to fit and cheap.
Self perpetuating.
Good environmental integration.

e Disadvantages
It needs a long duration to be fully developed (1-3 years) and a regular maintenance.
This system is only efficient for reduced applications: short overtopping and flat slopes.
It contributes to attract animals which can locally destroy the downstream slope.

¢ Recommendations
To be effective, this system requires a regular maintenance by fertilizing, mowing, filling
erosion spots.
Alternative vegetation sowed over a fiber mattress fitted in the earth surface layer can
improve the shear stress resistance of the slope due to the reciprocal action of the mat-
tress which maintains the roots and inversely (see Fig. 6.1).

| &

Figure 6.1: Establishment of vegetation within mattresses - [Maccaferri (2004)]

Armored earth

Armored earth consists in making a cohesive material by mixing pulverulent soils with ar-
mourings and in suppressing the downstream part of the structure. That leads thus to a
vertical downstream slope of the embankment dam and then to a chute flow. By consequence,
there is no question of surface erosion. However, particular attention must be taken with the
toe protection since a great amount of energy is transmitted at the point of chute impact.
Armed earth has been observed for few dams lower than 40 m and subject to overflow lower
than 12 m?/s [Albert & Gautier (1992)].

e Advantages
Armored earth can be constructed in narrow sites.
Armored earth dams do not undergo overflow on the downstream slope.

e Disadvantages
Corrosion of armorings can lead to loss of resistance quality of the armored earth.
This system demands high quality of materials (resistance and impermeability).
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e Recommendations
The upstream slope can be protected by a sealing layer in order to avoid percolation
which could initialize failures. A drainage between the embankment and the sealing
protection is recommended to prevent uplift pressures due to possible seepage.
At the base of an embankment dam, water mattress and toe protection are essential to
ensure a protection against scouring and pressure fluctuations |[Bollaert (2002)].

Geotextile covering

The main three types of geotextile systems encountered to protect downstream slope are:
e Two-dimensional woven meshes and fabrics, through which vegetation can grow.
e Three-dimensional open synthetic mats which are filled with topsoil and seeded (Fig. 6.2).
e Three-dimensional filed synthetic mats which are filled with asphalt or rock.

These system all behave as a seal and an erosion protection.

Physical tests |[Hewlett et al. (1987), Chen, Anderson & Simons (1986)| and historic cases have
shown that even for thick geotextile layers, the system resists short overflows with velocity up
to 8 m/s. However, as soon as the overflow duration increases, seepages located between the
topsoil and the fabric create uplift pressures at the interface, leading to geotextile failure.
The resistance to erosion of all these types of geotextile is tightly enhanced by covering them
with a dense grass turf so that the geotextile is fully integrated with the subsoil by the root
System.

The optimum system tested consists of an anchored three-dimensional open-textured mat
geotextile layer, covered by dense grass. In fact, the open mats allow the roots to easily reach
the subsoil and both anchors and roots limit the development of an underflow.

e Advantages
Geotextile behaves both as a seal and an erosion protection layer.
It is easily fitted on site.
It can be completely integrated into the environment.

e Disadvantages
Geotextile has poor anchorage and poor stretching capacities. It is limited for low
velocity and short overflows because the system is vulnerable to wrenching and seepages.
Geotextile is prone to vandalism.

¢ Recommendations
Geotextile is more adapted to be used as a filter layer between the underlying topsoil
and a protection system.

Soil cement overlay

This consists of a concrete layer of a minimum thickness of 30 ¢m placed from the upstream
of the crest to the downstream toe of the embankment. This high resistance and water-
tight protection can endure high overflow velocity [Powledge et al. (1989)]. However, seepage
through joints or cracks can lead to great uplift pressures until failure and layer irregularities
can initialize cavitation for high flow velocity (> 30 m/s).
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Figure 6.2: Example of a bank protection against flood with a 3D non-wowen polypropylene
geotextile - [Website of Geofabrics company, England, (2004)]

e Advantages
Resistant to high specific discharge, even for an important incoming head and a long
overtopping duration.

e Disadvantages
Risk of seepage in joints, of cracks because of settlement, risk of cavitation.
It is prone to vibration under the overflow pressure fluctuations, that can rapidly lead
to concrete fatigue.

e Recommendations
Drainage layer is required for the possible seepages.
To reduce vibration and to reinforce the armor layer, longitudinal armoring can be added
in the concrete layer.

Cable-tied cellular concrete blocks

This consists of a layer of cellular concrete anchored blocks (minimum superficial mass of
135 kg/m?), underlain with geotextile and covered with a minimum 25 mm thick seeded
topsoil [Gray (1991)]. Open cell geotextile is preferable to allow penetration by grass roots
which in turn enhances the anchorage system.

A schematic of the system is given in Figure 6.3.

Due to its high resistance and stability, this protection is stable for velocities up to 8.6 m/s.

e Advantages
High degree of stability.
Flexible and durable.
Good environmental integration.
Cost-effective.
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Disadvantages

Negative hydrostatic pressures at the downstream edge of the embankment crest can
lead to the displacement of blocks.

Needs regular maintenance.

Susceptible to vandales removing blocks (if non cabled).

Recommendations

Anchorage between the adjacent blocks and between the concrete armor and the subsoil
has to be designed by taking into account the likely uplift pressures.

The protection layer should be carried upstream on the embankment crest and also
anchored upstream from the location of the critical depth to protect the structure against
the negative pressures.

For the same reasons, the layer should be extended downstream of the hydraulic jump
position.
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7 .ﬁr ‘:1'|;Ifrr.-‘.‘f‘l‘#'}|iu lr-il'.
fl.‘.l-(.',-fdtt.’""' 'f'd'-'ll."'-‘-"" ‘br'-.“P

/LONCHYUUWI\L
CABLES

CCNCRETE BLOCKS / LATERAL /

2R GRIDS CABLES

EMBANKMENT -—’/A

— WOVEN GEQTEXTILE

/L
- S0IL ANMCHORS

e

Figure 6.3: Typical cutaway of cellular concrete mat system [ASCE (1994)]
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6.2 Protection linings with energy dissipation capacity

In addition to resisting to erosion, the following protection systems dissipate the energy along
the slope due to their macro-roughness patterns. They contribute then to the diminution of
the residual energy at the toe of the structure.

Furthermore, because these linings enhance the flow turbulence, self aeration process de-
velops very near the crest. The risk of cavitation is then greatly reduced with this highly
aerated overflow.

Riprap

Riprap placed on the downstream slope consist of two or more layers: filter and armor. These
are generally used to protect cofferdams and small dams.

Fill block dimensions, gradation and distribution depend on the design specific discharge and
on the slope. These characteristics are calculated based on empirical relationships as the Har-
tung and Scheuerlein equation, in Albert & Gautier (1992).

The material gradation (uniformity of the block sizes) has a significant influence on the ero-
sion process: poorly-graded riprap presents a greater stability for overflows than well-graded
riprap. However, it fails suddenly while well-graded resists sudden failures better |Wittler &
Abt (1990)]. Nevertheless, in general, riprap do not resist long duration and high discharge
overflows because the blocks start to overturn, then they move and finally are displaced out
of the system by uplift pressures.

e Advantages
The rough surface of riprap dissipates partially overflow energy.
Riprap can be repaired easily by just replacing blocks if necessary.

e Disadvantages
Design guidelines are still lacking because of the complex turbulent aerated flow involved.
In addition, physical models of riprap protection are difficult to accurately produce
because of scale effects with respect to granularity, shape, arrangement and permeability
of the blanket.
Riprap protection is not applicable everywhere since it needs a supply of large durable
rocks (crystalline, basalt).
It is not adapted for high overflow discharge and for overflow with floating debris. In
fact, the later can accumulate between blocks during overtopping which can lead to an
overload. This may endanger the stability of the blocks and reduce their dissipating
function.

e Recommendations
Since the riprap blanket is not a sealing protection, it should be underlain with a drainage
layer or a sealing layer such as geotextile (see Fig. 6.4).
Based on the results of tests at the Colorado State University [Abt & Johnson (1991)],
the angular stones are more effective than the rounded-shape (unit discharge of failure
is 40 % greater in the first case). In fact, angular stones tend to interlock and wedge.
Because of the mobility of the rocks and the collection of floating debris, the riprap
blanket should be inspected after each overtopping.
The toe protection should be linked to the downstream slope protection because of uplift
pressure and retrogressive erosion as well as sliding.
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Figure 6.4: Schematic view of a Riprap protection over a downstream slope

Gabions

The Egyptians used a gabion system 7000 years ago to protect banks along the Nile river.
As shown in Figure 6.5, gabions are rectangular baskets or mattresses of galvanized steel wire
mesh woven in a uniform hexagonal pattern. Physical model studies have shown that the size
of the compartments depends on the slope and on the hydraulic stresses. They are filled with
angular rocks larger than 1.5 time the cells size to prevent lift. The edges of the baskets are
laced together to form a large and heavy protection.

Gabions are mainly used for small earthfill dams and spillways. They can be fitted as a lining
layer parallel to the embankment slope or as a stepped bottom over the downstream slope
(Fig 6.5). In addition to prevent the slope erosion, stepped gabions provide a high degree of
dissipation energy and offer a greater structural stability compared to lining gabions. This
system is recommended due to its efficiency. It can sustain velocity up to 8 m/s. However,
for long duration overflow, gabions can be rapidly damaged by erosion and/or abrasion and
easily are deformed which leads to failure.

e Advantages
The use of small blocks to fill the blankets makes material easily available at many
places.
Gabions involve light construction techniques and can be carried out on site, thus they
can be cost effective if labor is cheap.
Stepped gabions present mechanical stability as well as a good erosion resistance and an
efficient rate of energy dissipation.
Gabions can be easily repaired or replaced on site.

e Disadvantages
Gabions are prone to vandalism.
The rapid wear process of gabions (abrasion, erosion) limits their use to temporary
protection cases. Then, they require maintenance to identify damaged baskets after
overtopping.
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Gabions are vulnerable to overflow transporting sediments (abrasion) and floating debris
(damage of the mesh cells).

e Recommendations
To prevent rapid failure due to uplift pressures between the mattresses and the sub-
grade, the gabion materials must be surely anchored, from the crest to the toe of the
embankment.
To reduce the migration of the rockfill and then the mesh deformation, the gabions must
be tightly packed with angular stones at the surface layer.
For loaded overflows, the exposed gabions can be protected with a 5 to 10 ¢cm thick con-
crete layer to prevent abrasion [Peyras, Royet & Degoutte (1991)]. In case of discharge
larger than 3 m?/s, a reverse slope can be added to each step. This will enhance the
gabions stability and the energy dissipation.

Figure 6.5: Left: Steel wire mesh baskets filled with stones; Right: Stepped Gabions protection
- [Maccaferri (2004)]

Pre-cast concrete interlocked or cabled blocks

Concrete block can be fitted simply to interlock mechanically or can be secured together with
cables. The block design varies from solid blocks to open cells to permit grass growth. Both
interlocked or cabled types perform better if they are packed and when their interstices are
filled with grass.

A new concept of stepped-block spillway has been developed in CIRIA, U.K, described in
detail in the technical guide by Baker (1997).

Though this protection system is very efficient concerning resistance (overflow velocity up to
13 m/s), energy dissipation and stability, they require large block sizes and are expensive.

Pyramid shaped concrete blocks have been applied to protect an overtopped dam in Lei-

then, Austria (see Fig. 6.6). The stability of this system is ensured by the weight of the blocks
itself [Bosshard (1991)]. Although the dam has not yet been overtopped, the stability of this
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configuration was tested and confirmed in a steep laboratory flume at LCH-EPFL [Manso de
Almeida & Schleiss (2002)].

e Advantages
High resistance, stability and energy dissipation efficiency.
Contrary to Riprap, physical models of pre-cast concrete blocks can easily be scaled to
prototype dimensions using the Froude similarity.

e Disadvantages
Heavy and large blocks are required, then this solution is not cost effective.
Floating debris accumulated between the blocks can endanger the bloc stability and
reduce the rate of dissipated energy.

e Recommendations
As for riprap protection, blanket of pre-cast concrete blocks is permeable. Therefore, an
underlining geotextile layer is recommended as a filter and sealing protection as well as
a drainage layer |Baker (1997)].

_'J"'r [ U N N 1

Figure 6.6: Pyramids lining of the downstream slope of the Leithen dam in Austria

Roller-Compacted Concrete linings

Since the early eighties, RCC technology has been used more and more not only for new dam
constructions but also for the rehabilitation and the protection of embankment dams. In fact,
since 1980, more than 50 RCC rehabilitation dams have been constructed in the USA (exam-
ple figure 6.7). At the end of 1999, 195 large RCC dams were reported [Hansen (1989) and
2000].

Briefly, RCC consists of "a zero slump concrete that is transported, spread and compacted
using traditional earth moving equipment" |Ditchey & Campbell (2000)]. The typical RCC
system consists of placement from one abutment to the other in two or three about 0.3 m
thick horizontal lifts in a stepped pattern (Fig. 6.7). More details about the alternative of
RCC are also described in Ditchey & Campbell (2000). Generally, aggregates of the dam site
are mixed with cement materials to produce the concrete. As a consequence of the method,
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RCC techniques lead to fast and low cost construction.
The performance of overtopped RCC structures with respect to energy dissipation and slope
protection was so effective that it was the driving force behind engineers and researchers to
study the overflow behaviour over stepped slope. However, understanding and precise de-
scription of this complex aerated and turbulent flow is still not sufficient to provide a general
design guideline for an optimal dimension of the steps.

Similar to Gabions system protection, RCC can be fitted in two ways: by slopping (directly
next to and parallel to the downstream slope) or by stepped overlays (concrete layer compacted
in horizontal lifts to form steps). The fundamental difference between these two systems lies
in the energy dissipation capacity, the stepped linings being of course the most efficient.
Therefore, regarding stepped RCC, in addition to its high degree of resistance and stability,
this system provides a high energy dissipation efficiency which will be discussed in Part IV. For
example, flow velocities up to 29 m/s were observed for the 55° gated RCC stepped spillway
of the Dachaoshan project |Guo, Liu & Lu (2003)].

e Advantages
RCC is time and cost effective compared to classical concrete construction.
Because it is a rapid technique, RCC causes minimal project interruption.
The protection is well integrated without requiring additional construction areas on
site.
Steps allow not only to greatly increase the energy dissipation rate but also to shift
the onset of air entrainment (see chapter 14.1) upstream, near the dam crest. As a
consequence, the length of the slope vulnerable to cavitation is significantly shortened.
RCC steps are easier to be inspected.
The mass of the step contributes to stabilize the whole structure against hydraulic uplift.

e Disadvantages
RCC is not a watertight protection, thus uncontrolled seepage can lead to large uplift
pressures.

¢ Recommendations
Underlying drainage layers should be provided to avoid possible seepages through cracks
or joints and which could lead to uplift pressures.
For large overflow, formed steps and enriched concrete are recommended to avoid dam-
age of the edges by abrasion.
The toe protection is required to prevent uplift pressures at the downstream step which
could then cause a slide of the entire system. Generally, for protection, RCC lifts are
extended downstream the toe and upstream the slope (to protect the crest).

6.3 Summary of the lining protections performance

The performance of laboratory studies and a few case histories are summarized in Figure 6.8.
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Figure 6.7: New Peterson RCC Dam. Colorado, USA (By courtesy of R.M. Boes)
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Figure 6.8: Examples of protection systems for downstream slope of embankment dams
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Chapter 7

Conclusions
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The safety of embankment dams due to uncontrolled overtoppings is a real problem since
they cause about 40 % of dam failures. The high velocity and energy of the overflow can in
fact lead to dramatic damage by erosion and structural breaches, especially for long duration
events.

However, in the early eighties, in parallel to the development of RCC techniques, re-
searchers started to develop solutions to protect overtopped embankment dams against erosion
and to control overflow.

Nevertheless, due to the complexity of the interaction processes between the aerated tur-
bulent overflow and the rock, granular or cohesive embankment structures, protection systems
have been mainly studied in hydraulic models or obtained from prototype cases.

The failure mechanism shows that the vulnerable points during overtopping concern:

e first the downstream edge of the dam crest prone to uplift,

e second, the base of the structure which undergoes very high energy flow impact and
large pressure fluctuations,

e finally the whole downstream slope which experiences its own erosion in addition to the
effect of the spread of the crest and toe erosions.

In this context, the brief state-of-the art focus on the surface lining protections of the
downstream slope.

The cost-effective revetment surface lining such as vegetation and geotextile can be efficient
for only mild slopes (< 1V : 2H), very short events (a few hours) with low flow velocities.
Even cement or cellular cable-tied concrete blocks are not sufficient to avoid failure and erosion
during overtopping. Though they increase the shear resistance of the slope for short duration
events with velocity up to about 8 m/s, they finally fail due to internal seepages, anchorage
or material resistance quality problems.

The only successful alternatives are those with an energy dissipation capacity in addition to
high resistance and stability. Pre-cast concrete blocks and overall RCC steps are the most
efficient solution in this regard. Due to their macro-roughness geometry, they increase head
losses along the whole slope and thus reduce significantly the residual energy at the toe of the
dam as well as the slope bottom velocity. Furthermore, they shift upstream near the crest the
onset of aeration which greatly diminishes the zone of cavitation risk.

Finally it appears that macro-roughness alternatives are not only highly resistant to shear
stresses (concrete surface), they are stable (weight of the steps/blocks) but they also control
the overflow velocity and energy.

However, understanding of energy dissipation mechanisms and general flow behaviour re-
lationships are still lacking. This lack has motivated the content of the research project as
described in the following parts.
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Chapter 8

Description of the aerated flow over
stepped chutes
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This literature review focuses in particular on the flow behaviour over slopes equipped with
rectangular conventional steps. Indeed, this configuration will be the basis of the experimental
study. Furthermore, very few investigations concerned other types of macro-roughness linings
over steep slopes.

8.1 Flow regimes and structures

For a given slope, the general behaviour of the flow over a stepped chute is characterized by
3 different regimes, depending on the discharge.

Nappe flow (Figure 8.1a)

For low discharges, the flow drops from step to step. With flat chutes or long steps, a
hydraulic jump can be developed partially or totally on the horizontal face |[Pinheiro &
Fael (2000)]. Otherwise, the free-falling nappe hits directly one step to be deflected to the
next one downstream. An air cavity is trapped between the vertical face and the nappe,
and if it is not aerated, pressure inside this cavity can drop below the atmospheric value
[Sanchez-Juny (2001)]. Only a few authors studied the characteristics of this regime. In
fact, the non homogeneity of the flow depth, the instabilities of the free surface due to
the under-pressures inside the air cavities and the 3D pattern of the flow make direct
measurements of flow parameters impossible.

Skimming flow (Figure 8.1c)

With larger discharges, the flow skims as a coherent stream over a pseudo-bottom formed
by the outer edge of the steps. Beneath it, recirculating cells are trapped inside the step,
rotating in a rounded triangular vortex [Diez-Cascon, Blanco, Revilla & Garcia (1991),
Chanson (1994a), Chamani & Rajaratnam (1999), Pegram, Officer & Mottram (1999)].
The rotational velocity increases with increasing discharge. Recently, Ohtsu & Yasuda
(1997), Matos (2000a), Sanchez-Juny (2001), Nariai, Ohmoto & Yakita (2001), have
shown the 3D pattern of these vortices which turn not only in the mean flow sense but
also in the transversal direction, over the width of the step. The water, after circulation
in the vortex, is randomly ejected back into the main flow. Then, at the interface, a
transverse internal jet insures an exchange between the filled pool inside the steps and
the skimming layer. The pseudo-bottom is the place of the friction between these two
flow layers.

Transition flow (Figure 8.1b)
The passage from nappe flow to skimming flow is gradual and continuous through a tran-
sition regime |Diez-Cascon et al. (1991), Ohtsu & Yasuda (1997)|. For this regime, the
flow can appear as nappe flow (presence of air cavities) for some steps and as skimming
flow (onset of vortices in a filled step) for the rest.
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Figure 8.1: Definition sketch for nappe, transition and skimming regimes over a conventional
stepped chute (flow over the 30° stepped flume at LCH-EPFL)

Since the flow experiences different turbulence structures depending on the regime, flow
depth, velocity, air concentration and overall energy dissipation efficiency are characterized
differently according to these three regimes. It is therefore important for the designer to
evaluate the likely flow regime for the design discharge. For this reason, the onset of the flow
regimes have been subject of numerous laboratory studies. Dimensional analysis [Essery &
Horner (1978), Peyras et al. (1991)] showed that the modification of the flow regime depends
on the normalized critical depth h./hs and on the dimensionless step geometry hg/ls with he,
the critical depth, hs and [g respectively the height and length of the step. However, onset
of regimes are determined by visual interpretation and thus are greatly subjective. This may
explain the large scatter of the existing empirical criteria which are represented in Figure 8.2
and are defined in the following:

Onset of transition :

e Rajaratnam & Chamani (1995):

h B\ 062
l—s = 0.405<l—s> (8.1)
S S
e Yasuda & Ohtsu (1999):
h,c (14_ ];_33)0.26
s .
Onset of skimming flow :
e Rajaratnam (1990)
he
ho= 0.8 (8.3)



Chanson (1994a):

he hy
7 = 1057 — 0,465 (8.4)

hS S
):

Chamani & Rajaratnam (1999

sl

Yasuda & Ohtsu (1999)

he hs\ —0.165
2 = 0.862(=2 .
7 0.862( L ) (8.6)
e Boes & Hager (2003b):
he hs
— =091-0.14— .
7 091 -0 L (8.7)

The two values of the slopes tested at LCH-EPFL, # = 18.6° and 307, are also shown in the
Figure 8.2. The graph points out that for a given slope, the designer is confronted to a large
range of possible discharges involving the onset of skimming flow.
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Figure 8.2: Comparison of empirical relationships to estimate the onset of transition and
skimming flow regimes for conventional stepped chutes

8.2 Flow regions along the stepped slope

Because of its high velocity and turbulence, the flow over steep stepped slope is highly aerated.
For the most likely observed flow regimes in prototype, namely the transition and skimming
regimes, the flow along the chute can be divided into distinct regions as for smooth chutes
[Falvey (1980), Wood (1991)].
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Near the dam crest, in the non-aerated region (see Figure 8.3), the water flow accelerates
and the turbulent boundary layer grows rapidly due to the macro-roughness effect. But this
boundary has not a significant effect on the water surface which remains smooth. There is no
air entrainment and the clear water flow depth Z,, decreases according to a drawdown curve
[Hager & Boes (2000)].

When the turbulent boundary layer reaches the water surface, the turbulent energy of the
vortices is large enough to exceed the surface tension and gravity effects: natural air entrain-
ment starts at the so called inception point ( in Figure 8.3) characterized with its longitudinal
position L; from the dam crest, its mean air concentration C; and the local mixture depth
Zmji-

Downstream, in the partially developing flow region, the gradually increasing content of air
swells the mixture air-water flow depth Z,, which progressively increases (backwater curve).
The free surface becomes rough and wavy with white appearance and ejection of spray. That
makes difficult to define its limit. However, as mentioned by Pegram et al. (1999), the undula-
tion of the aerated free surface does not reflect the shape of the stepped bottom. In contrary
it is out of phase, resulting from the macro-turbulence structures effect.

If the slope is long enough, an equilibrium between head loss and gravity is established. In
this fully developed aerated region, it can be assumed that the quantity of air transported is
the flow is near the maximum, namely at the saturation air concentration C,,. In fact, in this
region the flow is "quasi-uniform" since mean air concentration, velocity and flow depth are
constant from one to another similar step cross-section separated with a constant distance
zs = hs/sinf with 6 the angle of the chute. Inside the step, the flow characteristics are
varying longitudinally due to the turbulent structures. This notion of uniformity has of course
no sense for the random pattern of a natural macro-roughness such as rocks in a river bed.

With the nappe flow regime, the inception point concept is not applicable since air is
trapped at the first steps down the crest. Air is transported in the flow at the point where
the nappe impact the horizontal face or by the eventually developed hydraulic jump |Fratino,
Amador, Valenzano, Renna, Sanchez-Juny & Dolz (2003)]. The notion of quasi-uniform flow
has not yet been applied for this regime.
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Figure 8.3: Sketch view of flow regions for transition and skimming flows over stepped chutes
along with pictures of view from the 30° stepped flume at LCH-EPFL

8.2.1 Location of the inception point

The location of the onset of air entrainment is significant for the designer of a stepped chute.
It delimits the reach of the spillway or dam which can be prone to cavitation damage.

As mentioned, the inception point is located where the depth of the turbulent boundary
layer equals the flow depth. In fact, it corresponds to that location where normal turbulent
velocities near the surface are large enough to eject water slugs into the air. When falling back
due to gravity, these droplets open the flow surface and break it in spray. Air is thus trapped
in the water. Furthermore, if the normal component of the turbulent velocity overcomes
both surface tension and air bubble uplift velocity, air is carried down the flow depth and
transported by the high velocity of the flow.

For smooth slope the thickness of the boundary layer was assessed by different authors
[Cain (1978), Falvey (1980), Wood (1991)]. Therefore the location of the inception point is
determined theoretically. The inception point has not yet been located for stepped slopes
because of the complexity of the turbulence pattern. Nevertheless, as mentioned by Chamani
(2000), compared to smooth chute, the boundary layer grows faster, enhanced by the wakes,
vortices as well as internal jet due to the steps themselves. Then, one positive effects of the
steps is to shift up the inception point and to reduce the region vulnerable to cavitation.

The determination of the point of inception on stepped spillway is generally the subject

of visually observations. The criteria are then subjective and different from an author to
an other. Classically, the inception point corresponds to the step cross-section where the
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water becomes intensively white, ¢.e, where the air bubbles remain significant and constante
[Chanson (1994a), Chamani (2000), Matos (2000b), Mateos-Iguacel & Elviro-Garcia (2000)].
Furthermore, empirical criteria for the determination of the inception point is proposed by
|[Boes & Hager (2003a)|: the air concentration at the pseudo-bottom at the inception point is
defined by ¢;; = 0.01.

A large set of empirical laws existes to define the characteristics of the onset of air en-
trainment: the longitudinal position from the crest L;, the mixture or clear water depth
(Zmi, Zy,; respectively) and the mean air concentration (C;). Some of these laws are pre-
sented in the following where F, = ¢,//gsinfk3 is the roughness Froude number with
ks = hscos®, the normal step height, F; = q,/+/g(hs/ls)k2 is the inception Froude number
and Fs = qu/+/gsin@h3 is the step Froude number.

Chanson (1994a)
Crested stepped flume; 27° < 6 < 52°

L.
— = 9.8(sing) 00 F)"
ks
Zm’i 040 0.64
ks (smo)ooits (8:8)
Chamani (2000)
Ogee crest; 50° < 6 < 60°
L.
k—z = 8.29F% (8.9)
Matos (2000b)
Crested stepped flume; 6 = 53°
Li 6.289 0734
ks
Zwi () 361 0608
ks
C; = 0.163F>1% (8.10)

Boes & Hager (2003a)
Tests on gated stepped flume but results extended for crested stepped spillway; 26° < 6 < 55°

Li 5.90(cos9)1/5F4/5

ks sin 6 ¥

Imi 4000

hs

C; = 1.2.1073(240 —0) (8.11)

These formula show that the step height as well as the slope have a small effect on the
onset of air entrainment whereas the discharge (or flow depth) is the dominant parameter.
This results will be discussed in Part IV, Chapter 14.1.
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Equations 8.8 to 8.11 are compared for slope § = 50° and a step height of hy = 0.06 m in
Figure 8.4 for both stepped and smooth slopes. The later location is derived from the formula
of Wood (1983):

% = 13.6(sin §)* OO F) T (8.12)

S

Figure 8.4 illustrates the discrepancy of the empirical formula based on visual observation just

mentioned above, especially for large discharges. For a specific discharge of ¢, = 0.25 m?/s the

relative difference between the computed value from Chamani and Matos is large as 31.5 %.

Therefore, there is still no objective criterion for the determination of the inception point. It

can also be observed that, as already mentioned, the steps shift drastically the inception point

up to the crest. That confirms the previous observation of Lane (1939) for smooth slope who

suggested that the position of the inception point depends mainly on the roughness of the
spillway surface and on the flow depth.

90 ‘ - ‘ ‘
—e— [Chanson (1994a)] - Stepped slope
8 8o |l - 4A- -[Chamani (2000)] - Stepped slope /.
c [Matos (2000)] - Stepped slope r
-g —X— [Boes & Hager (2003)] - Stepped slope /
5 70 1| ——[Wood et al. (1983)] - Smooth slope
< /./ Y
5 60 e
: / ’
c
Sz %] o 7| prALL=31.5%
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k= - ,—/')(
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Roughness Froude number F. (-)

Figure 8.4: Comparison of empirical formula defining the longitudinal location of the inception
point from the crest of a 50° stepped and smooth chutes

Particular case of a jetbox entrance condition
Lane (1939) mentioned that the turbulence development on a spillway crest had a signifi-
cant effect on the inception point characteristics. Indeed, the development of the turbulent
boundary layer is also influenced by the turbulent initial condition and the initial acceleration
of the flow controlled by either the shape of the crest or the opening of the gated entrance.
For this reason, Hager & Boes (2000) who studied aerated flow behaviour in a gated stepped
flume developed an analytical relation which defines the flow backwater and drawdown curves
(Eq. 8.13). The relationship allows to calculate the inception point location for a crested
spillway based on a jetbox entrance configuration (see Part IV, Chapter 11.1.1). It gives thus
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the equivalent distance upstream of the jetbox to the crest L. and the equivalent spillway
height Hp (see Figure 8.5).

z Zy 10 2(Z2sin )\ ]~
Eof(-Bp(-men)]

with hg the opening of the jetbox corresponding at o = 0. For < L; (non aerated region),
the flow depth Z = Z,, and the uniform flow depth Z, = Z,,,. For > L; (aerated region),
Z = Zy and Zy = Zp .

However, the application of this formula is limited since it assumes that:

e The roughness of the reach from the equivalent crest to the jetbox is the same as the
roughness between the jetbox and the inception point.

e The jetbox has no influence on the development of the turbulent boundary layer and
that it is finally comparable to a cross section of depth Ay in the clear water region
with a Froude number Fy = ¢,/+/g cos Ohg. This is in disagreement with Lane’s (1939)
observations.

e The uniform conditions are reached.

Figure 8.5: Sketch of the entrance with of an ogee crest or a jetbox configuration

8.2.2 Location of the uniform region

According to Christodoulou (1999), for a crested stepped chute with a slope angle 252 < 6 < 55°,
the uniform region is attained at the distance L,,:
8.60q0'713

- k2.0695(siz §)0-277 (8.14)

L,
with ¢, the unit water discharge and ks = hgcos@, the normal step height. This formula

emphasizes that the attainment of the uniform condition mainly depends on the discharge
and is slightly sensitive to the slope and independent of the macro-roughness height. This
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relationship is in agreement with the recent analysis of Boes & Minor (2000) who estimated
that the fully developed flow region depends only on the slope (Eq. 8.15):

Ly, 15

— = 9 = 0

he A 30

L,

h_ = % fOT 0 = 500 (815)

where h. is the critical flow depth.

These two formulas show that position of uniform region is an approximation since for a
same structure, the difference between the location of the uniform flow is about 1.3 to 1.8

times h2-3%6/(sin#)%723. In both cases it’s of same order of magnitude as that of a smooth
slope.
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Chapter 9

Flow characteristics
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9.1 Air entrainment

Downstream of the inception point I defined above, air is entrained at the free surface. Then,
due to the turbulence, air is gradually transported inside the flow depth which becomes rapidly
highly aerated with a mean air concentration varying from about 60% to 30 % depending
on the chute slope and on the discharge. The compressible nature of the flow renders the
classical hydraulic governing equations such as Bernoulli invalid. However, it was shown that
the compressiblilty of the flow may be neglected |[Cain (1978), Chen, Dai & Liu (2002)]. The
flow can be considered as a single fluid with a mean density, p,, according to Equation 9.1

pm(2,t) = pu(l—C)+ pC
~ py(l—=C) (9.1)

with py, pe the water and air density respectively and C the mean air concentration.

This high quantity of air in the flow has a positive effect such as to protecting the slope
against cavitation damage. However, air invalidates the classical laws from hydraulics of the
rivers. Indeed, air tends not only to swell the flow depth but also to reduce the energy
dissipation efficiency of the steps. Chanson (1993) showed that air bubbles reduce the drag
effect of the steps which was confirmed by the results of Tozzi (1994). Measurements in a
closed conduit of air flow showed that the general friction factor was significantly reduced due
to the air presence near the pseudo-bottom.

For these reasons, the longitudinal and vertical distributions of the air concentration have
been the subject of many experimental studies. The main results are described in the following.

9.1.1 Mean air concentration in the quasi-uniform region

At any cross section along the slope, the mean air concentration C' is derived from the depth-
averaged of the vertical profile from the bottom to the free surface considered at the depth
Zgo where the local air concentration is equal to 0.9 (see paragraph 9.2):

1 290
C= —/ c(z)dz (9.2)
Zyo Jo

Model studies showed that for skimming flow regime, when equilibrium between air entrain-
ment and detrainment is established, the mean air concentration is constant along the slope.
This definition of uniformity is true only from one step outer edge to the other then in the
skimming layer. Inside the step, due to the 3D pattern of the flow, only a few measurements
are available. Ohtsu, Yasuda & Takahasi (2000) found that in the vicinity of the pseudo-
bottom (for z/Zgy < 0.25), the air concentration values are larger at the inner corner of the
step than at the outer edge. This was explained by the presence of the recirculating cells
which were assumed to transport a large quantity of air bubbles. This was confirmed by the
profiles measured inside the step with a fiber-optical probe by Boes (2000a). Therefore, even
for equilibrium condition, the mean air concentration varies along the slope.

At the outer step edge, the saturation air concentration depends mainly on the slope. In
fact, if the macro-roughness has an effect on the location of the onset of air entrainment, it
has no significant contribution on the concentration at the equilibrium. Furthermore, many
authors found that the saturation air concentration, C,, for skimming flow over stepped chutes
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has the same order of magnitude as that for smooth chutes. Then C, can be estimated by
the experimental results proposed by Straub & Anderson (1958) or the following empirical
relationship of Hager (1991):

C, = 0.75(sin §)°7° (9.3)

However, experimental results by Chamani & Rajaratnam (1999) were not in good agreement
with the other authors and showed that the mean air concentration in stepped spillway is
larger than the expected values for smooth chute. They proposed the following equation:

0 9)0.1
Cy = 0.9310%%) +1.05 (9.4)
4y
The difference may be explained by the different instrumentation used to measure the air
concentration or because the uniform region wasn’t strictly attained during the measurements.
In any case, this point will be discussed in the experimental Part IV, Chapter 14.1.2, for
different cross-section locations.

For the nappe flow regime, no relationships are available.

9.1.2 Longitudinal variation of the mean air concentration

Downstream of the point of inception, the mean air concentration increases rapidly from value
of about 20 % to the equilibrium value C, which ranges between 30 % to 60 % depending on
the chute slope.

For steep slope (# = 53°), Matos (2000b) suggested that a good representation of the
mean air concentration (C') development along a conventional stepped chute can be obtained
from Equations 9.5 and 9.6, depending on the dimensionless distance from the inception point
s’ = xZ;wlLZ with z the distance from the crest.

e For 0 < s" <30

C = 0.210 + 0.297 exp[—0.497(In " — 2.972)?] (9.5)
e For s’ > 30:
1.065\°
C=(0.888 — 9.6
( 7 >0

As it can be observed in Figure 9.1, this development of the air concentration is quite different
from that proposed by Boes (2000a):

C(X;)=C, [1 — exp [—0.05(x +p)]] (9.7)

where p = 25 for § = 30° and p = 12 for § = 50°, X; = (x — L;)/Zy, ;. The later development
is in better agreement with the characteristics of the quasi-uniform region, L, according to
Christodoulou (1999) and C,, from Hager (1991).
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Figure 9.1: Computed longitudinal variation of the mean air concentration according to Matos
(2000b) and Boes (2000a) for a 50° slopping stepped chute (hs = 6 cm, g, = 0.16 m?/s, L;,
Zy,i and Zy, ; calculated according to Equations 8.10 and 8.11)

9.1.3 Vertical distribution of the air concentration

The nature of the air concentration profiles for nappe flow has not been studied in details.

For skimming flow regime, most of the authors found that air concentration distribution at
the outer edge of the step, in both developed and uniform aerated regions, showed a smooth
continuous profile. These vertical profiles are also comparable to those measured for smooth
chutes which confirms the observations that the step height has no significant effect on the
mean air concentration. However, for a given slope, when comparing the profiles of smooth
chute based on Straub & Anderson (1958) measurements, the profiles of stepped chute indicate
a difference for the values in the first 1.5 ¢cm. This may correspond to the presence of an air
concentration boundary layer [Matos (2000a)].

Furthermore, Chanson (2000) proposed an air bubbles advective diffusion theoretical model
(Equation 9.8) for skimming flow regime which fits well with numerous laboratory models as
well as prototype measurements at the step outer edges:

¢(z) = 1 — tanh? (K’ - 2@) (9.8)

with z the normal axis to the pseudo-bottom, K’ = arctanh(+/0.1) + [1/(2D")] an integration
constant deduced from the boundary condition where ¢ = 0.9 for z = Zyy.

D' = D;Zgyy cos 0 /uy pyq is a dimensionless coefficient which is function of the turbulent dif-
fusivity D; normal to the flow direction, of the slope and of the air bubble rise velocity in
hydrostatic pressure gradient u, j,q. The later depends on the bubbles size. If the diffusivity is
unknown, D’ can be deduced from the mean air concentration in the uniform region according

66



to Equation 9.9:

C, =2D' [tanh (arctanh(v 0.1) + 5D

1

) - \/—0.1] 99)
For the transition flow regime, Chanson & Toombes (2001b) suggested that for the case of
C > 0.45, the vertical distribution of the air concentration at most of the step outer edges
may be better fitted by:

c(z) = K3 [1 ~exp ( - Azig())] (9.10)

with K3 and A dependin% %n the mean air concentration and derived from the two following

relationships: K3 = T—exp(—N) and C = K3 — %

9.1.4 Air concentration at the bottom

The minimal air concentration required next to the bottom to avoid cavitation damage to
concrete surfaces is about 8 % [Peterka (1953)]. Downstream of the inception point, measure-
ments at the step outer edge [Matos, Quintela, Sanchez-Juny & Dolz (2000), Boes & Minor
(2000)| showed that the self-aeration of the flow over the steps fulfills this criterion. The de-
velopment of the pseudo-bottom air concentration ¢, along the stepped chute (26° < § < 55°)
is given according to Equation 9.11 [Boes & Hager (2003a)]:

eo(X;) = 0.015x,/ 0/ (9.11)

It has however to be noted that this relationship was fitted for air concentration values mea-
sured the closest at 1.5 mm to 2 mm above the step outer edge.

9.2 Flow depths

The mayor difficulty encountered when studying flow over macro-roughness lies in the deter-
mination and the measuring of the flow depth. This is not without consequence since flow
depth is the essential parameter for designing a safe stepped spillway, not only for the height
of the training-walls but also for the size of the dissipation basin at the base of the chute.

For all regimes, both turbulence and aeration create a free surface that is difficult to define.
Furthermore, the flow depth can be divided in several layers depending on the fluid structure.
This complexity leads to the definition of different flow depths which characterize the flow
behaviour.

9.2.1 Zoom on the side view of the mixture flow

For nappe flow regime, it is quite impossible to define the flow depth since it is a free-falling
nappe, not homogeneous over the flume width.

However, for transition and skimming regimes, Pegram et al. (1999) gave a good detailed
description of a cross section of the flow between two step outer edges. Over the pseudo-
bottom, flow layer is quite comparable to the description given for the smooth spillway of the
Aviemore dam (Waitaki river, New Zealand, [Cain (1978)]). Both divide the flow cross section
into three layers as illustrated in Figure 9.2.

67



V__

IS
Entrapped flow (1)

Recirculating cells Internal jet
(or vortices)

Figure 9.2: Schematic cross section of the skimming flow over a stepped chute

(1) Below pseudo-bottom layer :
Below the pseudo-bottom, slightly aerated water is trapped inside the steps. Depending
on the discharge, a circulation flow is developed. The resulting triangular shaped vortices
are spread over almost the whole step length and the whole step height. The water is
ejected back in the principal flow through internal jets, transverse to the mean flow
direction. That creates a flow exchange through the pseudo-bottom. On the horizontal
step face, a separation zone is created between this vortex and the jet.

(2) Homogeneous skimming layer :
This layer close to the step is characterized by an homogeneous air-water mixture fluid
flowing down parallel to the mean slope. It contains air bubbles with a size ranging
from 0.5 to 3 mm. The mean air concentration in this layer remains as high as 0.5 [Cain
(1978), Chanson & Toombes (2001b)].

(3) Rough water surface layer :
This layer, far from the pseudo-bottom, is characterized with a mixture of droplets of
water with various size which travel through the air as well as air gaps between two
consecutive waves. The high air concentration in this layer can be also attributed to the
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presence of large air bubbles in the water (up to 10-20 mm in prototypes).

The two last layers are separated by a continuous surface according to Pegram et al. (1999)
named as the free surface. The later is characterized by an irregular and turbulent wavy
interface that is not well defined as already seen in Figure 8.3.

Based on this description, the three commonly techniques used to estimate the different
characteristic flow depths are described in the following.

9.2.2 Direct method of estimation

With the direct method, the depth is measured in the flowing fluid along the chute. Three
methods can be distinguished.

e The normal mizture air-water flow depth, Z,, = Zyps is measured either by a point gauge

or with an electrode instrumentation such as the probe developed by Killen (1968). The
electrodes are connected when the tip is in contact with water. This mixture depth can
also be estimated by measurements on photos taken with high velocity camera or video
|Chamani (2000), Sanchez-Juny, Pomares & Dolz (2000)].
Any of the measurements based on visual observations are not very accurate since it is
difficult to estimate the location of the free surface of the flow in this sparkling mixture.
In addition, due to the viscosity and surface tension stress effects, the flow depth observed
at the side-wall is slightly higher than in the chute axis.

e The normal mizture and equivalent clear water depths are estimated from air concentra-
tion profile measurements. This method is an extrapolation of the definition applied for
aerated flow over smooth spillways, developed in particular by Cain (1978) and Wood
(1991).

Flow mixture depth, Z,, = Zy is characterized by the depth of the flow where the
air concentration attains ¢ = 90%.

Clear water depth, Z,, (see Figure 8.3) represents the equivalence of pure water (sub-
script w) of the mixture flow depth and is defined by Eq. 9.12.

Zm
Zw = /0 (1 - C)dZ = (1 - O)Zgo (912)

where z is measured perpendicular to the pseudo-bottom and ¢ and C' are respec-
tively the local and mean air concentrations.

e The mizture flow depth is based on the velocity vertical profile as it was investigated
by Tozzi (1994). In this case, the flow depth Z, corresponds to the point where the
local longitudinal velocity is maximum and above which the velocity remains constant.
Above this limit, the velocities measured with a Pitot tube in the high air content flow
layer are not accurate.

Finally, the mixture flow depth considered by Pegram et al. (1999) does not correspond to
height at 90 % of air concentration but to a lower concentration in the range of 70 % to 80 %.
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9.2.3 Indirect method of estimation

The mixture or clear water flow depth is estimated indirectly from the measured sequent
depths of a hydraulic jump forced in a stilling basin at the base of the chute. This method
assumes that the flow depth at the downstream end of the slope is equal to the upstream
sequent depth of the hydraulic jump. Diez-Cascon et al. (1991), Tozzi (1994), Pegram et al.
(1999), Boes (2000a) and Yasuda & Ohtsu (2000) have applied this method for their model
studies in stepped chutes.

The principle consists in measuring the downstream sequent depth, Y5 (subscript 2 for the
downstream cross section of the jump) in the non-aerated tailwater of the hydraulic jump
to estimate the upstream sequent depth Y7 , from the mass and momentum conservation
equations. A schematic view of hydraulic jump is given in Figure 9.3.

In order to simplify the calculation, it is normally assumed that:

e a hydrostatic pressure distribution and an uniform velocity distribution, upstream and
downstream of the hydraulic jump,

e a negligible wall friction

e 10 effect of density of the incoming aerated flow then:
P1 = pa = pu, With p,, the density of the water.

Y

U, Non aerated region
»

YUy Equivalent clear water [_]

Figure 9.3: Schematic side view of a hydraulic jump at the base of a stepped chute

Then the following simplified conservation equations can be applied at the upstream and
downstream section of the jump, A; and As:

Momentum conservation :

2 2 2 2
Qy Yl Qy Y2
Hw 1, 2w 2 9.13
"oy, o P2y, g (9.13)
Mass conservation
p1U1Y1 = p2U2Y2 (9.14)
Continuity
qw = UrY1 = U2, (9.15)

where Uy 2 are the mean velocities of the flow.
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After simplification, these equations yield to:

Y2 +YY, — 2Y2U?22 =0 (9.16)
and the solution Yj is given by:

Y, = %(,/1 +8F2 — 1) (9.17)
with Fr3 = %, the Froude number of the downstream section.

Assuming that the local head losses where the flow turns from the slopping chute to the
stilling basin are not significant, then the clear water depth at the toe of the chute is derived
from Z,, = Y.

Though this method is an reasonable alternative for estimating the depth without encoun-
tering the difficulty of measuring the very aerated, turbulent and wavy fluid surface, it is
limited since it only provides the local depth at the toe of the chute.

9.2.4 Uniform flow depth

When the fully developed flow conditions are attained, from one step cross section to the other,
both mixture and equivalent clear water depths remain constant. Recently, Boes & Hager
(2003b) proposed an empirical relationship to determine these depths for any discharges and
slopes between 26° to 50° (Eq. 9.18, Eq. 9.19).

Mixture normal depth

ZZo,u — .50 f7(0-1 tan 640.5) (9.18)

where Fs = q,/+/¢sin0h? is the step Froude number and hs the height of the step.

Equivalent normal clear water depth

Z,

2wt — 0.215(sin§) /3 (9.19)
he

with h. = {/¢2 /g the critical flow depth. It is surprising to note that according to Boes the

equivalent clear water in the uniform region varies only with the chute slope and the discharge,

independently of the height of the steps. It will be discussed in the Part IV, Chapter 14.2.

9.3 Flow velocity

According the literature review, the measurement of the flow velocity concerns only the lon-
gitudinal component, parallel to the mean slope. Double fiber-optical [Boes & Hager (1998),
Matos, Frizell, André & Frizell (2002)] and double-tip conductivity probe [Chanson (1995)]
are at the moment the more efficient intrusive instrumentation to measure the mixture flow
velocity. In fact the often used Prandtl tube [Chamani & Rajaratnam (1999)] or back-flushing
Pitot tube [Frizell, Ehler & Mefford (1994), Matos (2000a)| are limited to low aerated flow
i.e. for air concentration lower than 0.7. In addition, new Particule Image Velocimetry (PIV)
techniques |[Amador, Tembleque, Sanchez-Juny, Puertas & Dolz (2002)| which would allow to
measure all the 3 components of the flow velocity are not yet available for aerated flow.
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9.3.1 Vertical distribution of the flow velocity

In light of the above, the following concerns the longitudinal component velocity u,, of the
air-water mixture flow for skimming flow.

Logarithmic law distribution

In analogy with the studies of uniform turbulent rough flow for steep gravel beds in mountain
streams, a few authors [Sayre & Albertson (1963), Chamani & Rajaratnam (1999)| suggested
that above the pseudo-bottom, the homogeneous air-water flow (layer (2) in Figure 9.2) agrees
with the rough boundary layer theory. However, because of the high relative roughness of the
steps, the 3D pattern of the macro-turbulence structures as well as the drag around the steps,
the classical logarithmic equation as proposed by Karman-Prandtl (Eq. 9.20) is not fully

applicable.
2.
wz) 3ozog<3>+01 (9.20)

1/7-0/pw_ K k,'

in which k is the von Karman turbulence constant determined experimentally between 0.40
and 0.42, C1 an integration constant, k the equivalent roughness size and 79 = p,9Sy R}, the
shear stress at the boundary, with Sy the slope of energy gradient and Rj, the hydraulic radius.

Nevertheless, it could be used when properly fitting the constants A and B (Eq. 9.21) by
the experimental data.

m(z) Azog<ﬁ> +B (9.21)
V 7'0/ Pm ks

where pp, and wu,, are respectively the density and velocity of the mixture flow, zx = z + k;

where ks = hs cos 0 the normal height.

e For skimming flow regime over a 30° stepped chute and for z/Zgy < 0.7, Chamani &
Rajaratnam (1999) found A = 5.75 and B = 8.5.

e In the particular case of rectangular sheet baffles over a very flat slopping chute, Sayre
& Albertson (1963) established that A = 6.06 and B = 2.6 but with ks substituted by a

hyby Thi )
— is parameter takes into account not only the
z,(er + by) p y

baffles height h, but also their spatial pattern with b,, e, and x, respectively the width
of the baffles and the transversal and longitudinal space between two baffles. It should

be noted that in this case the fluid was not aerated.

roughness parameter ¢ =

Power law distribution

Nevertheless, most of the researchers proposed that above the pseudo-bottom the local mix-
ture velocity depends, as for smooth chutes, on the maximum velocity and that the velocity
distribution of the quasi-1D flow in the skimming layer follows a power law given by Equa-
tion 9.22:
Ug = DHYY (9.22)
U (2) _Z_

in which Uyy = gy is the dimensionless mixture flow velocity and Hgy = Zoo the dimen-

sionless mixture flow depth. D and N are coefficients obtained from experiments.
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The exponent N is shown slightly affected by the slope [Boes & Hager (2003a)].
However, depending on the tested discharges or on the portion of flow layer considered in the
empirical fitting, several power laws have been proposed with different coefficients:

e Chanson (2001) proposed that D = 1 and N = 5 to N = 6 for skimming flow over
stepped chute without limiting the flow layer.

e Based on the Chamani & Rajaratnam (1999) data for a 30° slope, Boes (2000b) suggested
D =1and N =6.3 for 0.04 < Hyy < 0.5.

e For their own experiments, Boes & Hager (2003a) found that for 26° < 6 < 559, Uy =

LO5HY™® with 0.04 < Hgg < 0.8.

e This above result is greatly different from the values of Yasuda & Chanson (2003) who
founded N =9 for 0.05 < Hgg < 1 and a 15.6° slope.

These experimental studies did not define the limiting values of Hgg (minimum and max-
imum) to determine the flow layer which follows the power law.

The influence of the step height on the power law coefficients was not investigated.

9.3.2 Mean velocity

Based on the continuity equation, the mean velocity of the equivalent clear water flow is
defined as:

Guw
=2 2
U= 5" (9.23)

This definition assumes an uniform distribution of the velocity which is not accurate regard-
ing the measured velocity profiles. In doing so, there is a tendency to over-estimate the flow
velocity.

Another definition of the velocity could be directly derived from the velocity profile:

1 Z90

Up = ——
™ Zao Jo

U (2)dz (9.24)

In this case, the air-water mixture flow velocity is considered.
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Chapter 10

Energy dissipation efficiency of the
macro-roughness overlays
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10.1 Methods for energy dissipation estimation

The amount of residual energy at the base of the structure is of special interest for the design
of toe protections such as stilling bassin. Then, a particular attention must be focused on the
validity and accuracy of the residual energy and dissipation rate estimation for aerated flows
over steeped chutes.

In this context, different methods of estimating the energy dissipation can be found in the
literature:

e '""Direct" methods:

— Estimation of the residual specific energy at a given level on the slope by using
the Bernoulli equation. This method involves air concentration and flow depth
measurements.

— Estimation of the specific energy of the flow at any position of the slope from the
friction and drag coefficients |Tozzi (1994), Boes & Hager (2003b)].

e "Indirect" method which consists in measuring the sequent depths of the hydraulic jump
formed at the toe of the chute |Diez-Cascon et al. (1991), Tozzi (1994), Pegram et al.
(1999)].

10.1.1 Direct methods
Nappe flow regime

For the nappe regime, due to the unstable structure of the flow, few assessments were made to
estimate the residual energy. However, Chanson (1994a) proposed an analytical relationship
to estimate the residual energy H, nyr at the toe of a chute, Equation 10.1, only valid for
nappe flow with fully developed hydraulic jump (isolated nappe flow):

H, nF _ 0.54(2_2)0.275 + 3.2&(]/;&_2)—0.55 o)
Hy | _

D
he

with, Hy the head at the chute crest and h. the critical flow depth at the crest.

Chamani & Rajaratnam (1994) proposed a more general relationship (for all kind of nappe
flows) based on the estimation of the averaged energy loss per step. At the toe of the chute,
the residual energy is given by:

Hynp = (1 — )N (hs + 1.5h¢) + hs e 11 — ) (10.2)

where Ny is the total number of steps, and 8 < N, < 30, 0.03 m < hy < 0.45 m, and
0.421 < hg/ls < 0.842. € represents the proportion of energy lost on each step. This formula
is fitted to the experimental data of Essery & Horner (1978):

e = [0.30 - 0.35(%)] 0.54 + 0.27(%)] log(he/hs) (10.3)

S S
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Skimming flow regime

For this regime, the residual energy is considered at the step edge corner where the mixture
flow is quasi-unidirectional and thus easier to measure.

& Residual specific energy
The residual specific energy is given by the total head at the last step outer edge of the flume.
It is based on the general energy equation for a fluid with mean velocity U through a cross

section A:
Ul4 // : ( ) ( ) (10 4)
p2+pz—|—pgz u(z)dA .

where u(z) is the velocity component normal to A, z is the normal position and p(z) is the
pressure at the point z.

At the step outer edge, the fluid is assumed non-compressible with a mean density p,, =
(1 — C)py with p,, the water density. A hydrostatic pressure distribution and uniform flow
conditions are assumed. Therefore, the specific energy Hy,, at a level Y above the base of the

chute is derived from Equation 10.5:
aqy,

Hy,=Y + Z,cosf + 2922

(10.5)

with Z,, the equivalent clear water depth and « ~ 1.1, a kinetic energy correction factor that
takes into account the non-uniform velocity distribution. Therefore, at the toe of the chute,
the residual energy H, ,, is given by:

2
aqy,

2972

H, = Zycost + (10.6)
Some authors [Tozzi (1994), Chamani & Rajaratnam (1999)] considered the mixture flow
parameters (Zgo and U,,) instead of the clear water values in Equation 10.6:

U2
H, sp = Zgy cos 0 + 2—m (10.7)
g
& Residual energy based on the friction coefficient
Some authors [Chanson (1994b), Boes & Hager (2003b)] estimated the relative energy loss in
the uniform region AH, /H, for a chute of total drop Hp and with an initial head at the crest

HO :
1/3 —2/3
f /
AHu <8sin€> cosa+%<8sin0>
0 he T3

with f the friction factor.

Recently, for non-uniform flow conditions, Boes & Hager (2003b) proposed for 20° <
6 < 50° and Hp/h, < 15 — 20 an estimation of the relative residual energy H,,,/Hy using
Equation 10.9

HTU} ks 0.1 . —0.8 HD
— = —0.045(—=—)" 0) " | — 10.
T exp [( 0.0 5(Dh,w) (sin®) » (10.9)

with Dy, the hydraulic diameter.
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Transition flow regime

No formula was found to estimate the energy dissipation for this regime which combines
characteristics of nappe and skimming flows.

10.1.2 Indirect methods

Global energy dissipation can be estimated by the so-called "indirect" method. It consists
in measuring the sequent depths of the hydraulic jump formed at the toe of the chute (see
above paragraph 9.2.3). This method, already applied by several researchers |Diez-Cascon
et al. (1991), Pegram et al. (1999), Yasuda & Chanson (2003)] is an adequate alternative for
estimating the residual energy without encountering the difficulty of defining a representative
depth for the aerated wavy flow.

A schematic side view of the hydraulic jump at the toe of the stepped flume is given in
Figure 9.3.
Assuming:

e a hydrostatic pressure distribution upstream of the hydraulic jump,
e a negligible wall friction,

e 10 significative head loss when the flow turns from the stepped chute to the basin

the residual energy at the toe of the chute, H,; is given by:

2
aqy

H. =Y,
rl 1+ 29Y12

(10.10)

with Y7 the upstream sequent depth of the hydraulic jump and «, the kinetic correction co-
efficient to take into account the uneven vertical velocity distribution. For turbulent flow,
generally, o ~ 1.1.

The upstream sequent depth Y; is computed based on the momentum conservation at the
upstream and downstream cross section of the hydraulic jump (see Figure 9.3). Most of the au-
thors neglect the effect of the density of the incoming aerated flow in the basin (p1 = p2 = puw)-
Y7 is thus computed according to Equation 9.17.

Finally, the energy dissipation is given by:
AH  Hy— Hpn
Hy  Hy

where Hy = Hp + %he is the total energy head at the crest of the dam with Hp the total drop
height of the structure and h. the critical depth at the crest.

(10.11)

Although this method avoids the measurement of the aerated flow depth or velocity, it
is nevertheless quite complex. The resulting residual energy is strongly influenced by the
location of the hydraulic jump and by the accuracy of the measurement of the downstream
sequent depth Y. As highlighted by Pegram et al. (1999), H,q varies approximately with the
fourth power of Ys. According to Diez-Cascon et al. (1991) and Pegram et al. (1999), the
upstream limit of the hydraulic jump should be located as close as possible but not drowning
the last step.
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10.1.3 Comparison of methods

Unfortunately, only very few authors have performed comparison tests between these different
methods of estimation of the residual energy. Among them, Tozzi (1994) found a maximum
difference of 15 % between the residual specific energy H, gy at the toe of the flume and the
result in the basin H,;.

In any case, it is obvious that H,; < H, g due to the local head loss at the chute/basin
transition. Since some authors used the clear water flow parameters, others used mixture flow
values or the indirect method, the results of relative residual energy are scattered even for
similar stepped spillway models. Therefore, different methods for energy dissipation estimation
are compared in details in Part IV (Chapter 15).

10.2 Significant parameter for the energy dissipation process

From previous experimental studies it was suggested that the energy dissipation rate is de-
pending on:

e the number of steps (NVg),
e the slope (6),
e the regime of the flow,

e the relative critical depth (Hp/h.) where Hp is the total drop height of the structure.

10.2.1 Flow regimes

Most of the authors agree that, depending on the flow regime, the energy of the flow is mainly
dissipated:

Nappe flow :
through jet break-up in the air, jet impact on the horizontal step face as well as by the
eventually partially or fully developed hydraulic jump. This regime is found the most
dissipative.

Skimming flow :
by the development of the recirculating cells under the skimming layer, by the shear
stress between the recirculating cells and the skimming layer and by the friction at the
interface cells/horizontal-vertical step faces.

The transition regime has not been the subject of profound assessment. Because it follows
both characteristics of nappe and skimming flow, researchers have assumed that the resulting
head losses are a mixture of shear stress due to the not well-developed vortices and due to the
impact of jet.

A study of stepped chute filled with triangular fillets inside the step cavity showed that
the elimination or attenuation of the recirculating vortices do not reduce significantly the
energy dissipation [Ahmann & Zapel (2000)|. Similar experiments were performed recently
by Yasuda & Ohtsu (2003). These lead to the same results: the energy loss of skimming
flow is independent of the step-cavity area. It has to be noted that the energy dissipation
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was estimated in both studies by the hydraulic jump method. The schematic position of the
hydraulic jump indicated that it is located quite downstream of the toe of the last step. For
this reason, the negligible difference between the residual energy with or without recirculating
cells could also be affected by the position of the jump. Therefore, the affirmation of the
non-effect of the recirculating cells is not so obvious and is discussed in Part IV.

10.2.2 Number of steps and step height effects

Yasuda & Ohtsu (2000) measured the shortening of the hydraulic jump at the toe of a slopped
chute due to the stepped linings. They noticed that the height of the steps has no significant
effect on the length of the hydraulic jump region which bears indirectly on the energy dissi-
pation rate. Boes & Minor (2000) also concluded about the negligible effect of step height in
the energy dissipation efficiency.

The comparison of same slopping stepped chutes but with different number of steps shows
that the energy dissipation is higher with a smaller number of steps for nappe flow regime.

10.2.3 Slope effect

Experimental results [Peruginelli & Pagliara (2000)] show that the effect of the slope is inverse,
depending on the flow regimes: for nappe flow, the relative energy dissipation increases for
flatter slopes while for skimming regime, it increases for steeper slopes. This result is however
opposite to that by Fratino & Piccinni (2000) who measured better dissipation efficiency for
the flatter slopes, for transition and skimming flows.

10.2.4 Macro-roughness elements fixed on steps

Most of the previous studies focused on the flow behaviour over conventional steps. Very few
results concerned the effect of additional macro-roughness elements and their optimization.
One of the most relevant were tests by Peruginelli & Pagliara (2000) who compare the energy
dissipation of the same chute (1V:2H) with the same number of steps. However, either all
steps are covered with an additional carpet of plastic grass or they are equipped with endsills.
The results highlight that:

e For nappe flow, the endsills increase the energy dissipation rate in almost the same order
of magnitude than with the steps covered with carpet. There is no significant difference
if the whole steps or only the horizontal face are covering.

e For skimming flow, endsills or carpet have a negligible effect on the energy dissipation.

Sayre & Albertson (1963) studied the influence on flow resistance of rectangular alternate
baffles along a very low slope. The tests were performed for several distributions and sizes
of the sheet baffles but with non aerated flows. Their results concluded that the energy
dissipation was greatly influenced by the density of distribution and the orientation of the
macro-roughness elements. However, in agreement with numerous other researchers, they
found that the height of the baffles had only little influence on the head losses.
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EXPERIMENTAL STUDY OF AERATED
FLOW OVER MACRO-ROUGHNESS
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Chapter 11

Experimental installation and test
procedure
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Because of the complexity of the flow (bi-phase air-water structure and high turbulence)
and the great number of parameters which characterize the flow behaviour and which con-
tribute to the energy loss, experimental study in a laboratory model has seemed to be an
appropriate and suitable way to reach the goals of the project.

11.1 Experimental facility

The experimental tests were conducted in a steep stepped flume assembled at the hydraulic
laboratory of LCH-EPFL (Figure 11.1). The downstream end of the facility lies on a trolley
that permits a horizontal movement of the flume in order to adjust to slope changes of up to
60°.

The chute consists of four modules of 2/ long and 0.5m wide (By) with acrylic sidewall of
0.6 m high to allow the visual observation of the flow. The flow runs over a section of 7.68m
long (Ly).

An electromagnetic flow meter regulates the water discharge (Q, ) distributed by a feed
pipe set in the axis of the flume that insures a uniform lateral distribution of the incoming
flow. The maximal unit discharge (¢, ) provided by the supply pump was up to 0.28m?/s
with a precision of about +0.005m?/s. Thus, the scale of tested discharges covers the three
flow regimes, namely the nappe, transition and skimming flows (see chapter 8.1).

Tested slopes

The final aim of the research was to define macro-roughness overlays in order to rehabil-
itate and protect potential overtopped embankment dams. The review of existing projects
[McLean & Hansen (2000), Matos (2002)] reveals that the most common slopes of such struc-
tures are 2:1 (26.6°) and 3:1 (18.4°), with a slight occurrence of other slopes. Then, in order
to cover the range of embankment inclined chutes the experimental study focuses on the two
limit slopes § = 30° (~ 1.7 :1) and # = 18.6° (~3:1).

Height of the steps

The height of the step has been considered as the limitation parameter regarding the length
scale of the model. Considering the step heights commonly found on prototypes, namely 0.30
to 0.60 m for embankment dams or 0.60 to 0.90 m for RCC dams |Ditchey & Campbell (2000)]
and to conserve a relatively small scale factor, lower than 1:15 for scale effect consideration
(see paragraphe 11.3), the height of the step (hs) was fixed at 0.06 m. The normal height of
the step (ks = hscos®), defined as the step height perpendicular to the mean flow direction
that is normal to the pseudo-bottom depends on the chute slope.

As mentioned in paragraph 10.2, the height of the step has been the subject of previous

studies which showed that this parameter has a negligible effect on the energy dissipation
rate. However, recirculating cells inside the step have been identified as a significative source
of energy dissipation.
Based on these results, it has been decided to conserve the same step height for the two tested
slopes but to vary their length (I5) in order to modify the size of the vortices and to assess
their effect. This choice means also to have a different number of steps (Ns) from one slope
to the other which could also have an effect on the energy dissipation.

Finally, the bottom of the chute consists of aluminium steps which can be fitted with PVC
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macro-roughness elements of the following sizes:

30° inclined chute :
Ng = 64 steps, hy = 0.06m, ks = 0.052m and [; = 0.104m, with a chute height of

Hf =3.85m

18.6° inclined chute :
Ny = 42 steps, hy = 0.06m, ks = 0.057m and [; = 0.178m, with a chute height of

Hj =245m

The stepped bottom formed with conventional rectangular steps is considered as a reference
bottom for comparison. Steps are also equipped with different macro-roughness elements to
understand the flow behaviour and to improve the efficiency of the protection overlays.

Figure 11.1: Stepped steep flume assembled at the LCH-EPFL for 8 = 30°

11.1.1 Entrance condition: jetbox

In contrary to the most embankment dams which are equipped with either ogee or broad
crested weirs, the entrance conditions of the chute model consists in a jetbox. This later was
developed by Schwalt & Hager (1992). It transforms the high velocity pressurized approach
flow to a free surface flow. The flow is then supercritical at the entrance of the chute, without
passing through critical depth.
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The opening of the jetbox, hg, up to 18 cm, allows the approach Froude number, Fy =

quw/ /g cos Oh{ (where g=acceleration of gravity) to be controlled, and to ensure a homoge-
neous velocity and depth distribution over the width of the flume. For high discharges, the
jetbox cushions pressure fluctuations of the pump.
In addition, the jetbox is very useful in case of flumes in laboratory that is often limited in
length. In fact, it shifts the onset of air entrainment upstream and shortens the transition (or
developing) region of the flow. As a consequence, in contrast to some existing other models
of stepped chute, fully developed flow conditions were reached for all step geometries and for
the highest tested discharge.

11.1.2 Stilling basin at the toe of the chute

The amount of the residual energy at the base of the structure is important to design the
toe protection such as stilling basins. Particular attention is focused on the validity and
accuracy of the residual energy and dissipation assessment for the tested macro-roughness
slopes. Therefore, three different methods of energy estimation were tested and confirmed.

A stilling rectangular and horizontal basin of width By, = 0.5m was fixed at the toe of
the stepped flume, at the base of the last step (see the schematic view in Figure 11.2) to use
the "indirect method" (see chapter 10.1). Local head losses were minimized where the flow
turns from the stepped flume to the basin: By, = By (no contraction effect) and there is no
sharp change of direction of the flow.

For both inclined chutes, at the downstream end of the 6 m long basin (Ly,) with 1m high

training-walls (Hp,), an adjustable gate allows a hydraulic jump to be formed at the toe of
the stepped flume (Fig. 11.2).
It is important to note that the accuracy of this method to estimate the energy dissipation
depends on the position of the hydraulic jump compared to the toe of the flow runs. A sen-
sitivity study on the effect of this position is described in Chapter 15. Based on preliminary
tests and according to Diez-Cascon et al. (1991) and Pegram et al. (1999), it has been con-
cluded that the upstream limit of the hydraulic jump should be located as close as possible but
not submerging the last step, just at the intersection of the flow impact with the horizontal
bottom of the bassin as shown in Figure 11.2. Hence with this present facility, the residual
energy has been estimated indirectly by measuring the downstream sequent depth (Y2) of the
hydraulic jump.

11.1.3 Macro-roughness overlays

In light of the literature review, a solution to obtain an optimal efficiency to dissipate energy
would be to design the steps to retain, as long as possible, the nappe flow regime. In fact, it has
been measured that under nappe flow conditions, the quasi-total dissipation of the incoming
head could be achieved. However, in most of the cases, limitations due to environment, due
to structural points and due to the overflow characteristics (i.e design discharge) render such
a solution technically impossible.

Another ideal alternative would consist in reproducing conditions as observed in the moun-
tain streams. The best efficiency for dissipating the energy of the torrents naturally is in the
random distribution of rock boulders of different size and spacing. This is also confirmed by
studies of flow over high gradient gravel bed, as Canovaro, Paris & Solari (2003) who observed
that random distribution leads to greater values of drag induced shear stress. But obviously,
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Clear tail-water
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_Hydraulicjump

Steep flume Basin Adjustable gate

Figure 11.2: General view of the facility (left) and schematic side view of the rectangular
stilling bassin along with a picture of wavy inclined jump (right) at the toe of the 30° inclined
chute

a random design is the contrary of what an engineer could expect to achieve technically and
economically with normal construction techniques.

Therefore, rather simple configurations were tested in order to:
1. Understand the energy dissipation process
2. Delay the onset of skimming flow

3. Exploit to the maximum the friction and drag form created by the macro-roughness
elements

4. Create different distribution of obstacles to the flow
5. Consider simple and realistic macro-roughness elements

This lead to the overlay configurations represented in Figures 11.3 and 11.4 and tested over
the 30° and 18.6° inclined chutes.

The tested configurations have been firstly characterized with a simple dimensionless param-
eter (m) to represent the proportion of additional macro-roughness elements compared to the
conventional rectangular steps as a reference:

number of macro — roughness elements
m = (11.1)
number of steps

The tested macro-roughness overlays have also been divided into two groups:
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"2D-overlays" (Fig. 11.3.b, ¢, d) which consists in endsills fixed on the downstream of the
horizontal face of all (m=1), every second (m=1/2) and every third (m=1/3) steps, over
the entire width of the flume. Endsills are made of PVC, with 0.03 x 0.026 x 0.5 m
dimensions. A chamfer at their upstream edge avoid sharp and sensible angle at the jet
impact zone.

"3D-overlays" (Fig. 11.4.e, f, g) which consists in rectangular blocks with 0.03 x 0.026 x
0.05 m dimensions with also a chamfer edge, fixed with different spacings at the down-
stream of the horizontal face. Overlays are named in the following as spaced alternated
blocks for m=4, aligned alternated blocks for m=5 and close-packed alternated blocks
for m=6. To facilitate moving the blocks, they are fitted on a Velcro band of 0.026 m
width of high resistance, attached at the downstream end of each step.
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Figure 11.3: Sketch of the tested stepped macro-roughness overlays: conventional steps and
steps equipped with endsills (dimensions in m)
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In addition, to represent the macro-roughness pattern, a dimensionless parameter was
defined that takes into account the elements distribution. Thus, a density of covering (d,) is
defined in Equation 11.2 as the ratio of the volume of the elements over the volume of the
referencing steps,

NV Ryl

d. = -
"T NN, heByly

(11.2)

where V, and V, are respectively the occupation volume of the macro-roughness elements and
the conventional steps. For the tested configurations, for all cases, ratios h,/hs = 1/2 and
ly/ls = 1/4 are constant then:
m b,
dr = ——
8 By
The overlays can be then classified according to their density, which gives the following scheme,
Figure 11.5.

d=0 d=1724 d=1720 d=1/16 d.=3/40 d,=1/8

m=0 m=1/3 m=4 m=1/2 m=6 m=1
m=s

Figure 11.5: Classification of the macro-roughness overlays according to their density

A relevant study of roughness spacing of rigid baffles fixed in open channel with very low
slope [Sayre & Albertson (1963)| defined a roughness density ratio (¢) taking into account
the shape and geometry as well as the distribution of the elements, defined according to
Equation 11.3:

b
zr(er + by)

This definition gives rise to the same classification of the macro-roughness overlays.

(11.3)

In the following, it will be shown that the efficiency of the overlays is obviously not related
to the density parameters such as d,., ¥ or the normal height of the roughness element k.. A
dimensionless parameter that is a function of the roughness pattern and of some other drag
from parameters induced by the elements needs to be defined. This parameter would represent
a characteristic effective roughness ¢.e one that really contributes to the friction and singular
head losses of the flow (see chapter 16.3).

11.2 Measuring instrumentation

In order to characterize and define the hydraulic behaviour of the air-water mixture flow as
well as the head losses along the slope, a set of relevant flow parameters are required. They
can be measured directly in the flow but without disturbing the fluid structure. In this regard,
the experimental tests involved:

1. Assessment of the flow two-phase structure and the flow resistance: air concentration,
bubble sizes, characteristic flow depths and longitudinal flow velocity. These parameters
have been measured at several cross sections along the slope by an optical-fiber probe
described in paragraph 11.2.1.
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2. Calculation of the surface forces applied to a control volume formed by steps, to estimate
the forces on the macro-roughness elements and to observe the sensible zones. This
can be achieved as a result of pressure measurements in the fully developed region, on
horizontal and vertical faces of the elements equipped with micro-pressure sensors (see
in paragraph 11.2.2).

3. Estimation of a global energy dissipation balance for each overlay by measuring the
sequent depths of the forced hydraulic jump at the toe of the chute with ultra-sound
sensors (see in paragraph 11.2.3).

The measurement sections are shown in Figure 11.11. The measurements were supported by
visual observations of tracers, from pictures at different shutter speeds and videos.

11.2.1 Flow velocity, air concentration and air bubble size

{> BACKGROUND
Several measurement techniques are currently used to determine the velocity in air-water flows.
Briefly, the most common instrumentation is:

e Back-flushing Pitot tubes developed by the U.S Bureau of Reclamation (USBR) and used

both for large outdoor flumes [Frizell et al. (1994)] and laboratory models [Chamani &
Rajaratnam (1999), Matos & Frizell (2000)].
This instrumentation is based on the principle of a classical Pitot tube but includes a
flushing system (developed at first by Viparelli (1953) then Wood (1983)) which elimi-
nates the disturbing air bubbles. Previous experiments showed that this instrumentation
has a limited range of application, with a significant underestimation of the velocity for
large air concentrations in the flow (for C' > 0.7, Matos (2000a)).

e Acoustic Doppler velocity meter (ADV), tested by Frizell (2000).
The technology is based on the variation of the sonic velocity with the state of the
water (its density) and the change in frequency of the emitted pulse of sound. The
ADV provides 3-D dimensional velocity measurements. Even though, its application is
limited to very low bubbly flows (C' < 0.08, Matos et al. (2002)). Its application is
recommended in the vicinity of the inception point or near the pseudo-bottom where
the air concentration is low.

e Single or Double-tip conductivity probes, also developed by the USBR.

This probe has been the object of a pioneering prototype study by Cain (1978) in the
Aviemore dam spillway. The same type of instrumentation had also been developed and
widely used by Chanson (1995). If one of the wires of the probe is in contact with an air
bubble, the current between the two conductors is interrupted. Then the single-tip probe
provides the time-average air concentration in the flow. A cross-correlation analysis of
the two signals of the double-tip probe allows the longitudinal component of the velocity
of the flow to be estimated.

The availability of other techniques such as digitized flow video sequences [Sanchez-Juny et al.
(2000)] or high speed camera haven’t yet been proven. A study is in progress [Amador et al.
(2002)] to develop a promising future application of the Particule Image Velocimetry (PIV).
This is a non intrusive technique for measuring the 3D velocity components distribution of
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flow over stepped chute, but limited to the section upstream of the inception point.

Finally, the recent development of the double fiber-optical probe has provided a available
technique to measure air concentration, air bubbles size and instantaneous longitudinal veloc-
ity of highly aerated flow.

More detailed comparisons of back-flushing Pitot tube and ADV instrumentation along with
the optical probe are given in Matos et al. (2002).

{> FIBER-OPTICAL PROBE
The double fiber-optical probe, developed in the nineties by RBI Instrumentation (Meylan,
France) had its first applications in nuclear and chemical two-phase flows. This probe was
used as a velocity measurement instrument for free surface aerated flow by Robert Boes |[Boes
& Hager (1998)| who proved its capacity to provide accurate data even with high air concen-
trations [Boes (2000a)]. These results lead to the choice of the double fiber-optical probe for
assessing the aerated flow characteristics over macro-roughness.

The measuring principle of the probe is based on the Descartes refraction law in optics
that takes into account the different light refraction indices of the air and the water.

* Composition of the equipment
The fiber-optical device is composed of three components as represented in Figure 11.6:

1. The opto-electronic amplifier module
The module emits light and transmits it into the probe through 2 optical fibers connected
to the 2 probe tips which are located in the flow. It also receives the reflected optical
signal and converts it to electrical information by means of photosensitive diode. After
amplification, the raw analog signals is converted with two thresholds into a TTL digital
signals corresponding to the air (5 volts) or water (0 volt) in the vicinity of the probe
tips.
The two thresholds, a upper to delimit the gas phase and a lower for the water phase,
have to be selected to eliminate the noise without losing any information about the
phases. The accuracy of the approximation of the time-development of the phases and
then of the final results on air concentration and velocity is directly dependent on the
selection of these thresholds.
Because light is used as compared to conductivity probes, the signal transfer (emission
and response) is much faster. The acquisition system is characterized with a very short
response time or resolution of 0.033 us instead of 10 us with the conductivity probe.

2. The double tip fiber-optical probe

As shown in Figure 11.6, the probe comprises a transmission part - the two optical-fibers
protected in rigide tube, and a sensitive part corresponding to two sapphire tips of a
diameter of roughly 80 um. Each tip is sharpened into an optical prism through which a
fraction of the light escapes, the rest being reflected according to the reflection index of
the phase at the probe. The rate of reflection is proportional to the difference between
the sapphire refraction index (= 1.62) and the indices of the measured phase. Thus, in
clear water (refraction index of 1.33), a very tiny portion of light is reflected, whereas
in dry air (refraction index of 1.00) all light is reflected.

At the moment when the tip enters in contact with an air bubble, ideally, the change of

93



phase water-air (or inversely when the tip is out of a bubble) should be instantaneous
marking by a sharp step in the time-signal response. In fact, because of the viscosity
and inertia of the fluid as well as the curvature of the bubble interface, the piercing by
the tip of a bubble is not instantaneous. The change of phase experiences a transition
period instead of a step signal. For this reason, after amplification, the signal is passed
through a threshold level in the opto-electronic module to be transformed into a TTL-
signal, with OV for the water phase and 5 V for the gas phase.

The size of the tip is considerably smaller as compared to the conductivity probe. This
allows very small bubbles to be detected. The study conducted by Stutz (1996) con-
cluded that the detection is limited to the bubbles with a size around 3 times larger
than the diameter of the tip. In the present tests, the probe can detect bubbles larger
than 0.25 mm. Furthermore, this small tip size limits the disturbance of the bubbles
themselves and of the flow streamline.

The design of the submerged part of the probe was a compromise between a shape in-
tending to minimize the disturbance of the flow and a good hydrodynamic behaviour.
This design reduced the induced errors of the responding signals and yet was strong
enough to resist the high velocity of the flow.

The technique assumes that the probe tips are aligned along the mean streamline in
order to measure the longitudinal flow velocity (Fig. 11.6). To be able to catch a repre-
sentative scale of air bubbles in the flow, the distance d, = 2.5 mm between the two tips
was fixed. In fact, few years ago, no study could provide the scale of the bubbles size for
flow over stepped flume. Nevertheless, an impressive study of bubble size measurements
for the smooth Aviemore dam spillway |Cain (1978)| had confirmed the Killen (1968)
results for smooth laboratory flumes : for homogeneous bubbly flow corresponding to
C < 0.5, bubble chord length (¢.) ranged between 0.5 to 3 mm. Assuming that the
air structure was similar in the stepped chute, a distance of d, = 2.5 mm appeared as
a good compromise to accurately measure the velocity of displacement of an air bubble
between the two tips. Later, Chanson & Toombes (2001a) obtained the same results for
laboratory stepped flume.

3. Computer interface board
The TTL-signals are collected in an acquisition card developed by RBI and which allows
a large sampling frequency in the range of MHz.
The resulting file corresponds to a discrete time development of the Volt values. A
data reduction program developed by RBI provides the principal local characteristics of
the mixture flow : air concentration, velocity and the corresponding correlation factor,
bubble Sauter diameter and their time-development, as well as the bubble sizes.

* Resulting flow parameters
In the following, the principle and the assumptions of the concept supporting the data reduc-
tion are presented.

Air concentration :
The local air concentration (¢(z)) or void fraction measured at a depth z is determined
as the proportion of time that the probe tip is in contact with air. Although the air
concentration can be obtained in both probe tips, only the value of the leading probe tip
is considered. In fact, the unavoidable disturbance caused by the intrusion of the leading
probe may reduce the accuracy of the trailing probe tip data in the wake influence of the
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first one. Calibration experiments by Stutz (1996) concluded that the air concentration
difference between the two tips may be as large as 15 % for high velocity flows.

In the present study, the air concentration values are always given from the leading tip
with a maximum error of +3%.

Flow velocity :
The measurement of velocity is based on the successive detection of air-water interfaces
by the two tips. This technique assumes that the probe tips are aligned along the
mean streamline (corresponding to the pseudo-bottom direction) and that air bubbles
or droplets are not significantly affected by the leading tip. Under ideal conditions, the
signals from the two tips would be identical but separated by a time delay. In practice
they differ because the leading probe slightly disturbs the flow. Thus the most likely
time delay is estimated by cross-correlating the two signals.
The resulting local air-water velocity at the depth z is given by u,,(2) = dp/T,, where
d, is the distance between tips and 7T the time for which the cross correlation coefficient
(r) is maximum.
For 1D-flow, RBI suggests that when the cross correlation coefficient is lower than 0.7,
the signals are not well correlated and that the resulting velocity value has to be used
with caution. For the highly turbulent flow over macro-roughness, in the two first
centimeters above the outer corner of the step or the endsill, the flow is strongly affected
by an internal jet (see paragraph 12.2). In this region, the normal (along the z axis)
component of the velocity should be significant which could disturb the longitudinal
trajectory of air bubbles. As a consequence, only a few percent of bubbles experience
the longitudinal velocity and the two signals are quite different. The maximal cross
correlation factor is generally lower than 0.7. This implies that the flow direction is also
important in the normal direction. Based on this interpretation, it has been suggested
to fix the critical value of r at 0.5 instead of 0.7.
Obviously, this analysis assumes that the velocity of the air bubbles is of same order of
magnitude as the velocity of the flow in the mean direction parallel to the alignment
of the tips. In fact, similarly to aerated flow over smooth chute [Wood (1991)], in the
homogeneous part of the flow (i.e the portion of the water flow where air bubbles are
transported), the air bubbles are surrounded by water. Because of their very law density
compared to the water density, of their little drag effect due to their very small size, their
velocity in the direction down the slope should be very close to the water velocity. Near
the wavy free surface region, this assumption is no longer strictly valid since the flow
is slightly disturbed by the drag of the projected water droplets ejected by turbulence.
Furthermore, the bubble size is much larger, of about 10 mm or more |Cain (1978)].
Nevertheless, due to the high velocity of the flow, the velocity of the bubbles should be
consider with confidence of same order of magnitude as the fluid velocity.
Finally, the maximum error in the velocity is about £0.20m/s.

Air bubble chord length :
Except to assess the different flow layers in order to determine a characteristic flow depth
(see Chapter 13), the chord length or the distribution of the air bubbles has not been
an item of interest in this project.
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Figure 11.6: Schematic of the double fiber-optical probe, RBI, along with the acquisition line

11.2.2 Dynamic pressures

The distribution of pressure forces on the boundary of the control volume considered along the
macro-roughness slope must be known to apply the momentum equation. In addition, the high
velocity flow which encounters sharp corner when flowing over steps, endsills or blocks suggests
that risk of cavitation may likely occur in some regions of the slope. Without speaking about
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the design interest to estimate the dynamic forces and fatigue which the macro-roughness
elements should experience during a flood. These information should be provided by pressure
measurements.

Few pressure measurements have been the subject of study, except the recent work on
pressure distributions over stepped flume by Sénchez-Juny (2001). He pointed out that the
typical pressure signals consisted in weak pressure fluctuation with local negative pressure
peaks. On this basis, highly sensitive and accurate sensors were chosen herein to minimize the
noise and to detect negative pressures. The Kulite sensors developed by Kulite international
SARL, France, that were chosen are also resistant to high velocity jet impacts.

¢ DESCRIPTION
The XTL-140M KULITE silicon over silicon piezo-resistive micro-sensor is shown in Fig-
ure 11.7. The full scale of these 2.6 mm diameter pressure sensor cells corresponds to 0-
1.7 absolute bars with very high sensitivity (between 50 and 70 mV /bar). It can resist to
peak of pressure up to 3.4 bA and it has a resonance frequency at about 300 kHz, which
is much higher than the frequency of the measuring phenomenon. Both the non-linearity
and hysteresis errors represent 0.1 % of the full scale. The accuracy of the sensor is then of
+1.7mb. The compensated temperature ranging between 10° C' to 30° C' avoids variations in
the pressure signal during the measuring sequence in a water with a temperature close to 15° C.

In order to ensure the waterproofness of these sensors that are normally designed for
medium without humidity, they have been covered by a layer of silicon over the connected
part between the sensor and the transmission cable. Calibrating tests conducted at the Lab-
oratory of Hydraulic Machines (LMH) at EPFL confirmed that the accuracy and sensitivity
of the sensors were not affected by the silicon layer.

A set of 8 sensors can be simultaneous fixed directly at the surface of the step or macro-
roughness elements along the flume axis, as shown in Figure 11.7.

o DATA ACQUISITION

The 8 sensors are connected to a data acquisition box which includes the acquisition card
developed by LMH. This card, with an accuracy of about the double of the sensors one (then
of roughly 3.4mb), includes a hard filter which can be adjusted from 60 H z filter frequency to
7500 Hz. It also offers the possibility to amplify the response signal by a factor of 10 or 100
and to shift the zero of £ 5 V. This contributes to increase the sensor sensitivity. The resulting
output signal is limited between —10V to 10V and it is transmitted to the computer via an
ARCNET link at 2.5 MB. The acquisition frequency can vary between 100 Hz to 20kH z,
with a limitation of the resulting data files at around 6500 points.

A brief analysis of the phenomenon to be measured by the pressure sensors, namely the
rollwaves with a frequency of 0.5 to 2 Hz, the recirculating cells with frequency of 5 to 10 Hz
and the jet impact suggested that the acquisition should be in the range of the low frequencies.
Finally, after a set of preliminary tests concentrated on the noise of the rough signal and on
the frequency spectrum, where both filter and acquisition frequencies were tested for several
values, lead to the following specifications:

e Filter: Ff =60Hz
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e Acquisition frequency: F, = 120 Hz

e Duration of the measuring sequence: T = 60s

The rough pressure signal is then statically treated with LabVIEW (National Instruments)
to provide the mean pressure, the positive and negative peaks, the variance and standard
deviation. A spectral analysis gives the energy frequency spectrum.
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Figure 11.7: Sketch of the Kulite pressure instrumentation along with the acquisition line
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11.2.3 Sequent depths in the dissipating basin

As already mentioned, the global energy dissipation of the macro-roughness chute is estimated
from the characteristics of a hydraulic jump that is forced in the rectangular stilling basin at
the base of the flume. The residual energy is calculated on the basis of the upstream sequent
depth (Y1) of the hydraulic jump, assuming that it is of same order of magnitude than the
depth at the toe of the chute (see chapter 15). Figure 11.2 shows that it is almost impossible
to accurately measure Y; due to the high aeration, the instability, the undulation and ejections
in the jump.

The solution consists in measuring the downstream sequent depth (Y2) and calculating Y;
from the momentum equation. For this purpose, two automatic ultrasonic analog cylindrical
sensors (Baumer electric, Switzerland) are fixed in the stilling basin (see Figure 11.8) at a
distance long enough to be in the non-aerated tailwater of the jump. Their location was
chosen out of the influence of the mobile gate. Based on the acoustic velocity in the water,
these sensors provide an acoustic signal with a frequency of 230 kH z.

Because of the high velocity of the incoming flow, the front face of the hydraulic jump
is disturbed by slugs creating by intermittent and small rollers, leading to waves and then
to an undulating tailwater. For this reason and in order to obtain repeatable and stabilized
data, the duration of the measuring sequence was fixed at 120 s and the acquisition frequency
was limited to 4 Hz. After calibration, the rough signal is filtered with a standard deviation
criterion to render a representative signal (see Fig. 11.8). Mean and extreme sequent depth
values are then extracted with a precision of about £0.5mm.
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11.3 Similarity and scale effects

To represent accurately the behaviour and characteristics of the free-surface, highly turbu-
lent and self-aerated flow in the scale model, three similarity laws would have to be fulfilled
simultaneously:

e Froude similarity, for the effect of the gravity forces, where the Froude number is defined

for the clear water flow as: ”
F, = v 11.4
b (geosbZ3)/a (1L4)

where « is the kinetic energy correction factor due to the non uniform velocity distribu-

tion (see paragraph 14.3.3). It has to be noted that the tested slopes are large enough to
have an effect on the wall pressure head and hence on the Froude number which explains
the angle correction cosf. As mentioned by Chow (1959), the effective pressure starts
to be affected by the steepness for 6 > 6°.

e Reynolds similarity, for the important role of the viscosity, with the clear water Reynolds
number given by:

R, = qu (11.5)

where v is the kinematics viscosity (v ~ 1.020.107% m?/s for the flume water).

e Weber similarity, for the non-negligible interfacial tensile force. The Weber number is

defined as:
Un

0/(pw$s)

where o is the interfacial surface tension (o ~ 0.072 N/m for the water of the flume),
and zs = hs/sin 6, the longitudinal distance between two step corners.

We = (11.6)

This condition cannot be fully satisfied at the scale model due to the facility limitations. Be-
cause the gravity forces remain the dominant effect, the tests are conducted in the Froude
similarity.

Scale effects
The air bubble sizes are proportionally too large in the model and as shown by Kobus (1984),
the air transport capacity tends to be lower than for an equivalent prototype.

However, Boes & Hager (2003a) analyzed scale effects on air entrainment and velocity
for flow over stepped chutes. They showed that scale effects can be rendered negligible for
Reynolds and Weber numbers as well as scale length (A7) in the range of the criteria men-
tioned in table 11.1.

These results are in good agreement with some previous studies of scale effect for aera-
tor spillways. They concluded that for correct aeration model, the scale length should be
lower than 1:15 |Vischer, Volkart & Siegenthaler (1982), Pinto (1984)] and the Weber number
larger than 110 [Rutschmann (1988)]. Pegram et al. (1999) also assessed that there was no
significant scale effect for energy dissipation of stepped chute for Ay < 15. Kobus (1984)
suggested a R, > 10° to mitigate the viscous effects.
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‘ ‘ Criterion ‘

Ay | <15
We | >100
Ry | >10°

Table 11.1: Dimensionless criteria according to Boes & Hager (2003a) to minimize the scale
effects due to Froude similarity

In light of the above and considering the step height commonly found in prototypes, namely
0.30 to 0.60 m for embankment [Ditchey & Campbell (2000)], the model data of the present
study with step height of 0.06 m can be extrapolated to 1:5-1:10 scaled prototypes using the
Froude similarity.

Furthermore, for the tested discharges and macro-roughness overlays, the Weber number
ranges between 100 and 207 which is above the recommended value. The Reynolds num-
ber is larger than 10° for discharges larger than 0.1m?/s (or 501/s). Nevertheless, for low
discharges, its value remains higher than 2.10%, with depth of the nappe larger than 2 cm.
Therefore, based on these verifications together with the length scale, it may be concluded
that the model results can be applied with confidence to prototypes, with a possible exception
for the very low discharges (g, < 0.04m?/s) where R, = [2.10* — 4.10*] and the flow depth
is between 2 and 3 cm.

No previous study of the scale effect on the pressure measurements have been found in the
literature. Because the effects are mitigated on the velocity and air concentration, it may be
assumed that they are also negligible on the pressures.

Particular case of the jetbox entrance condition
In addition to the respect of the length scale and dimensionless numbers criteria, to be able to
transpose the experimental laboratory data to prototype, care must be taken about the effect
of the jetbox.

When comparing with an equivalent gated spillway, no problem are encountering. However,
to generalize with whatever broad-weir or ogee crested entrance, it is necessary to calculate
the equivalent height of the dam or spillway. In fact, as seen in paragraph 11.1.1, the jetbox
modifies the position of the inception point and the length of the developing region compared to
ungated prototypes. An analysis of the backwater and drawdown curves shows that, assuming
that the roughness between the jetbox and the inception point is the same than from the crest
to the inception point, the equivalent length downstream the jetbox can be estimated in
similar condition to those with an ungated structure. The total height (Hp) can then be
easily calculated.

This analysis has been presented in details by Hager & Boes (2000). It will be applied and
compared for the conventional steps data and adapted for the other set of macro-roughness
overlays in the chapter 14.1.

11.4 Description of the set of experimental tests

To be able to compare the tests from one configuration to another, the entrance conditions,
for a given discharge, are maintained identical. Indeed, as already mentioned, the jetbox has

101



an effect on the onset of air entrainment and on the flow regions position. Then, the jetbox
openings (hg), given in Table 11.2, are fixed so that the box is just pressurized.

Discharges (1/s) 10 15 20 30 40 60 80 100 120 130

ho (m) 0.01 | 0.015 | 0.019 | 0.023 | 0.033 | 0.046 | 0.054 | 0.063 | 0.072 | 0.078

Fy for 0 = 18.6° (-) || 6.6 5.4 5.0 5.6 4.4 4.0 4.2 4.1 41 3.9

Fofor0=30°() || 69 | 56 | 52 | 59 | 46 | 42 | 44 | 43 | 43 | 41

Table 11.2: Entrance conditions: openings of the jetbox in function of the water discharges
for both 18.6° and 30 inclined chutes with the corresponding approaching Froude number

In order to have a global view of the tests performed, the following table in Figure 11.9
gives the main conditions and configurations tested during the experimental phase in the
stepped flume. The location of the cross sections of the measurement of the air concentration
and velocity of flow are shown in Figure 11.11 whereas the position of the pressure sensors are
represented in Figure 11.10.

Configurations | m=0 |m=1/3| m=1/2| m=1 | m=4 |m=5 | m=6
Measuring
Air concentration, velocity,
bubbles size
Developing region A A A
Uniform region QA O A | 0OA @
Inside step A
Pressure
Over the step QA A | 0A A A A A
Over the elements A | ©A A

Sequent downstream depth| @A | @A | @A | @A | OA | 0OA | 0OA

Observations

Inception points QA | OA | OA | OA | OA 0Aa @A

Mixture depths QA QA | OA | OA | OA | OA QA

Rollwaves QA QA | OA | OA | OA 0O0A QA
@ 0=18.6° Discharges ranging : Q,, (I/'s) =[10-15-20-30-40-60-80-100-120-140]
A 6=30° q,, (M?/s)=[0.02 — 0.28]

Figure 11.9: Summary of the measured parameters and tested macro-roughness configurations

It has to be noted that :

e For the optical probe, to respect a certain homogeneity and confidence of the mea-
surements, the data result of an average of three measuring sequences of 60 s with a
systematic control of the corresponding standard deviation.
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e In case of pressures, due to the great number of sensors, the measurement is taken twice
for each discharge, with a duration of 60 s.

e As for the downstream sequent depth, the resulting values are extracted from 2 x 2 (2
sequences by 2 ultrasonic sensors) measuring sequences of 120 s.

For each case, repeatability was verified during each daily set of tests.

Holes for sensors in the steps axis

_—
4.73.7 -
- To.8
N | A
28 U
1cm 58 " 4 i
6.8 | |
== | Sensors for m=0 775 |
=}Sensors for m=1/3, %, 1 8.75
& Sensors for m=5, 6 Dimensions in cm

Figure 11.10: Location of the pressure sensors along the flume axis, in the uniform region,
between x = 5.52m and = = 5.64m
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Figure 11.11: Cross sections of optical probe measurements along the slope
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Chapter 12

Description of aerated flow over
macro-roughness
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12.1 Quasi-uniform flow region

For the tested slopes and overlays, it was observed that downstream of the point of inception
the mean air concentration gradually increases until it attains the quasi-uniform region.
According to Christodoulou (1999), it was expected that in the experimental facility the
quasi-uniform region would be reached at the toe of the conventional stepped flume. Indeed,
from Equation 8.14 (Part III, Ch. 8.2.2), the longitudinal distance from the entrance of the
flume to the onset of the quasi-uniform region, L, can be estimated to about: L, ~ 4.9 m
for # = 30° and L, = 5.5 m for § = 18.6° for the largest tested discharge. These values are
probably overestimated since this relationship was established for a crested spillway entrance.
With the jetbox, the super-critical flow entering in the flume is already accelerated which
reduces the required length for the flow to be fully developed. Moreover, it was found that
the height of the roughness has an insignificant effect on the location of the uniform region.
Then, it was expected that the uniform region would be attained for all tested stepped overlays.

The equilibrium conditions are fulfilled if depth average mean air concentration C,,, mean
velocity Uy, as well as both mixture depth Zgy and equivalent clear water depth Z,, are constant
between two steps (or endsills or blocks) outer edge. Variations of these four flow parameters
with unit discharges were plotted for the measuring cross sections in the developing and quasi-
uniform region for the 30° slope. The conservation of the values between the two measuring
cross sections at the downstream end of the flume (see Fig 11.11) shows that indeed the
quasi-uniform conditions are attained. The scattering of the data lies within the error scale.
According to Christodoulou (1999), it can be assumed that the quasi-uniform region is also
reached for the flat slope of 8 = 18.6°.

12.2 Flow regimes

12.2.1 Influence of the macro-roughness elements on the flow structure

The macro-structures associated with the three flow regimes for aerated flows over conven-
tional steps, namely the nappe, transition and skimming flow, have been described in detail
in Chapter 8.1, Part III. In order to observe the influence of the macro-roughness elements,
the side views of the five configurations m =0, m =1, m = 1/3, m = 1/2 and m = 4 are
given respectively in the following Figures 12.2, 12.3 and 12.4 for the 30° slope.

The observations show that the main macro-structures are similar for all the tested con-
figurations and for both slopes:

e Nappe flow is characterized by the presence of a non aerated static water pool on the
horizontal face where the flow plunges down. Air cavities are trapped between the step
or step+endsill/block vertical face and the falling nappe.

e Skimming flow is characterized by well-developed rotating triangular vortices under the
skimming layer and internal jets at the corner of steps, endsills or blocks. The size of
the recirculating cells appear independent of discharge.

However the distinct effects of endsills fixed over the whole step width (m = 1/3, 1/2, 1) and
those related to the blocks (m =4, 5, 6) as well as the slope angle can be noticed.
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Slope effect on the macro-structures for conventional steps

For conventional steps, the development of a hydraulic jump was observed only in the case of
the 18.6° slope, for low discharges. It corresponds to the so called isolated nappe flow [Pinheiro
& Fael (2000)]. With the increasing slope, the hydraulic jump disappears (partial nappe flow):
only a part of the nappe strikes the downstream end of the step face to be deflected to the
next step.

The slope does not influence the spreading of the recirculating cells for skimming flow. In
fact, for both slopes and all discharges, the vortices are spread over almost the whole step
height and over the 2/3 of the horizontal face. For 6 = 30°, L, ~ 7 ¢m with L, the length of
the vortex on the horizontal step face whereas L, ~ 12 ¢m for 8 = 18.6°.

Regarding the internal transverse jet, for both slopes, this singularity is well developed and
impacts about the first 1.5 cm above the step outer edge for all discharges. Moreover, between
the vortex and the internal jet, visual observations indicate a separation zone trapped under
the skimming layer. A schematic of the macro-structures for the skimming flow is given in
Figure 12.1.
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Figure 12.1: Sketch of macro-structures during skimming regime for § = 18.6° and 8 = 30°
and for conventional steps
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Endsill and block effects on the macro-structures

For the 2D overlays (m=1/2 m=1/3 and m=1), the endsills do not contribute to a major
modification of the flow macro-structures. However, for transition and skimming regimes, the
sizes are slightly modified [André, Matos, Boillat & Schleiss (2004)|. This has a direct effect
on the contact length between recirculating cells and step faces as well as on the impact zone
of the internal jet. With endsills, the vertical length of the vortex increases from h, = hg to
hy = hg+h, while the horizontal length is extended to the toe of the endsill. For steps without
endsill (for m = 1/2 and m = 1/3), the vortices impact the entire vertical and horizontal step
faces.

In the skimming layer, the zone under the influence of the internal jet becomes thinner at
the endsill outer edge as compared to the case of the step corner.
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For the particular case of m = 1/3, the two steps downstream the step equipped with the
endsill remain empty, skipped by the flow for a large range of discharges. As an example, for
the 30° slope, it’s only for ¢, = 0.16 m?/s that the second step is filled with a rotating vortex.
For g, = 0.20 m?/s, a recirculating cells starts to be developed in the cavity of the first step
(see Fig. 12.3).

The blocks fixed on steps lead to an increase of the 3D flow features, due to their alter-
nate position over the flume width. In fact, when passing between two blocks, the flow is
contracted and deflected in the transverse axis [André, Matos, Boillat & Schleiss (2004)]. As
a consequence, in addition to the internal jet, blocks create a succession of transverse jets
and the 3D pattern of the recirculating cells is thus increased. In addition, local vortices are
developed at the downstream and upstream ends of the blocks corners.

Skimming flow

Vortices |
/' Separation

Nappe flow Skimming flow

Figure 12.2: Side view of fully developed aerated flow over conventional steps (m = 0) and all
steps equipped with endsills (m = 1) - 8 = 30°
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m=1/3

Transition flow

Figure 12.3: Side view of fully developed aerated flow over steps with endsill on every third
step (m =1/3) - 6 = 30°

h./h,=1.9
o
W
£
<
I
£
Transition flow Skimming flow

Figure 12.4: Side view of fully developed aerated flow over steps with endsills on every second
step (m = 1/2) and all steps equipped with spaced alternate blocks (m = 4) - § = 30°
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12.2.2 Influence of macro-roughness elements on the onset of the flow
regimes

The criteria used to distinguish the flow regimes are similar to those proposed by Matos (2001):
e Nappe flow: when there is an air pocket within each step cavity,

e Skimming flow: when all step or step-+endsill /block cavities are completely filled, when
vortices are well developed and when the width of the skimming layer is significant
compared to the boundary layer influenced by the internal jet,

e Transition flow: when nappe and skimming flows characteristics are observed on alter-
nate steps or when the characteristics of the skimming flow are not permanent and only
fulfilled in some steps.

On this basis, the conditions for their occurrence are given in Table 12.1, where h. is the
critical depth and hg, ls, the height and length of the conventional step.

Overlays (as in Figures 11.3,11.4) [ m=0 m=1/3 m=1/2 m=1 m=4 m=5 m=6
hs/ls = 0.58

Onset of transition flow (he/hs) 0.85 0.40 0.50 0.85 0.60 0.60 0.80
Onset of skimming flow (h./hs) 1.15 2.70 1.90 1.15 095 0.95 1.10
hs/ls =0.34

Onset of transition flow (h¢/hs) 1.00 0.45 0.60 1.00
Onset of skimming flow (h./hs) 1.40 3.00 2.50 1.40

Table 12.1: Measured onset of transition and skimming flows for hy/l; = 0.58 and hs/ls = 0.34

Effect of macro-roughness elements

When comparing the results with those for conventional steps, the following observations can
be drawn:

e Endsills on all steps (m = 1) do not appear to modify the onset of transition and
skimming regimes. They have an effect similar to a displacement of the pseudo-bottom
by a distance equal to the normal height of the endsill, k, = h, cos#.

e Endsills on half of the steps (m = 1/2) or on third of the steps (m = 1/3) significantly
influence the onset of the skimming flow. In fact, the flow is subject to a larger acceler-
ation prior to hitting the next endsills, where it is deflected. As a result, the air pocket
in the subsequent downstream step (without endsill), remains in the cavity for higher
unit discharges.

e Alternate blocks with a large dimensionless space e, /b, > 1 (m =4 and m = 5), present
quite the same criteria as for m = 1/2 for the onset of transition flow. However, the
onset of skimming flow is attained sooner as compared to the other overlays. It is judged
that air cavities are rapidly filled with water because the flow is free to circulate between
blocks.

For the configuration m = 6 when the space between the blocks decreases (e, /b, < 1),
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both onset of transition and skimming regimes become closer to the criteria for the
overlay m =1 or m = 0.

Effect of slope

All conditions of onset of transition and skimming regimes are shown in Figure 12.5 to highlight
the effect of the slope. The following observations can be made for conventional steps and
steps equipped with endsills:

e Nappe flow regime occurs for a larger range of discharges for flatter slope.
e Skimming flow starts for higher discharges for the 18.6° inclined chute.
e The duration of the transition regime is similar for both slopes.

Finally the influence of the slope is identical for all the configurations and can be summarized
by a shift up of the onset of transition and skimming regimes when the slope is decreasing.

Comparison with existing empirical relationship

For conventional steps or endsills on all steps, the onset of regimes are slightly different when
comparing against the envelop curves of the relationships presented in Part III (see Fig. 8.2).
The scatter of the results is surely a consequence of the subjectivity lying in the visual criteria
to distinguish the regimes. However, it will be shown furthermore that the present discharges
visually estimated for the onset of regimes are in fact validated by another more objective
criterion: the type of the air concentration vertical profile measured in the fully developed
aerated region (Chapter 9.1.3).

Finally, it appears that the slope effect on the values are well represented by a relationship
such as proposed by Yasuda & Ohtsu (1999):
he _ o(he)
he =\ T
in which a and b are empirical constants.
Therefore, the following relationships are proposed for 18.6° < 6 < 30°.
Onset of transition flow:

h h —0.244

h—c = 0.743<l—5> (12.1)
Onset of skimming flow:

h h —0.367

h—c = 0.939<l—5> (12.2)

For the other configurations, results show that the criteria based on the slope hy/ls and on
he/hs can not be obviously extrapolated. In fact, the notion of a pseudo-bottom parallel to
the mean slope of the chute has no sense for the alternate topography. Besides, for example for
m = 1/2, if hg is replaced by hy = hs+ h, (see Fig. 12.5), the condition of hy /s is completely
wrong.

Nevertheless, for both slopes, the onset of transition flow (hc/hs)m=0 = 1.7(hc/hs)m=1/2
and (he/hs)m=0 = 2.1(h¢/hs)m—1/3. For the onset of skimming flow the displacement of the
value of h./hs is inversely proportional (1/1.7 for m = 1/2 and 1/2.1 for m = 1/3). Therefore,
to account for the effect of the endsills, based on the available data, the following relationships
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Figure 12.5: Onset conditions for all tested overlays on the 18.6° (A) and 30° (x) inclined
chutes

are suggested:
Onset of transition flow:

he (0743 [ hs —0.244 123)
hS B 77m lS '
Onset of skimming flow:
h B\ —0:364
h—c = 0.9397,, (l—5> (12.4)
S S

where 7, is a correction coefficient for the endsills overlays. For m = 1 = 7, = 1, for
m = 1/2 = n, = 1.7 and for m = 1/3 = n,, = 2.1. Therefore, for 2D overlays such as
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endsills and for 1/3 <m < 1:
Nm =—Ilnm+1 (12.5)

12.2.3 Conclusions

Understanding of the development of the flow with macro-structures is essential to interpret
furthermore the energy dissipation efficiency of the different macro-roughness overlays and the
contribution of head losses in the friction and drag coefficients.

The macro-structures caused by the macro-roughness topography of the bottom equipped
with endsills or blocks is the same as that for conventional steps.
For the case of the alternate blocks additional transverse contraction jets develop between the
elements as well as local vortices at the corners of the elements.

The sizes and the numbers of these macro-turbulent structures are influenced by the spatial
pattern of the macro-roughness elements. As it will be discussed in Chapter 16, these changes
have a direct effect on:

the horizontal and vertical friction lengths (L, and h,) under the recirculation cells,

the friction length at the interface recirculating cells/skimming layer (z,),

the impact zone of the internal jet in the skimming layer (Z;),
e the number of singular contraction effects of the flow between blocks,
e the number of vortices create upstream and downstream the blocks

The onset of regimes are unchanged with endsills on all steps compared to conventional stepped
chutes. For all the other tested configurations, the macro-roughness elements influence the
onset of flow regimes. This is important for the design of the elements. In fact, as it will be
shown, the behaviour of flow depth, air concentration, energy dissipation and bottom pressures
varies depending on flow regimes.

12.3 Rollwaves

Rollwaves were clearly observed for low discharges over the 30° slope. Though rollwaves were
not investigated in this study, their existence can not be ignored regarding the design of the
structure. Rollwaves have indeed an important influence on the wavy pattern of the flow, on
the air entrainment and also on the pressure fluctuations. But their principal consequence lies
in an important local increase in the flow depth which must be considered for the design of
the training-walls of the chute.

Among the previous studies, rollwaves were rarely mentioned since the length of the ex-
perimental flumes were generally to short to permit their development and observations.

Some practical criteria are proposed to determine the instability conditions which lead to
rollwaves. Among them, there are:

e the Froude number, Fy = g,,/+/g cos Ohj > 2 for rough turbulent flow [Albertson (1960)],

e the Vedernikov number, V, = %Fo > 1 [Chow (1959)]
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In the 30° conventional stepped chute, rollwaves with frequencies between 2 to 5 Hz were
observed for unit discharges up to about 0.06 m?/s. The minimum Froude number at the
jetbox corresponds to Fy = 4.9 and thus V., = 2.45. Then, the above criteria are fulfilled.
Nevertheless, it seems that the ratio between the flow depth and amplitude of the instability
is a relevant parameter to explain the development of the rollwaves.

Development of rollwaves were also observed when endsills or blocks are fixed on the steps.
The influence of these macro-roughness elements on the characteristics of the instabilities
(frequencies and amplitude of the wave) was not investigated.

Finally, for all cases, local elevation up to 3.5 time the mixture flow depth was measured
due to rollwaves. These instabilities have then to be considered for the design of the mixture
flow depth.
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Chapter 13

Definition of an effective homogeneous
aerated flow
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Residual energy at the toe of an overtopped embankment dam is necessary to design
protection alternatives to ensure the safety of the structure. Estimation of friction factor has
been therefore the aim of many research efforts. Different methods for estimating the friction
factor are based mostly on either the flow depth or the mean flow velocity. They all result in
widely scattered values: Chanson, Yasuda & Ohtsu (2000) highlight that for same hydraulic
conditions, the derived friction factor could vary with a factor 100 depending on the study.
Accurate approaches of head losses estimation are then still lacking and a better assessment
strongly depends on a more accurate description of the air-water structures of the flow. Two
main questions arise:

1. Which part of the wavy aerated flow effectively contributes to the "dissipation" forces?
2. Is the energy dissipation mainly dominated by the friction or the drag forces?

To answer these questions, the existence of a homogeneous flow region is introduced. This
homogeneous flow is shown to be the main portion of the aerated flow effectively involved in
momentum transport, mass conservation and energy dissipation. This concept is developed
for the case of a flow over conventional steps (m=0) in the uniform region and for 8 = 30°.
This definition has sense only for transition and skimming regimes since for nappe regime, the
flow is a thin non homogeneous falling nappe.

13.1 Characteristic flows

13.1.1 Classical flow definitions

Two ways were proposed in literature to characterize the aerated flow structure (see Part III,
Chapter 9.2).

1. 90 % mixture flow approach:
This description of the flow is based on the concept of a mixture fluid characterized
by the depth Zgy where the air concentration reaches 90 % [Tozzi (1994), Chamani &
Rajaratnam (1999)]. The flow considered to transport the momentum and to participate
to the energy d1551pat10n process is then represented by the mean air concentration,
f 7% ¢(z)dz, and the mean velocity Uy, f 79 44, (2)dz where z is the

normal p051t10n, c the local air concentration and u,, the longltudlnal component of the
local mixture flow velocity. The depth Zgg is represented in Figure 13.1.

2. Equivalent clear water approach:
For smooth chute, Cain & Wood (1981) proposed the notion of equivalent clear water
flow: the behaviour of the aerated flow is similar to a clear water fluid but with a shallow
depth Z,, = (1 — C)Zgp and a mean velocity Uy, = qy/Z,. This approach was widely
adopted for stepped chutes [Matos (2000b), Boes & Hager (2003b)].

13.1.2 Homogeneous effective aerated flow

By definition, concentration represents the amount of a specified substance in a unit amount
of another substance. Applied to aerated flow, the "true" air concentration should be defined
as the volume of air in a volume of water. However, in highly turbulent flow over stepped
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chutes, due to its wavy behaviour and to spray (see Fig. 13.1), the water surface is not well
defined.

The concept of Wilhelms & Gulliver (1989) is therefore well adapted for such a flow. In
fact, they divided the aerated flow into a homogeneous mass of air in water which they call
"entrained air" and air that flows between waves which they call "entrapped air". If it is ap-
plied to flow over conventional steps, for transition and skimming regimes, the homogeneous
flow layer is characterized by air bubbles entrained in water whereas the free surface layer
contains a lot of air gaps between the waves and water ejections.

During experimental tests performed in the 30° stepped flume, it was observed that for
local air concentration of about 90 %, the tips of the fiber-optical probe in the wavy free
surface were most of the time completely outside the flow. They were within air gaps or they
skimmed the crest of the waves and sometimes they were in contact with water droplets. For
this reason, the notion of the depth at 90 % of air raised some questions and discussions.
Thus, the original approach of Cain (1978) to define the flow layers was applied in this study.

13.2 Intermittency approach

The first concept which distinguished the two different origins of air in the two-phase fluid
was proposed by Killen (1968) who defined the notion of intermittency parameter Tj,;. Cain
(1978) and Falvey (1980) developed and applied this concept for prototype smooth spillways.

The optical probe for measuring the air concentration does not distinguish between an air
bubble in the flow or an air gap above the flow. For this reason, the concept of intermittency
parameter has been applied to the present case of flow over conventional steps. Under this
condition, Tj, corresponds to the proportion of time that the probe tips are within the bubbly
flow which appears homogeneous. Therefore, for a measuring sequence of duration 71"

e During the interval 0 < t < Ty, the tips are assumed to be inside the homogeneous
aerated skimming layer (layer (2) in Fig. 9.2, Part III).

e During the interval Tj,; <t < 1, the tips are assumed to be intermittently in large air
gaps (layer (3), figure 9.2, Part III).

According to Cain (1978), T}y, is derived from the density function f(c;) (Eq. 13.2), calculated
on the basis of the time evolution signal of the local air concentration ¢(t) at each depth of
the flow. The procedure of the statical analysis is summarized in the following.
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Figure 13.1: Wavy aerated flow for transition regime over the 30° stepped flume - Zgo: mixture
flow depth, Z’: homogeneous flow depth, T},;: intermittency parameter

1. Air concentration signal, c(t)
The local air concentration is extracted from the probe measurements as a function of
time (figure 13.2a).

2. Cumulative distribution function, F(c;)
Derived from ¢(t), this function represents the probability, P, that, at any instant t, the
air concentration is less than c;, a given concentration (figure 13.2b).

F(cj) = P(c < ¢j) (13.1)

3. Probability density function, f(c;)
f(c¢j) (figure 13.2c), derived from F(c;), represents the proportion of time that the air
concentration is equal to ¢; during the measuring period.
dF (c;)

The intermittency parameter is thus calculated according to:

0.7
Tint = fle)d(c) (13.3)
0
Cain showed that for ¢ > 70 % probe was at the upper limit of the homogeneous flow. In
fact, during the measurements with the optical probe in the LCH-flume, the upper limit of
the observed homogeneous flow, i.e. the visual limit where the tips of the probe are still inside
the flow, was also found for ¢ < 70 to 75 % (see values of C}, in Fig. 13.3).
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The real air content ¢’ in the homogeneous flow is therefore :

/ C_(l_Tint)

c=———= 13.4
T'int ( )
and: )
—c
Tt = — (13.5)

13.3 Definition of an effective homogeneous flow

It was shown that air decreases the shear stress at the bottom and thus friction factor [Wood
(1991), Tozzi (1994)]. However, the air gaps trapped between waves at the free surface have
no effect on the flow boundary layer where shear stress and singular head loss take place
(see Chapters 9.3.1 and 16.3). For transition and skimming regimes, considered all the flow
portion up to Zgg may then induce errors in determining the friction and drag reductions.
For this reason, an effective homogeneous flow is defined on the basis of the intermittency
approach. It corresponds to the homogeneous aerated flow which is effectively transported
along the slope and which is involved in the dissipation process. Its characteristics are defined
in the following.

e Effective mixture depth Z’
Z' is determined for the value of z where ¢/(z) = 0. Depths higher than Z’ correspond
to times when the tips of the probe are in air gaps above the flow (when Tj,; < 1).

e Mean effective air concentration C' :

L7
C' = —,/ ¢ (z)dz (13.6)
Z" Jo

with ¢/(z) according to equation 13.4. The duration of time for which the tips are in
the air gaps is not taken into account for the effective time-average air concentration.

e Mean effective mixture velocity U’ :
U'=— U (2)dz (13.7)

with u,,, the local mixture flow velocity

The characteristics of the homogeneous flow are given in Appendix A for conventional steps
(m—0) but also for all steps with endsills (m—1) and for 8 = 30°.

13.4 Verification of the intermittency approach

In order to verify the physical significance of the effective homogeneous flow:

e The effective depth Z’ is compared with the observed depth Z; when the tips of the
fiber-optical probe get inside the wavy free surface and spray ejections.

e The bubble sizes are compared in the homogeneous flow and the wavy surface regions.

e The relative error on the unit discharge is calculated for the effective homogeneous flow.
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Figure 13.2: Derivation of probability density function and intermittency parameter for an air

concentration measuring sample of skimming flow in fully developed region (g, = 0.12 m?/s
and Z/Zgo = 037)
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Effective depth

The Figure 13.3 represents the effective depth Z’ versus the observed homogeneous depth, Z,
and versus the homogeneous depth according to Tozzi (1994). Tozzi defined the mixture flow
depth based on velocity vertical profile. It corresponds to the point just above a constant
velocity (see Part III, section 9.2.2). The air concentration C}, associated to the observed
depth Zj, is also plotted in Figure 13.3.

From this Figure, it can be noticed that in the range of uncertainty, Z’ is in the same
order of magnitude than the observed and the Tozzi’s depths, with a correlation coefficient
R? =0.98.

The higher difference between Z’ and Zj, of about 14%, corresponds to low discharges for the
transition regime and the beginning of the skimming flow, when the free surface of the flow is
greatly wavy.

For well developed skimming flow, this intermittency approach provides an homogeneous depth
quite representative of the observed homogeneous flow.
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Figure 13.3: Effective homogeneous flow depth Z' (intermittency approach) versus observed
homogeneous depth Z;, and mixture flow depth Z; according to Tozzi (1994) - Transition and
skimming flows over a 30° conventional stepped chute (g, = 0.0606 to 0.2416 m?/s)

Bubble sizes

The fiber-optical probe measures the mean chord length ¢, of air bubbles in contact with the
tips.

In the uniform region, for transition and skimming regimes, the bubble sizes are within
the range:

e for z < Z5y then for ¢ < 0.5 =
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e = [2 — 4] mm

e for Z50 <2< Z'then for 0.5 < ¢ <0.7=
¢ = [4 — 10] mm

o for 7' < 2 < Zgg then for 0.7 < ¢ < 0.9 =
¢ =]10 — 50] mm

These results are in good agreement with Cain (1978) or Killen (1968) observations for smooth
chute but also with those of Chanson & Toombes (2001a) for stepped chutes. They measured
that below the surface region corresponding at air concentration less than 0.5, the bubbles size
are about 0.5-3 mm and that the largest bubbles in the homogeneous flow are about 10-20 mm.

The effective depth Z’ delimits indeed the homogeneous flow with air bubbles to the surface
flow mostly constituted with air gaps (¢. > 10mm) and spray.

Unit discharge

Unit discharges ¢}, = fOZ,[l — (2)]um(2)dz of the effective homogeneous flow in the uniform
region are given in Table A.1, Appendix A.
The relative error (gpump — Giy)/dpump (Where gpump is the water discharge provided by the

pump) or the relative error considering the depth integration limit up to Zgy (qu = 0Z9°[1 -
¢(2)|um(z)dz) are quite identical. This shows that discharge is quite completely represented

by the portion of the flow characterized with Z' and C’.

13.5 Conclusions

Flows over stepped chutes are characterized by highly turbulent, wavy and greatly aerated
free surface. For these reasons, confusion still exists to characterize the flow. In fact, arbitrary
flow depths relating to the percent of air measured, fixed between 90 % and 99 % or equivalent
clear water depth Z,, = (1 — C)Zyy have been developed.

As a consequence, the resulting mean flow velocity, friction factor and residual energy are
quite scattered, depending strongly on the measured air concentration analysis and on the
chosen flow depth. In light of the above, a better assessment of the flow behavior seems to
strongly depend on a more accurate approach of the air concentration estimation and on a
definite computed flow depth.

In this aim, the intermittency approach [Killen (1968), Cain (1978), Falvey (1980)] distin-
guishes:

e the portion of air which is effectively transported downstream through bubbles by the
mass of water and then which constitutes the true air concentration of the homogeneous
flow,

e the portion of air which is trapped between splashing waves, rollwaves and ejections,
above the free surface of the mass of air-water mixture.
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That leads to the definition of an homogeneous flow, characterized by a definite mixture depth
Z' and a true air concentration C’ which is significantly lower than the measured percent of
air C: C' is within the range 35 % to 40 % instead of 45 % to 65 % for C for the same tested
discharges.

Regarding shear stress or drag form effect at the step faces, it seems reasonable to assume
that these head losses are not influenced by air gaps trapped between the crest at the wavy free
surface. Thus energy dissipation mechanism might be concerned mainly by this aerated homo-
geneous portion of flow. Furthermore, the effective homogeneous flow parameters are applied
to estimation of the residual energy (Chapter 15) and friction coefficients (Chapter 16.3). It
will allow to determine the portion of the flow which has to be taken into account to establish
head loss law for aerated flow over macro-roughness.
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Chapter 14

Influence of the macro-roughness on
the flow characteristics
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14.1 Air entrainment

14.1.1 Onset of air entrainment

The location of the point of inception, L;, is determined visually. It is defined as the cross
section at the step outer edge where the presence of air bubbles is permanent and well dis-
tributed inside all the step and over the whole flume width (see an illustration in Fig. 14.1).

Front view

Jetbox

Black water

Black water

Cross section of

the point of inception

White water White water

Figure 14.1: Side and front views which show the limit of black and white water regions and
the location of the point of inception for a 30° slope with endsills on every two steps (m = 1/2)

Conventional steps

In order to compare the observed location of the inception point in the gated laboratory flume
(jetbox entrance) with the existing results for a crested entrance, L; has been computed ac-
cording to Equation 8.13 Part III, for an equivalent crested flume with the same roughness
and slope.

For the 30° inclined stepped chute, the data of L;/ks for jetbox condition and equivalent
values for a crested entrance are plotted versus the roughness Froude number Fj in Figure 14.2.
The data are compared with the relationships described in Part IIT, Chapter 8.2.1.

This shows that the measured data are within the range of magnitude defined by the
Boes, Chamani and Chanson empirical relationships, and they display the same trend with
increasing discharge. The inception point is displaced downstream as g, increases. This
can be explained by the combined effect of increasing flow depth and longitudinal velocity.
First, due to the large flow depth, the turbulent boundary layer intersects the free surface
further downstream. Second, due to the high longitudinal velocity compared to the vertical
component, the air bubbles trapped just at the surface are transported rapidly down the slope
without sinking into the flow column.

For large discharges (F, > 8), when h./ks > 3, the characteristics of the inception point
become closer to smooth slope spillway values. This may be explained by the cushioning of
the step drag form effect by the large skimming layer.
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Figure 14.2: Comparison of rough (jetbox entrance) and equivalent (crested entrance) data of
the dimensionless location of the inception point, L;/ks, according empirical formula of Wood
et al. (1983), Chanson (1994a), Chamani (2000) and Boes & Hager (2003a). Data for the 30°
slope equipped with conventional steps (m = 0)

A comparison of the data between 18.6° and 30° slopes which have identical step heights
highlights the fact that if the flow depth (or discharge) is the principal parameter that con-
trols the onset of air entrainment then the slope also has a significant effect (see Fig. 14.3).
The inception point is displaced towards to the crest for steeper slopes, a behaviour which is
increasingly marked for high discharges. In fact, in the non aerated region, the clear water
flow depth for a flat slope at a given discharge is larger than for a steep chute.

The expected location of the inception point for an equivalent crested embankment dam
(18.6° < 0 < 30°) equipped with conventional rectangular steps can be described with a
good correlation (R? = 0.982 for # = 30° and R? = 0.967 for § = 18.6°) by the following
Equation 14.1 (see Fig. 14.3):

L;

i 8.0 1.0.730
ks tan@ *?

(14.1)

with Fy g = qu/+/g cos k3, the roughness Froude number corrected for the slope effect accord-

ing to Chow (1959). With 6 = 53°, % = 6.03F%30 which is similar results as the proposed
S b

relationship of Matos (2000b) (Eq. 8.10, Part III).
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Figure 14.3: Dimensionless location of the inception point L;/ks versus roughness Froude
number F, g for the 18.6° and 30° slopes equipped with conventional steps (m = 0)

Influence of the macro-roughness

The dimensionless distance of the inception point from the jetbox, for all tested endsill and
block configurations, is plotted versus the roughness Froude number F g, for the 30° slope in
Figure 14.4.

In agreement with previous studies performed on crested spillway models, the height of
the macro-roughness has no significant effect. Indeed, results indicate that when endsills or
close-packed blocks are added on each step (m = 1, m = 5 and m = 6 respectively), the
location of the inception point remains identical for all tested discharges.

However, in the case of alternated endsills (m = 1/2) and spaced blocks pattern (m = 4),
a displacement of the inception point can be observed for well established skimming flow
regime, when F, gy > 4. The onset of aeration for these two overlays is at the same position
and is nearer to the crest compared to the other macro-roughness systems. This difference
may not be the result of a different relative flow depth Zyg,/kr with kr = kg + k, since the
values are quite similar for all the overlays. However, the longitudinal spatial distribution for
m =1/2 (z,/zs = 2) as well as the transverse pattern for m = 4 (e, /b, = 1.5) are the largest
compared to other overlays. The resulting effective roughness, i.e. the roughness which has
a real significant effect on the flow behaviour, is larger for these two particular configurations
(m =1/2 and m = 4) than for the others. And as mentioned by Lane (1939), this results in
an earlier onset of air entrainment.
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Figure 14.4: Rough data (jetbox entrance) of the dimensionless location of the inception point
versus F, g for the 30° slope with conventional steps (m = 0), steps equipped with endsills
(m =1/2 and m = 1) and steps equipped with blocks (m =4, m =5, m = 6)

14.1.2 Effect of the macro-roughness on the mean air concentration in the
uniform region

Conventional step

For conventional steps (m = 0), the variation of the mean air concentration C,, in the uniform
region with the roughness Froude number F} g is shown in Figure 14.5.

The figure shows that C), varies with the flow regime. The mean air concentration value
decreases drastically for the nappe and transition flow regimes to reach an asymptotic value
Clu,s for F, g = 4, when the skimming flow is well developed.

For nappe regime the fluid is highly aerated due to the great air entrainment when the free-
falling nappe breaks on the step face. Whereas for transition and skimming regimes, the air
entrainment is mainly the result of free-surface exchange.

In contrast to the suggestions of Boes & Minor (2000), the asymptotic value is not system-
atically attained for the onset of skimming flow. The data indicate that the air concentration
remains constant regardless of the discharge values when the skimming layer is large compared
to the normal step height. That is, Zgg, ~ 1.3k or he =~ 2h.

For the 30° slope, a good representation of the mean air concentration can be given by Equa-
tions 14.2 and 14.3.

For F,y <4 (R?=10.963)

Cy = 0.55F, "2 (14.2)
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For F, g >4 (R?>0.997)
Cy = Cy s = 0.81sin 9" (14.3)

Therefore, compared to smooth chute, steps enhance the onset of air entrainment and slightly
increase the mean air concentration C .

1

Conventional steps (m=0)
m  All the steps equipped with endsill (m=1)
097 Half steps equipped with endsills (m=1/2) - Step with endsill
> ¢ Half steps equipped with endsills (m=1/2) - Step without endsill
S o 08} Experimental relationship for m=0 and m=1 - Eq.14.2, 14.3
'ﬁ s Experimental relationship for m=1/2 - Eq.14.2, 14.3
o
90 — —Equivalent 30° smooth chute [Hager (1991)]
o 2071 ¢
o
c
g E
« O 06 ¢ _ . 0.81
- C,s=0.81sin6
€ 3
2 2 o051
e}
.E _____ _* p— _.‘L. _A_ _*. — —
041 — Well-established skimming regime
| (hc/hs orT™ 2)
0.3 . ‘ ‘
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Roughness Froude number, F. , (-)

Figure 14.5: Mean air concentration in the quasi-uniform region versus roughness Froude
number for the 30° chute with conventional steps (m = 0), an endsill on all steps (m = 1) and
an endsill on every second step (m = 1/2)

Effect of the endsills

& Stepped chute with endsills on all steps (m =1)

The presence of endsills on each step does not cause significant changes in mean air con-
centration. This result is not surprising as both the onset criteria of flow regimes and the
characteristics of the point of inception for m = 0 or m = 1 were found to be identical. The
only change lies in the displacement of the pseudo-bottom defined by the endsill outer edges
by a distance of k, = h, cos@. That does not significantly affect mean air concentration. This
behaviour agrees with the suggestions of Boes & Minor (2000) who mentioned that mean air
concentration is independent of step height.

Therefore, it is suggested that the mean air concentration for m = 1 can also be derived
from Equations 14.2 and 14.3, with the height of the roughness equal to kg in the roughness
Froude number F 4.

& Stepped chute with an endsill on every second step (m =1/2)
The situation is different for the overlay where every second step is equipped with an endsill
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(m = 1/2). In this case, the notion of pseudo-bottom parallel to the mean slope has no sense
since the topography is irregular along the slope.

The discharge limitations of the experimental set up did not allow a verification that if C,, 4
remains constant for large F y. Nevertheless, it can be inferred that the mean air concentration
follows the same variation behaviour with respect to flow regimes as m = 0. Indeed, in the
present case skimming flow starts for ¢, = 0.12 m2/s compared to g, = 0.06 m2/3 form =20
and m = 1.

However, the mean air concentration remains about 4 to 5 % larger for all discharges. The
discontinuity pattern of endsills seems to involve more air entrainment when the nappe falls
from one step with a vertical face of height A7 = hs + h, to the following one with an height
that is hg.

Data presented in Fig. 14.5 also indicates that in the uniform region, the depth-averaged air
concentration is quite constant from one conventional step to the following one quipped with
an endsill.

Finally, for mean air concentration values in the uniform region, the overlay behaves like a
slope of angle 0% = 33.3° equipped with equivalent steps of normal height k7 = (hs+ h,) cos
(see Fig. 14.6). In fact, this equivalent configuration leads to a behaviour comparable to
conventional steps with :

For F, g, <4 with  F\ g, = qu/y/gcosf * k%:

Cy, = 0.62F, ' (14.4)
For F, g, > 4
Cy = Cy s = 0.815in x5! (14.5)

It can be noted here that the criterion of Fj g, = 4 corresponds also in this case to h./hp ~ 2
or Zgou/kr ~ 1, when the macro-turbulence effects seem cushioned by the large skimming
layer.

— Configuration m=1/2
— - Equivalent chute with conventional steps of height h.=h.+h_and 6.=33.3

Figure 14.6: Definition of the equivalent slope condition implemented in the mean air concen-
tration formula (Eq. 14.4, 14.5 for the configuration m = 1/2)
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14.1.3 Vertical distribution of the air concentration

Chanson (2000) proposed that the vertical air concentration profile in the quasi-uniform region
depends upon flow regimes.

For the skimming regime, profiles were derived from the solution to the continuity equation
of the mixture air-water flow including the balance between the turbulent diffusivity and the
bubble rise velocity. For the transition regime, the profile resulted from empirical fitting
(details in Part III, Chapter 9.1.3). No information were available for nappe flow regime.

Air concentration were measured for the 30° inclined chute equipped with conventional
steps (m = 0) and steps with endsills (m = 1/2, m = 1) in the developing and equilibrium
regions (see Fig. 11.11). The following results show the influence of flow regimes, flow regions
and macro-roughness elements on the vertical air distribution of the air concentration.

Advective diffusion air bubble model for conventional steps

& Skimming flow regime

o In the equilibrium region
Air concentrations measured at the leading tip of the fiber-optical probe are plotted in Fig-
ure 14.7 versus the dimensionless depth Hgy = z/Zgy (where Zgg is the depth at 90 % of air
content) for skimming flow regime.

Air concentrations at the step outer edge have smooth continuous profiles for the whole
depth of the flow. For all tested discharges, the vertical distribution of ¢(z) correlates well
with the advective diffusion air bubble model (ADM) of Chanson (2000) given by Eq. 9.8 in
Part III.

The profiles also highlight that:

e For a same discharge, the 3 tested cross sections (X; = 5.4 m, Xo = 5.64 m, X3 =
7.2 m in Fig. 11.11) are effectively in the quasi-uniform region since within +1 %,
c1(2z) = e2(2) = c3(z) (with ¢1(2) the local air concentration at the distance z above the
step outer edge located at X7).

e For a well-developed skimming flow (g, > 0.12 m?/s), the profiles are identical which
is as expected since the mean air concentration remains constant.

o In the developing region
The air concentration is lower in the developing region (see Fig. 14.7) for identical discharges as
expected. However, the profiles indicate that there is no difference in the air concentration dis-
tribution for these two aerated regions. In the developing region, the aeration mechanism also
follows the advective diffusion model. Under this condition, the turbulent diffusive constant
D' is computed by Eq. 9.9, Part III, but with the equilibrium air concentration substituted
by the depth-averaged, C.

Finally experimental results show that the advective diffusion model remains valid even if

the equilibrium between air entrainment and detrainment is not attained. The mechanism of
aeration is therefore independent of flow regions.
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Figure 14.7: Vertical distribution of air concentration measured in the developing region (C')
and in the equilibrium region (C,,) for skimming flow over the 30° conventional stepped flume.

Comparison with the advective diffusion model of Chanson (2000b)
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& Transition flow regime
As already mentioned in Chapter 12.2, compared to skimming regime, the visual observa-
tions for transition flow above the pseudo-bottom do not indicate significant changes in the
aerated flow structure. Except that the skimming layer is thinner and more influenced by
topographical effects such as the internal jet. Therefore, the amplitudes of the wavy free sur-
face are larger but with the same ejection of water droplets. Below the pseudo-bottom, until
the onset of rotation of the well-developed vortices, the pool of water is practically non aerated.

In light of the above, it is not surprising to see in Figure 14.8 that the vertical distribution

in both equilibrium and developed regions also show continuous and smooth profiles which
follow the advective diffusive model for ¢(z) < 0.7. This portion of flow corresponds to the
homogeneous aerated flow as described in Part I1I, Fig. 9.2, layer 2.
However, for ¢(z) > 0.7, the measured air concentration is larger than predicted by ADM
profiling. This difference may be attributed to the influence of the waves. In fact, the tip of
the fiber-optical probe which detects the change between air and water phases in the flow,
does not distinguish air bubbles in the water from air gaps between two wave crests. In the
latter case, the value of ¢(z) does not characterize the "true" air concentration of the mixture
air-water resulting from the self-aeration advective-diffusive process. This notion of true air
concentration has been discussed in detail in Chapter 13.

Therefore, in transition flow regimes, for both developing and quasi-uniform aerated re-
gions, the vertical distribution of the air concentration can be predicted with a good correlation
from the following equations:

e In homogeneous flow, for ¢(z) < 0.7

c(z) = 1 — tanh? (K’ - %) (14.6)

where K’ and D' are computed from the mean air concentration has described in Part
III, Chapter 9.1.3.

e In the wavy rough free surface layer, for ¢(z) > 0.7

e(z) = 1.25 [1 — exp ( - 1.25i>] (14.7)
Zyo
For tested discharges in the transition flow regime, the portion of air in the free surface layer
of the flow is constant. The air gaps between the waves contribute significantly to the increase
of measured air concentration in this portion of the flow.

Finally, from the Figure 14.8, it can also be inferred that for the 30° conventional stepped
chute, the model proposed by Chanson & Toombes (2001b) (Eq. 9.10, Part III) concerning
transition regime does not satisfactorily describe the measured data. This model predicts no
aeration in the first millimeters above the step outer edge and leads to an over-estimation
of the air concentration in the homogeneous flow. Moreover, large instabilities, vibration
and ejections of numerous water droplets in this regime were not observed for this particular
regime, contrary to the observations of Chanson.
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Figure 14.8: Vertical distribution of the air concentration measured in the developing (C)
and equilibrium regions (C,) for transition flow over the 30° conventional stepped flume.

Comparison with the empirical model proposed by Chanson & Toombes (2001b)
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& Nappe flow regime
Due to the non homogeneity of the nappe and due to instabilities such as rollwaves, it was
difficult to visually ascertain if the tips of the fiber-optical probe were effectively inside the
flow during the measurement sequences. Therefore, the air concentration values do not distin-
guish if air is effectively trapped in the water or in gaps between two waves or in falling jets.
Nevertheless, in Figure 14.9, the data is plotted versus the dimensionless depth Hgy = z/Zgy
for two discharges in nappe flow (g, = 0.010 m?/s and g, = 0.020 m?/s) and one discharge at
the limit of onset of transition regime (g, = 0.030 m?/s). Data for a well-developed skimming
flow is also plotted in order to highlight the differences in behaviour depending on flow regime.

The measured profiles clearly indicate that the distribution of air concentration in nappe
regime is different than in skimming regime for 0.25 < Hgp < 1. As expected, in this portion
of the flow, air concentrations do not follow the advective diffusion model, being larger than
the predicted values. This may be explained by the high rate of air trapped when the falling
nappe is broken at the downstream corner of the horizontal step and by the non homogeneity
of the nappe and the air gaps between two crests of rollwaves.

Finally, for well defined nappe flow, as illustrated in Figure 14.9, at Hgg > 0.25, the vertical
distribution of the air concentration follows the exponential empirical law (Eq. 9.10) proposed
by Chanson & Toombes (2001b) (see Part III, Chapter 9.1.3) though this relation was basically
developed for transition regime. Definition of transition regime must be different for these
authors compared to herein.

Then for z/Zyy > 0.25 c(z) = K3[1 —exp (—AHgyo)]

where K3 and )\ are derived from the mean air concentration and the concentration at 90 %.
This confirms that for this regime (as observed by Fratino et al. (2003)) intense aeration is the
result of the plunge nappe breaking close to the step outer edge as opposed to transition and
skimming regimes where the air entrainment process is governed by turbulent diffusion of the
air bubbles trapped at the free-surface. In the inner layer, for Hgy < 0.25, which corresponds to
the first 5 mm above the step outer edge, the data shows that air concentration is comparable
to the ADM profile as for the two other flow regimes.

At onset of transition regime (triangles in Fig. 14.9), the exponential profile tends toward
the ADM profile in the homogeneous portion of the flow (¢ < 0.7), although air concentration
in the wavy free surface layer remains larger than for the skimming layer, with a gradient
governed by Eq. 14.7.

Thus, the change of flow regime between nappe, transition and skimming flows can be ob-
jectively determined by air concentration profile variation. That sustains the onset criterion
for transition and skimming flows used in Chapter 12.2.

Finally, for all tested discharges, the air concentration values lie between the two curves
plotted in Figure 14.9 and given by:

(1) : For Hyg < 0.25:  ¢(z) = 1 — tanh? (1.077 -
For Hgp > 0.25: ¢(z) = 0.96[1 — exp (—2.76Hgp)]

Hy,
1.334

2): VHgy  ¢(z) =1 —tanh2<1.655 - t%%ﬁ)
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Figure 14.9: Vertical distribution of the air concentration measured in the equilibrium region
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Influence of the endsills

& Stepped chute with an endsill on every step (m =1)

Mean air concentration and onset of air entrainment were not significantly affected by the
addition of an endsill at the end of each step. It is therefore not surprising to see that the
vertical distribution of the air concentration above the endsill outer edge is more or less iden-
tical to the conventional step case.

For transition and skimming flows, the vertical distribution of air concentration correlates well
with the advective diffusion model profile, confirming that this overlay (m = 1) amounts to a
displacement of the pseudo-bottom by a distance k, = h, cos 0, without significant effect on
self-aeration.

& Stepped chute with an endsill on every second step (m =1/2)

For this particular configuration, no measurements were possible during nappe flow which oc-
curs only at very low discharge. That was difficult thus to stabilize with the hydraulic pump
system used.

Concerning the steps equipped with endsills, the aerated flow above the endsill outer
edge shows the same behaviour as for conventional steps or as the overlay m = 1 but
based on a higher mean air concentration (see Paragraph 14.1.2). Thus, for skimming flow
(qw > 0.12 m?/s), the vertical distribution of air concentration globally follows the ADM
profile. Furthermore, for transition regime, in the homogeneous layer (up to c¢(z) = 0.7), the
aeration process is also governed by the ADM profile whereas, measured air concentration in
the free surface layer is larger than predicted and follows the exponential relationship given
in Equation 14.7.

The air concentration distribution in the cross section above the outer edge of the steps

without endsills shows a different behaviour. From Figure 14.10, it can be observed that in
the uniform region, if the mean air concentration is constant from one cross section at the step
outer edge to the following cross section at the endsill outer edge, the vertical distribution of
air concentration is quite different.
In the first two centimeters above the step corner, for Hgy < 0.25, ¢(z) is about 5 % to 8 %
lower than values measured at the same points for m = 0. In fact, as it can be observed in
Figure 14.11b, for m—1/2, the inner layer of the flow (Hgy < 0.25) defines a zone where the
flow separates into two recirculating cells, one in each of the following steps. The turbulent
normal velocity in this stagnation region is expected to be very low explaining the difficulty
for air bubbles to be entrained downwards in this layer.

For skimming flow and Hgy > 0.25 (Hgy > 0.25 corresponding to the pseudo-bottom
formed by the endsills outer edges), the skimming layer is highly aerated compared to the
equivalent layer above the endsill. For this portion of flow, the air concentration distribution
can be derived from the advective diffusion profile but the turbulent diffusive constant D’
must be calculated based on the depth-average air concentration taken between Hgy = 0.25
and Hgo =1.

For transition regime, the flow structure in the step without endsills is identical to nappe
flow over conventional steps (see Fig. 14.11a). The air concentration values follow the expo-
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nential profiles proposed by Chanson & Toombes (2001b) for the tested discharges, described
by Equation 9.10, Part III:  ¢(z) = K3|1—exp | — )\ZL% with K3 and A derived from the

mean air concentration. As it can be seen in Figure 14.10, by comparing transition regime
profiles to profiles for onset of skimming flow and for skimming flow itself, the change of
regimes can be determined by the shape of the vertical distribution ¢(z).

In conclusion, the configuration m = 1/2 provides higher aeration in the homogeneous
flow. The impact of the macro-roughness elements is then more significant than for the
configurations m = 0 and m = 1. The induced turbulent forces may then be globally greater
than in the two previous cases.

Air cavity

Aerated vortices

Figure 14.11: Flow structure for a) q, = 0.04 m?/s (transition regime) and b) for q, =
0.12 m?/s (skimming regime) over the 30° stepped flume equipped with an endsill on every
second step (m = 1/2)

Air concentration boundary layer

Analysis of the vertical distribution of air concentration for conventional steps in transition
and skimming flows, yields two important facts concerning the flow layers:

1. The confirmation that portion of the homogeneous flow characterized by air concentra-
tion lower than 70 % is governed by advection, turbulent diffusion and transport of air
bubbles trapped at the free surface. This point is then in agreement with the Cain’s
intermittency concept developed in Chapter 13.

2. The existence of an air concentration boundary layer

Indeed, for the later point, air concentration profiles can be compared with the advective
diffusion model developed by Wood (1991) based on the Straub & Anderson (1958) data.
When applied to an equivalent smooth chute with an identical mean saturation air concentra-
tion, the air concentration can be computed as:

g
B+ exp(ycosf )

c(z) = (14.8)
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where vy is a constant depending on the mean air concentration in the equilibrium region. It
can be empirically determined according Wood (1991). g is calculated using a free surface
boundary condition given by 8/(8 + 7<% = 0.9.

In the upper layer of the flow, for Hyy = z/Zgy > 0.25, air concentration distributions
for smooth and stepped chutes are comparable (see Fig. 14.12). However, for z/Zyy < 0.25,
the data for m = 0 is lower than expected for equivalent smooth chute. In agreement with
Matos (2000a), these results indicate the presence of an air concentration boundary layer
which may characterize the drag form influence of the step in the turbulent boundary layer.
In the equilibrium region, for transition and skimming regimes, it was also visually observed
that this portion of flow within the first 1.5 to 2 cmn above the step outer edge is strongly
disturbed by internal jet.

The data for transition and skimming regimes shows that the thickness of the boundary layer
remains constant up to Hog = 2/Zgp < 0.25, regardless of discharge.
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Figure 14.12: Comparison of the vertical distribution of the measured air concentration in
the equilibrium region with the computed values for an equivalent smooth chute according to
Wood (1991). Data for skimming flow regime over the 30° conventional stepped flume

In skimming flow, for both configurations m = 1/2 and m = 1, the vertical distribution
¢(z) above the endsill outer edge was also compared with the equivalent profiles for smooth
slopes.

For m = 1, the intersection of smooth and ADM profiles is displaced to Hygg = 0.20. Above
endsills corners, the boundary layer is then thinner. Whereas, for m = 1/2, the intersection
between the two distributions corresponds to Hgy =~ 0.3 to 0.35.
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Therefore the higher concentration value as well as the thicker air concentration boundary
layer observed for the macro-roughness system m = 1/2 may suggest that the global equivalent
roughness of this overlay is larger than for m =0 and m = 1.

14.1.4 Pseudo-bottom air concentration

Due to the fragility of the diamond tips of the fiber-optical probe, the measurements were
taken at a distance of 2 + 0.2 mm above the outer edge of the step or of the endsill. If the
data give the air concentration near the step face, it appears premature to conclude that they
are representative of the values in the inner layer at the bottom where cavitation mechanism
may occur.

For these reasons, the "pseudo-bottom" values of air concentration were not used to in-
vestigate the macro-roughness effect on the risk of cavitation.

14.1.5 Conclusions

& Self-aeration mechanism
For nappe flow regime, air is mainly entrained at the plunging point where the nappe is broken
or when hydraulic jump is developed.

For transition and skimming regimes, self aeration is initiated at the free surface: air
bubbles are trapped at flow surface when turbulent forces overcome superficial tension and
bubble rise velocity. Air entrainment and detrainment are governed by the mixture flow

continuity equation:
0 dc(z)\ 0
p <Dt oy ) = cos 0%[%«0(,2)] (14.9)

where Dy is the turbulent diffusivity characteristic of the flow density and wu, is the air bubble
rise velocity.

& Onset of air entrainment
For the 18.6° and the 30° slope, compared to equivalent smooth chutes, the roughness due
to the macro-roughness elements (steps and endsills) displaces the onset of air entrainment
closer to the crest chute which reduces the reach of the dam slope prone to cavitation.

For crested slope equipped with conventional steps, a good approximation of the longitu-
dinal location of the point of inception is given by Eq. 14.1
Li _ 8.0 F70-730

ks tan@ ™Y

For well developed skimming flow, the two overlays m = 1/2 and m = 4 lead to a displacement
of the point of inception upstream.

& Mean air concentration

For conventional 30° stepped chutes or stepped chutes equipped with endsills, the mean air
concentration depends on flow regimes. The mean equilibrium air concentration C, decreases
exponentially from nappe flow to skimming flow :

C,=AF)
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with Fyp = qu/+v/gcos@k} the roughness Froude number, A and b experimentally fitted
constant and k, the equivalent normal height of the effective macro-roughness element, i.e.,
the roughness height which has a significant effect on the self-aeration.
The mean air concentration becomes independent of discharge for well developed skimming
flow, corresponding to h./h, ~ 2.

C, = 0.815in 6% then depends principally on the equivalent pseudo-bottom slope.
Data shows that for conventional steps (m = 0) and all steps equipped with endsills (m = 1),
hs = hs and 6, = 6 = 30° whereas for steps equipped with alternating endsills (m = 1/2),
hy = hs + h, and 0, = 33.3°.

& Vertical air concentration distribution
The shape of the profile is the same as for endsills configurations.

For nappe flow regime, the profiles are predicted by the exponential relationship (Eq. 9.10)
experimentally established by [Chanson & Toombes (2001b)]:

o(z) = K [1 —exp (— Azig())]

where K3 and X depend on the corresponding mean air concentration and are derived from

the two following relationships: K3 = l—eg)(.m and C = K3 — %

For transition and skimming flow regimes, the homogeneous portion of the aerated flow is
accurately described by the ADM profile developed by Chanson (2000), Eq. 9.8 :

z
—1_ 2( g! _ Zoo
c(z) tanh ( 2D’>

with K’ = arctanh(v/0.1) + [1/(2D')] and C, = 2D’ [tanh (arctanh(\/o.l) + 211),> - \/0.1].

This analytical profile remains valid for the developing aerated flow.

$ Air concentration boundary layer
For conventional steps, the vertical distribution of the air concentration indicates the presence
of a boundary layer in the portion of the flow below z/Zgy = 0.25, for all discharges during
transition and skimming regimes.

When endsills are added to all steps (m=1), the results are similar and the configuration
has no effect on this inner layer of the flow. However, for m = 1/2 a thicker air concentration
boundary layer (z/Zgy < 0.3 —0.35) is observed.

14.2 Flow depth

In Chapter 13, different flow depths have been defined to describe the flow behaviour. Herein,
interest is focused on the mixture flow depth Zgy. In fact, bulking (spray, water drop ejections)
and wavy characteristics of the aerated flow over macro-roughness must be taken into account
for the design of the training walls of an overtopped structure.

14.2.1 Influence of macro-roughness on free surface shape

For all stepped macro-roughness overlays and for both tested slopes, the shape of the free
surface reflects the drag form effect caused by the bottom topography. A plot of the free
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Figure 14.13: Schematic of wavy free surface for skimming flow (g, = 0.12 m?/s) over con-
ventional step - Uniform region

surface with tracing paper (see Fig. 14.13 for q,, = 0.12 m?/s and conventional step overlay)
for transition and skimming flows shows that the mixture flow layer:

e is narrowed at the point of separation between the recirculating cells and the transverse
jet, therefore just upstream of the step or endsill or block outer edge,

e is widened at the point where the transverse jet becomes transported by the 1D-skimming
layer. It corresponds roughly at the inner step corner.

This behaviour suggests that the vertical pressure distribution is non hydrostatic. Indeed,
the form effect caused by the steps such as recirculating cells and transverse jets must create
an additional pressure component. At the separation zone, where the vertical shear stress
between vortex and transverse jet is significant, a depression could be developed (narrowing).
Whereas, the significant vertical velocity component at the transverse jet may result in a over-
pressure (widening). Furthermore, these assumptions would be verified with a 2D numerical
model where the vertical velocity component would be implemented. It is one of the numerical
tests in progress which were performed in collaboration with HACH-ULg (see Part V).

The amplitude of the waves decrease with the swelling of the skimming layer. The influence
of the macro-roughness on the free surface thus diminishes to zero for well developed skimming
flow characterized by Zgo/ks = 1.5 for m = 0 and m = 1 and for Zyy/(ks + k,) = 1.5 for
m = 1/2 (where ks = hgcos® and k, = h, cos@ and hg and h, are respectively the step and
the endsill or block height).
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14.2.2 Influence of macro-roughness on mixture flow depth

Conventional steps

Boes & Hager (2003b) proposed that for conventional steps and 30° < 6 < 50°, the uniform
mixture depth Zgg, above the pseudo-bottom can be computed by Equation 14.10:

Z90,u

= = 050, e 002 (14.10)

This formula is compared with the data measured in the conventional stepped flume for 8 = 30°
and € = 18.6° in Figure 14.14.
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Figure 14.14: Dimensionless mixture depth Zgg,/hs versus step Froude number F, =

qw/+/gsinOh3

It can be seen that Equation 14.10 fits the data well for the mild slope (f = 30°) but it is
not accurate for the shallow slope (6 = 18.6).

In addition, for § = 30° and for high discharges (Fy > 5 or Zgg,/ks > 1.5), the mix-
ture depths measured in the flume are lower than the predicted one. This indicates again
that when the skimming layer becomes large compared to the step normal height kg, the
influence of the drag form effect are weaker. In addition, the mean equilibrium air concentra-
tion becomes constant with discharge which also has an effect on the swelling of the flow depth.

In order to define a more accurate relationship, the dimensionless depth Zgg ,/ks has been

plotted versus the roughness Froude number F,y = ¢, /+/gcos6k3. This yields to a good
correlated following relationship:
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For 18.6° < 6§ < 30° (R? = 0.995) and conventional steps:

Z
goyu — 0'58F37£C0S0 (1411)

S

Steps equipped with endsills or blocks

According to equation 14.11, the height of the step and the slope angle have a significant
effect on the flow depth. To verify if the macro-roughness height has indeed an effect, the
uniform mixture depth for any overlay m, Zggu,m, is compared with the uniform mixture
depth for conventional steps Zgg .0, for & = 30°. The resulting values are plotted versus the
unit discharge in Figure 14.16.

Except for the particular case m = 1/3, the curves indicate that for 0.04 < q,, < 0.12 m?/s,
when the free surface is perturbed by the drag form effect, the uniform mixture depth is at
maximum 2 times higher than for conventional steps, independently of the macro-roughness
additional elements. For thicker skimming layer (g, > 0.12 m?/s), the difference is in the
order of 1.4. Nevertheless, the configuration m = 1 presents the lower swelling of the mixture
depth (around 1.3). In fact, as seen in the above section, for this configuration the mean air
concentration is unchanged compared to conventional steps as well as flow regimes. The effect
is as if the pseudo-bottom is displaced up at a distance of k. = h, cos@. For m = 1, the
mixture depth taken above the pseudo-bottom formed by the endsills outer edges is equal to
the mixture depth above the pseudo-bottom formed by the steps outer edges for m = 0.

For low discharges (g, < 0.04 m?/s), the flow corresponds in most of the case at a non-
homogeneous highly aerated falling nappe. The associated uniform mixture depths are then
to be taken with care since they are very complex and difficult to measure.

For the particular case of m = 1/3, the mixture flow depth presents a lot of instabilities
and large slug ejections (see Fig. 14.15). That results from the important deflection of the
nappe which greatly accelerates over a distance of 3zs to hit again the next endsill. This
alternative is a bad design since it involves high and unstable flow depth.

Figure 14.15: Side view of aerated flow over a 30° inclined chute for m = 1/3
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Finally, mixture depths for the different blocks overlays (m=4, m=>5, m=6) have been
compared. This shows that there is no significant effect of the transverse distribution of the
blocks (e /by) on the mixture depth in the uniform region.

4.0
3.8 —aA— Conventional steps - m=0

36 | 4— Half steps equipped with endsills - m=1/2
34 | —u— All steps equipped with endsills - m=1

39 | —X— Alterante blocks - m=4

3'0 | Peaks of depth for m=1/3
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Figure 14.16: Dimensionless depth Zgg y m/Z9o,u,0 for the 30° inclined chute equipped with
steps with endsills (m—1/3, m—1/2, m—1/3) and with steps with blocks (m—4) versus unit
discharges (uniform region)

14.2.3 Conclusions

For g, > 0.08 m?/s (transition and skimming regimes), the configurations consisting in either
every second step equipped with an endsill (m—1/2) or all steps equipped with alternate blocks
(m=4, 5, 6) present quite the same mixture flow depths in the uniform region.

The alternative m = 1 behaves similarly to conventional step but with a displacement by
a distance k, = h, cos @ of the pseudo-bottom.

The results show also that the longitudinal distribution of the endsills (z,/zs) have an
influence on the swelling of flow depth whereas the transverse distribution of blocks has a
negligible effect on it.

Based on the tested discharges and slopes (18.6° < 6 < 30°) for conventional steps, the
mixture flow depth can be estimated by Equation 14.11 (see Fig 14.17):

Z90,u

Pk 0.58F . >’

For steps equipped with endsills, flow uniform mixture depths follows the same variation
with discharges but with a slight shift up for the alternate distribution (m—1/2).
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Figure 14.17: Dimensionless uniform mixture flow depth Zyg,/ks versus roughness Froude
number F, (k) for 6 = 30°

For 6 = 30°, Zgp,, can be derived according to Equations 14.12 and 14.13 with F, g =

quw/ /g cos Ok3:

For m=1/2 (R? = 0.993):

Y/ 2
2900 _ 110973, 0" (14.12)
S
For m=1 (R? = 0.996)
Z 20,
= 1.030F2, 0" (14.13)
S

For steps equipped with blocks, the variation of the uniform mixture flow depth is a little bit
different, following Equation 14.14 for § = 30°.
For m=4, 5, 6 (R? = 0.994):

Z
90u _ 0.942};;5)7951 cos 6 (14_14)

S

14.3 Flow velocity

Flow velocity is required to estimate the residual energy at any section of the chute. Moreover,
velocity is necessary for the friction and drag coefficient computation. In this study the mixture
flow longitudinal velocities, u,,, are measured with a double optical-probe instrumentation at
different cross sections in the developing or quasi-uniform flow (see Fig. 11.11).
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14.3.1 Vertical distribution of flow velocity

For conventional steps, most of the authors conclude that above the pseudo-bottom, for skim-
ming flow, the velocity follows a power law profile as in case of smooth chutes: Ugy = DH%N
where Ugy = up(2)/ugo and Hgy = 2/Zgg. Index 90 indicates the flow parameters at a air
concentration of 0.9 and index m, the mixture flow values.

According to Boes & Hager (2003a), the exponent N is not affected by the slope nor by

the discharge or the flow regions. However, as already mentioned in Part III, Chapter 9.3.1,
experimentally obtained values of N show large scatter. In fact, Boes & Hager (2003a) obtained
a power law with N=4.3 for 0.04 < Hygy < 0.8. Based on Chamani & Rajaratnam’s (1999) data
for a 307 slope, Boes (2000b) suggested N = 6.3 for 0.04 < Hgy < 0.5. Yasuda & Chanson
(2003) found N = 9 for 0.05 < Hgp < 1 and a 15.6° slope. Chanson (1994a) recommended
N = 3.5 to 4 based on model experiments.
Therefore, it is not clear which criterion should be used to define the portion of the aerated flow
which follows a velocity power law. In the author’s view, the difference between the several
proposed power laws might result from the portion of flow layer considered in the empirical
fitting as well as from the strong dependence of the exponent on discharge. This will now be
discussed. A summary of this discussion is given in André, Boillat & Schleiss (2004).

Definition of a lower and upper flow layers for conventional steps

In Figure 14.18, dimensionless velocity data Ugy are plotted versus dimensionless depth Hgg
for one cross-section in the developing aerated region (cross dots) and three in the uniform
aerated region (grey dots) for skimming flow over a 30° slope. The approximated power law
proposed by Boes & Hager (2003a), Equations 14.15 and 14.16, established for skimming flow
on conventional stepped chutes (30° < 6 < 50°) in both partially and fully developed regions
is also shown.
For 0.04 < Hgy <0.8:

Ugo = 1.05HY " (14.15)

For Hgy > 0.8:
Ugo = 1 (14.16)

It can be seen that:

e For Hyy < 0.2, almost all the velocity data are below the curve of Boes & Hager. The
gradient of velocities in this region is smaller than the expected one. The scattering
of the points decreases for increasing Hgy when the stream becomes more and more
unidirectional, parallel to the pseudo-bottom.

e There is a more significant effect of the flow region on the mixture velocity for Hgy < 0.8
than in the homogeneous portion of the flow. This difference on the velocity distribu-
tion in the developed and the quasi-uniform regions should be expected since both air
concentration and flow depth are also varying before reaching equilibrium conditions.

In light of the above and regarding the conclusions on the air concentration distribution, i.e.
the existence of an air concentration boundary layer, the emphasis is put on the definition of
flow layers.
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Figure 14.18: Comparison of the dimensionless velocity data with Boes & Hager’s (2003a)
power law for skimming flow (g, > 0.057 m?/s) over the 30° inclined stepped chute at cross-
sections in the partially and fully developed aerated regions

Based on the analogy to studies of uniform turbulent rough flow for steep gravel beds, it is
suggested that the aerated flow over stepped chutes can be divided into a lower and upper layer.

& Logarithmic velocity profile in the lower flow layer

In the lower flow layer, as observed by Sayre & Albertson (1963), Bathurst (1988), Chamani
& Rajaratnam (1999) and Canovaro et al. (2003), the flow in the rough boundary layer theory
is affected by the shear stress and the drag around the macro-roughness. In this lower portion
of the flow, the velocity gradients are expected to experiment a logarithmic profile. This is
really the case of the dimensionless values measured below Hgy < 0.2 to 0.3. However, as
already mentioned in Part III, Chapter 9.3.1, because of the high relative roughness of the
steps, of the 3D macro-turbulence flow structures such as recirculating cells and internal jets,
the classical logarithmic equation as proposed by Karman-Prandtl, may not be completely sat-
isfied. For this reason, the logarithmic Equation 9.21 (Part III) is fitted with the experimental
data in the uniform region:

Ym Alog(ﬁ> + B

10/ Pm ks

with z% = z + hgcos®, p,, ~ (1 — C)p, the mixture density and the shear stress 7y =
pwgsin@Z,, , and Z, , the equivalent clear water depth in the uniform region.

Ounly the velocities with the cross-correlation coefficient r > 0.5 are considered (see Chap-
ter 11.2.1). Note that sometimes, due to the low value of r, the logarithmic law was fitted
only with 3 experimental data.
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For skimming flow over the 30° inclined conventional stepped chute, data in the uniform
region best fit Eq. 9.21 (R? = 0.8 to 0.99) with A = 3.1 to 5.9 thus A = 4.14, and B = 6.9
to 9.0 thus B = 7.6. The variation of the coefficients versus the roughness Froude number
F.p = qu/\/gcosOk? is given in Figure 14.19. It indicates, considering the uncertainty
of the data, that the coefficient A is independent of discharge whereas B varies until a well
established skimming flow (g, > 0.16 m?/s). These values are comparable to those proposed

by Chamani & Rajaratnam (1999): A=5.75 and B=8.5.
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Figure 14.19: Variation of the coefficients A and B of the logarithmic law \/:OW/LW = Alog%-l—B

for skimming flow over the 30° inclined stepped chute in the uniform region - Lower layer of
the flow

& Power law in the upper flow layer
Above this boundary layer, the rough turbulent flow theory indicates that the upper flow layer
is not influenced by the roughness. The local mixture velocity depends, as for smooth chutes,
on the maximum velocity. Then, the velocity gradient follows a power law:

Ugo = DHYY

Because of the pronounced effect of the flow region, the power law is first assessed in the
uniform region. In order to define the limit of application of this law, the exponent N was
estimated for different lower and upper limits of Hgg (see Fig. 14.20) for all the data concerning
the skimming flow.

It can be seen that the coefficient D is not significantly affected by the limits of Hgp.
However, N strongly varies for Hgy < 0.2. This explains that below Hgg = 0.20, there is
large scatter on the velocity data. In fact, as already mentioned, for transition and skimming
regimes, it was visually observed that the portion of the flow within the first 1.5 to 2.5 cm
over the step outer edge (corresponding roughly to Hgp < 0.2 to 0.3) is strongly disturbed by
the internal jet (see Figure 12.1).
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To underline these observations, the cross-correlation coefficients r of velocities obtained
from the probe signals (see Matos et al. (2002) for details) have been plotted versus the
dimensionless depth Hgg in Figure 14.21. It can be seen that below Hgy = 0.25, correlation
coefficients for all data are lower than 0.7, which corresponds to the recommended criterion
by the probe manufacturer for an accurate velocity estimation. It has to be noted that this
threshold was established for unidirectional aerated flow in tubes. However, for all the tests
up to 0.20 m?/s, unit discharge derived from the measurements (g, = 0Z9°(1 — )up(2)dz)
lead to accurate results: Agy /gy remains lower than 7 % which is in the range of the errors
due to measurements and facility. Based of this, for such greatly turbulent flow the threshold
for reasonable accurate velocity measurements is fixed at r = 0.5. Below Hgy = 0.25, the low
values of r may be explained by the existence of a significant vertical velocity component due
to the internal jet.

Therefore, to be out of the macro-roughness influence, it is suggested to take Hgy = 0.25
for the lower limit of the upper flow layer, rather than 0.2 as normally used to define the
boundary layer of flow over gravel beds.

Regarding the upper limit of application of the power law, the velocity is constant (Ugy = 1)
for most of the data above Hgy = 0.9 and 0.95 (Fig. 14.18). Thus, the power law could be
extrapolated up to the limit of Hgy = 0.95.

& Conclusions
Visual observations, concentration and velocity vertical profiles, variation of the cross-correlation
coefficients as well as the previous studies on streams over gravel beds lead to the same con-
clusion. During skimming regime in the uniform region the aerated flow over conventional
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Figure 14.21: Vertical distribution of the cross-correlation coeflicient associated to the veloc-
ity measurement with the double fiber-optical probe signal, for skimming flow over the 30°
conventional stepped chute

steps are characterized by two layers above the pseudo-bottom:

e The rough boundary layer or lower layer in the portion 0 < Hgy < 0.25 which is
under the influence of the shear stress in the first millimeters and under the form effects
due to the steps in the first centimeters in the model scale. Herein, the flow experiments
a logarithmic velocity profile:

For 1.7 < F, 9y <4 and 6 = 30° (R? = 0.99),

U (2) z 11.7
————=414log | —+ 1) + =5 14.17
\/gSiHQZQO,u 8 <ks > F),?,gZ ( )
For F, g > 4 and 0 = 307,
U (2) 4.141 ( c 4 1) +7.32 (14.18)
——— =4.14log | — . :
\/gsin HZQO,u & k‘s

e The upper layer which depends on the surface velocity. Herein, the flow, quasi-parallel
to the pseudo-bottom, follows a power law. An approximation for the skimming flow
over the 30° inclined conventional stepped chute in the uniform region can be given by:
For 0.25 < Hgg < 0.95 (R? = 0.93):

Ugg = 1.01]—[{%4'6 (14.19)
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For Hyg > 0.95:
Ugg =1 (14.20)

In the partially developed region, based on one tested cross section, the velocity distri-
bution can be described by:
For 0.25 < Hgy < 0.95 (R? = 0.82):

Ugo = 1.01Hy " (14.21)

and for Hgg > 0.95, Ugy = 1.
However, more cross sections would be required to obtain a general relationship in this
region.

Influence of flow regimes on the velocity power law

& Skimming flow

Regarding the upper layer, if D is a constant, exponent N of the power law varies significantly
with the unit discharge. In fact, the power law has been fitted in the uniform region for the
different discharges with skimming regime up to 0.28 m?/s.

For 0.25 < Hyg < 0.95, Ugy = 1.01H;({N was obtained with a good correlation (R? > 0.99)
for N varying from 8 to 3.9. For high discharges (g, > 0.25 m?/s, F,p > 7.5) and therefore
low relative roughness (Zgp,/ks > 1.6), N tends to a constant value of about 3.9.

In Figure 14.22, the variation of N with the roughness Froude number F g is plotted. For the
tested configuration (30° slope, 0.6 m step height, uniform region), N may be computed as:
For 1.7 < F, 9 < 7.5 (R? = 0.960):

11.2
For F.y > 7.5:
N =39 (14.23)

& Transition and nappe flows
For the transition regime, the velocity distribution follows also a power law in the upper layer
of the aerated flow, estimated as:
For 0.25 < Hgy < 0.95 (R? = 0.991):

Ugo = 1.OLHY® (14.24)

and for Hgg > 0.95, Ugg = 1.
It appears that the maximum exponent of the power law is about 8 and that N in Eq. 14.22
attains an asymptotic value at NV = 8.

In the lower layer, the limited data fit the logarithmic law, Eq. 14.17. Therefore, in agree-
ment with the air concentration behaviour, the velocity distribution reveals that the flow
structure is similar above the pseudo-bottom for both skimming and transition regimes.

However, the power law is no longer applicable for nappe flow. Due to the instability of
the plunging nappe, the velocity data are quite scattered.
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Figure 14.22: Variation of the exponent N of the velocity distribution power law Ugy =
1.01H§%N with the roughness Froude number F g for transition and skimming flows over the
307 inclined stepped chute - 0.25 < Hgg < 0.95 in the uniform region

Effect of the macro-roughness elements on the velocity distribution

The following describes the uniform region. The tendency is identical in the partially devel-
oped region.

& Stepped chute with an endsill on every step

For transition and skimming flows over all steps equipped with endsills (m = 1), the data
clearly indicate that the velocity distribution is unchanged compared with conventional steps.
In addition, it appears that the lower region influenced by the macro-turbulence, is thinner
and delimited by Hgy = 0.20. In fact, velocities between 0.20 < Hgy < 0.25 also follow the
power law (see Fig. 14.23). For the vertical air concentration distribution, the same order of
magnitude of the thickness of the boundary layer was observed. All converge to indicate that
the influence on flow resistance of endsills for m = 1 is less important than for conventional
steps.

& Stepped chute with an endsill on every second step

For the alternate configuration, m = 1/2, above the endsill edge, the upper layer of the flow
experiments also a power law profile. Similarly to m = 1, the relationship can be accurately
applied for the upper portion of the flow between Hgy = 0.20 and Hgg = 0.95. However, the
exponent of the power law is lower.
For 0.20 < Hyy < 0.95:

Ugo = 1.0LHY (14.25)
and for Hgg > 0.95, Ugy = 1.
This difference can be attributed to the influence of the extreme aeration of the flow which
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Figure 14.23: Vertical distribution of the dimensionless velocity Ugy along with the corre-
sponding power law, for the aerated flow over the 30° chute with all steps equipped with
endsills (m=1) and every second steps equipped with endsills (m=1/2) - Uniform region

tends to decrease the flow resistance. Nevertheless, since the flow structure above the outer
edge of the endsill is not modified compared the other configurations, the additional head
losses with this configuration more dissipative (see Chapter 16) must lie in the step without
endsill.

Velocity profiles above the step outer edge (without endsill) present indeed more significant
differences. Contrary to the stream above the endsill, the skimming layer above the step is
affected by the change of topography which creates a broken slope from one step with the
endsill to the following without endsill. It adds singularity such as widening and narrowing
which reduces locally the velocity.

In fact, as illustrated in Figure 14.23, the limit between the lower and upper flow layers is at
about Hgp = 0.3. In the upper layer (which corresponds to the layer above the pseudo-bottom
formed by the endsills outer edges), velocity distribution is well approximated (R? = 0.992)
by Equation 14.26.

For 0.30 < Hgg < 0.95, in the uniform region:

Ugo = 1.021/Hygo (14.26)

In the inner region, the layer above the step corner follows a logarithmic law (R? = 0.900)
as in case of rough turbulent flow, up to Hgg = 0.30:

Im 7.47zog<ki + 1) +2.76 (14.27)
S

vV TO/pm
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In this case, the coefficients of the relationship are closer to those proposed by Sayre & Al-
bertson (1963) which were established for alternate rectangular baffles on a flat flume.

& Conclusions
These results suggest that if the step height has no significant effect on the flow velocity (from
comparison m=0 and m=1), the alternate longitudinal distribution of the endsills induces a
significant additional drag form effect in the rough boundary layer. The parameter z, /x5 and
by extrapolation e, /b, (z,, e, respectively the longitudinal and transverse spaces between the
elements and b, the width of the elements) seems to be relevant to characterize the effective
roughness of the macro-roughness system.

14.3.2 Mean flow velocity

Similarly to the flow depth considerations, definition of a representative mean velocity of the
flow is the clue to estimate accurately the energy dissipation of flows over stepped macro-
roughness overlays.

The equivalent clear water velocity U, = qu/Zy (where Z,, is the equivalent clear water
depth), assumes a uniform velocity distribution and takes into account the air effect through
Ly

The mean Hiixtuzre flow velocity, U,, is directly computed from the measured velocity

90

profile: U, = Zog J0 tm(z)dz. Therefore, the non-uniform velocity distribution is directly

integrated in the value.

As a consequence, it is expected that U, < U,,.

Both mean velocities in the uniform region are represented versus the roughness Froude
number F, g = g, /+/gcos@k? for the tested overlays on the 30° slope in Figure 14.24. The

following observations can be drawn.

Influence of flow regimes

For all overlays, the mean velocities continually increased with discharge without discontinuity
caused by the change of flow regimes.

For F.y > 4.5 (or q,, > 0.16 m?/s), the increase of the mean mixture flow velocity de-
creases. This behaviour, common for all the overlays is also observed in the partially developed
region. A question arises: is this behaviour the result of a physical phenomenon or is it an
artifact?

To have an idea of the accuracy of these particular values, the relative error on the unit dis-
charge, Aqyw/qw = (Quwpump — Gw,meas)/Gw pump (With Gy pump the unit discharge provided by
the pump and ¢y meas = 0Z9°(1 — ¢)u,,dz) is given in Table 14.1.

The maximum relative error due to the combination of the pump uncertainty and the error
due to the instrumentation has been estimated at 15 % for the nappe flow and 10 % for the
transition and skimming flows.

For all overlays and for q,, > 0.16 m?/s, the large errors on the unit discharge are combined
with quite low values of r even in the quasi-1D skimming layer. For these high discharges, the
leading tip of the probe may create a significant wake downstream which perturbs the trailing
tip. During a measurement, this may result in a large difference between the two probe TTL
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Overlay | Fio () | Aquw/qw (%) | Overlay | Fyop (-) | Aquw/quw (%)

m =0 0.60 9 m =1 0.59 9.1
0.83 -0.2 0.87 3.7
1.18 1.2 1.16 -3.0
2.32 -3.6 2.33 0.6
3.49 0.8 3.49 4.6
4.68 7.3 4.66 12.41
7.01 15! 6.77 18.8!
7.58 16.6 !
m=1/2 0.87 12.8 m=1/2 0.89 -19.9!
at endsill corner 1.20 11.7 at step corner 1.18 -26.4!!
2.33 6.7 2.33 -6.2
3.49 4.5 3.49 7.2
4.67 6.8 4.67 14.2!
5.79 12.1N 5.82 16!
6.99 15.6!! 6.96 19.2 1

Table 14.1: Relative error Agy,/q, on the unit discharge associated to the velocity measure-
ment in the uniform region for the 30° chute equipped with conventional steps (m=0), every
steps with endsill (m=1) and every second steps with endsill (m=1/2)

signals and consequently a low cross-correlation. It affects the portion of the homogeneous
flow between about 0.3 < z/Zgy < 0.7.
For these reasons, Uy, can be underestimated for F, gy > 4.5 or ¢, > 0.16 m2/s.

Influence of macro-roughness elements

The computed mean velocities in the uniform region of aerated flow over an equivalent 30°
smooth slope (see appendix B) are also plotted in Figure 14.24. It indicates that all stepped
macro-roughness overlays enhance significantly the flow resistance: mean velocities are re-
duced of about 20 to 30 % compared with an equivalent smooth slope.

Without surprise, there is no difference between the mean clear water and mixture veloc-
ities of flows over conventional steps and all steps equipped with endsill (see Fig. 14.24).

For the configuration of the alternate endsills overlay (m=1/2), above the endsill outer
edge, the mean flow velocities remain of same order of magnitude as for the other configura-
tions. There is no global effect of the endsills.

For the particular case of the velocity measured above the step outer edge, Aqy/qw is large
for all discharges though no signal problems with the optical probe occurred (see Table 14.1).
As already mentioned for the air concentration results and as observed in Figure 14.11, the
alternate repartition of the endsills develops a separation zone at the step outer edge, below
Hgy = 0.30. Due to the low values of both w,, and r in this zone, it is reasonable to con-
sider that high vertical shear stress exists in between the two recirculating cells in the two
consecutive steps. Locally, the longitudinal velocity component is negligible with respect to
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the vertical one. But the probe does not measure this vertical component which may explain
the very low values of r in this flow layer.

The mean mixture velocity above this separation zone (for Hgy > 0.30) is almost equal to
the mean velocity above the endsill outer edge (see Fig. 14.24). It also confirms the negligible
velocity close to the step outer edge, in the boundary layer.

For this configuration, the mean air concentrations are quite constant from one step cross
section to one endsill cross section, but the mean velocities are different. In order to fulfill
the longitudinal momentum conservation between the two consecutive steps, the vertical dis-
tribution of the pressure and total drag and friction force must be quite different at these two
cross-sections.
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Roughness Froude number, F. , (-)

Figure 14.24: Clear water flow mean velocity U, and mixture flow mean velocity U, versus
roughness Froude number in the uniform region over 30° smooth slope and stepped macro-
roughness chutes

Conclusions

For all tested configurations, the mean clear water or mixture flow velocity in the uniform
region is identical above the pseudo-bottom formed either by the steps corners (m=0) or the
endsills corners (m=1 and m=1/2). No significant influence of the endsills can be observed.
Nevertheless, thank to these stepped macro-roughness overlays, the mean flow velocities are
about 20 to 30 % lower than in case of an equivalent smooth chute.
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Due to the assumption of uniform distribution of velocities, U,, remains lower than U,
with U, ~ 0.90 to 0.95U,,,. This difference would be amplified in the estimation of the residual
energy which is proportional to the square of the velocity. Therefore, correction coefficients
have to be considered in the energy dissipation assessment.

14.3.3 Kinetic energy and momentum correction coeflicients

As a result of the non-uniform vertical distribution of the axial velocity over a cross-section
A, the velocity head may be larger than the value derived from UZ2/2g. This non-uniform
distribution affects also the momentum through A per unit time, p,, Q. U, with @), the water
discharge.

Therefore, to represent the "true" kinetic head and the "true" momentum, Coriolis |[Chow
(1959)] proposed a correction energy coefficient also named Coriolis coefficient, «, such as
aU2 /2g. Boussinesq proposed also a correction momentum or Boussinesq coefficient p,, such

as Pz PwQuUu-
For non aerated flow, in uniform region:

u?dA
Pzz = % (14'28)
3dA
a= % (14.29)
w

with U, the mean velocity assuming a uniform distribution, u the axial component of the
velocity and A the cross section. 1 < pg, < a.

Based on experimental tests in fairly straight prismatic channel, for turbulent non aerated
flows, the empirical values proposed by Kolupaila (1956) are given in Table 14.2.

‘ Pzx ‘ 0%
Regular channels, flumes, spillways | 1.03 to 1.07 | 1.1 to 1.2
Torrents 1.05 to 1.17 | 1.15 to 1.5

Table 14.2: Empirical values of Boussinesq (pg,) and Coriolis («) correction coefficients for
non aerated flows, Kolupaila (1956)

For 1D turbulent flows, pzs =~ « ~ 1. The highest estimated values concerned the laminar
flow in closed conduit where o = 2.

For turbulent aerated flow over macro-roughness elements, the coefficients are thus defined
as:
Boussinesq aerated coefficient, pzqm

170 - 0)ud(2)dz
Uy fOZQO(l — C)up(z)dz

Pzx,m =

(14.30)

Coriolis aerated coefficient, a,

1P - O)ud, (2)dz
Ud [7°(1 = O)up(2)dz

(14.31)

Om
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where C' is the depth-averaged mean air concentration of the fluid characterized with a mean
density pr, ~ (1 — C)py-

For skimming flows, Matos (1999) recommended a value @, = 1.16 while Boes (2000a) rec-
ommended @, = 1.21.

The resulting values of both coefficients in the uniform region for the three endsills overlays
(m=0, m=1/2 and m=1) are given in Figure 14.25. The integration domain of the velocity
concerns only the values of u,,(z) for r > 0.5. The values are also compared with the co-
efficients for smooth spillway according to Wood (1991) and based on Aviemore dam data:
Pzz = 1.02 and o = 1.09.

The main trend observed from Figure 14.25 are described in the following.

Influence of flow regimes

Correction coefficients are influenced by flow regimes.

For nappe regime only, values increase with discharges. For conventional steps, coefficients
are the highest with pg;,, = 1.17 and «,, = 1.37. It reflects indeed the greatly non-uniform
velocity distribution where the plunging nappe is deflected at the step or endsill corners.

For transition and skimming flows, the variation is reversed. The values decrease with the
diminution of the relative roughness. This shows that the turbulence effect is progressively
cushioned by the quasi unidirectional skimming layer which becomes thicker and thicker. It
could be expected that for well-developed skimming flow (for Zgg,/k. > 2 with k, = k, for
m =0, 1 and k, = hs+h, for m = 1/2) the coefficients tend to the values related to equivalent
smooth chute. It is not the case in Figure 14.25 where the coefficients become lower than 1
for all the macro-roughness overlays.

The question which arises is that whether this is due to a physical mechanism such as the
aeration or to an artifact? Based on the Aviemore Dam data, Cain & Wood (1981) showed
that the vertical velocity distribution is independent of the mean air concentration in the range
of 0 to 50 %. For skimming flow over the 30° slope, C < 0.5. Aeration may therefore not be
the explanation. However, for ¢, > 0.16 m?/s, mixture mean velocities seem underestimated
which could explain the low values of both correction coefficients. It is therefore proposed not
to consider these low kinetic and momentum correction coefficients in the following. In this
condition, for transition and skimming flow in the uniform region, the mean kinetic coefficient
for conventional steps is equal to 1.16 which is identical to the value proposed by Matos (1999).

Influence of the upper layer of the flow

If only the upper layer of the flow is considered to compute the momentum and kinetic energy
coefficients, for the skimming regime, then the power law established just above can be included
in Equations 14.30 and 14.31. It leads:

_0) Jo (1= c)H{" dHyo

Pazm = (1 5 (14.32)

[fol(l — ¢)Hyy" dHyg
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For well developed skimming flow over conventional steps or all steps equipped with endsills,
C = 0.462 and N = 3.9. The corrections coefficients are then pzz,» = 1.06 and o, = 1.16.
Comparison of these coefficients with the values computed over all the flow depth shows that
the upper layer of the flow has a dominant influence on the global mean velocity and thus
head velocity.

Influence of endsills

There is no significant difference between the Coriolis and Boussinesq coefficients for conven-
tional steps or all the steps equipped with endsills except for nappe flow where the values for
m = 1 are lower. This is in agreement with the above results concerning the shape of the
velocity profile which is identical for these two configurations.

Based on the few available values for m = 1/2, it seems that both Coriolis and Boussinesq
coefficients at the endsill outer edges are slightly lower than for the other configurations.
This could be the influence of the high mean air concentration for the nappe, transition and
beginning of the skimming flows (from 70 % to 50 %) which has for consequence to cushion
the shear stress effect at the endsill face and therefore to accelerate the velocity.
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Conclusions

For the estimation of the residual energy at any step outer edges (m=0) and at any endsill
outer edges (m=1 and m=1/2) in the uniform region, it is suggested to consider the mean
values of the Coriolis and Boussinesq coefficients proposed in the following Table 14.3.

‘ Pzz,m ‘ A

Nappe flow
m=0 1.15 | 1.30
m=1/2, m=1 1.05 | 1.15
Transition flow
m=0, m=1 1.11 | 1.25

m=1/2 1.05 | 1.15
Skimming flow
m=0 1.08 | 1.16
m=1/2 1.05 | 1.10
m=1 1.07 | 1.14

Table 14.3: Empirical values of Boussinesq (pzq,m) and Coriolis (o) correction coefficients
for aerated flow over the 30° chute in the uniform region

14.4 Dynamic pressures

Silicon-over-silicon piezo-resistive micro-sensors have been fixed to the step, endsill and block
surfaces, along the flume axis, in the uniform region (see Chapter 11.2.2). The development
of the dynamic pressure with flow discharge (or normalized critical depth h./hs) determines
the effects of these macro-roughness elements. A summary of the main interesting normalized
pressure variation p,/(pwghs) (with p,, the measured pressure), is given in Figure 14.27 for
aerated flow over conventional steps (m=0), in Figure 14.30 for every step equipped with
endsill (m=1) and in Figure 14.31 for steps equipped with alternate blocks (m=4). The tests
were performed for the three flow regimes (distinct flow regimes were separated by vertical
lines) up to g, = 0.28 m?/s. More details about pressure measurements are given in André,
Boillat & Schleiss (2001) and André, Matos, Boillat & Schleiss (2004).

In the following observations, the positions of the sensors are given in the [ axis on the
horizontal face and on the y axis on the vertical face. Their origins are taken at the step outer
edge (see schematic in Fig 14.26).

It is important to stress that for practical reason, the nearest sensor from the step outer
edge is located at 0.75 cm on the horizontal face and at 1.25 cm on the vertical one. Therefore,
no information are available directly downstream of the sharp corner.

The accuracy of the pressure measurements is about + 3.4 mb.
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Figure 14.26: Definition of [ and y axis on the horizontal and vertical step faces

14.4.1 Pressure field on conventional stepped chute (m = 0)
Pressures variation

e The position corresponding to the sensor located halfway from the outer step edge
(Fig. 14.27-al) appears to represent the region near the jet impact on the horizontal
step face (nappe or transition flow) or the boundary region between the jet impact on
the horizontal face and the recirculating vortex (transition or skimming flow). This can
be explained by the high pressure fluctuations associated with the jet impact and the
negative value of the mean pressure. It might indeed be attributed to the flow separation,
as observed by Sanchez-Juny et al. (2000) for skimming flow over a 51 degree inclined
stepped chute. However, in the latter situation and due to the steep slope, the extent of
the impact region was smaller (i.e., [/l5 < 0.2).

e The distribution of the dynamic pressure with the discharge, for 0 < {/l; < (/2 (Fig. 14.27-
a2 and a3), is fairly similar. This should be representative of the region near the impact
of the oscillating jet. The pressure fluctuations, the maximum pressure as well as the
mean pressure for the position of the sensor located close to the step edge increase with
the discharge, as one would expect due to the larger kinetic energy of the flow.

e The sensor located on the vertical face of the step (Fig. 14.27-a4) has a pressure that is
practically constant and equal to zero. In the nappe or possibly the transition flow, the
pressure is near atmospheric provided that the free-surface of the pool behind the jet
is below the position of the sensor. In the skimming flow regime, the circulation of the
main vortex should not influence the outer region of the vertical face (i.e., y/hs < 0.2).

e No significant negative pressure peaks have been measured.

e The standard deviation, representative of the pressure fluctuation reveals that the skim-
ming flow regime has the highest pressure fluctuations measured. This may be the
consequence of the interference between the oscillating jet impacts and the recirculating
vortices. For nappe and transition regimes, the pressure fluctuations are lower. Con-
trary to the visual observations of Chanson (1994c), pressure measurements for transition
regime do not indicate any vibrations or instabilities.
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Figure 14.27: Evolution of the mean, maximum and minimum normalized pressure with the
normalized critical depth for the 30° inclined conventional stepped flume (m=0) - Uniform
region

Frequency spectrum

Frequency spectrum measurements (LabVIEW treatment based on Bollaert (2002) program)
have been established for the three flow regimes in order to study the influence of the flow
regimes. Sensitive study with different combination of filter and acquisition frequency mini-
mizes the noise. Some of these spectrum highlight the presence of peak frequencies depending
on the regime.

Nappe flow :
Sensors below the jet impact (0 <1[/l; < 0.25) countain peaks of energy for frequencies
in the range of 1 Hz to 2 Hz (see Fig. 14.28). They could be attributed to the plunging
nappe impact or to instabilities such as rollwaves (see Chapter 12.3).

Transition flow :
Frequency energy peaks at 1 to 2 Hz have disappeared for this regime, due to the
cushioning by the water trapped in the step cavity.

Skimming flow :
When the skimming flow is developed, peaks appear in the spectrum corresponding to all
the sensors fixed below the recirculating cells on the horizontal face (for 1 < /ls < 1/3)
and on the vertical face. The peaks lie in the range of frequencies between 3 and 7 Hz
(see Fig. 14.29). The signal of the sensors fixed from the step outer edge and /Iy < 0.25
do not show these peaks.
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Figure 14.29: Energy spectrum for skimming flow (h./hs = 0.088) over the 30° conventional
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Finally, the frequency spectra fellows the changes of regime. The onset of transition and
skimming flow correspond to the values proposed in Chapter 12.2 and to values deduced from

air concentration profile.
Moreover, the behaviour of the flow is characterized by low frequencies up to 7 Hz.

14.4.2 Pressure field on stepped chute with an endsill on every step (m = 1)

e The increase of the pool due to the larger step cavity reduces the pressure fluctuations
on the horizontal face of the step (Fig. 14.30-bl to b3).

e The positive pressures over the endsill and the maximum values (Fig. 14.30-b4) show
that the flow strikes locally the macro-roughness, regardless of the discharge.
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e No significant negative pressure peaks were measured.
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Figure 14.30: Evolution of the mean, maximum and minimum normalized pressure with the
normalized critical depth for the 30° inclined stepped flume equipped with endsill on all steps
(m—1) - Uniform region

14.4.3 Pressure field on stepped chute with spaced blocks on every step
(m = 4)

e A significant negative-pressure zone was observed at the upstream vertical face of the
blocks (see Fig. 14.31a). In fact, both mean and minimum relative pressures are negative
as soon as the skimming flow regime is attained. In the aerated region, if we extrapolated
the air concentration values measured for the alternate endsill configuration (m=1/2)
to the blocks overlay, the local air concentration may be assumed to about 15 % at
two millimeters above the block outer edge. This is higher than the minimum values of
5 % to 8 % proposed by Peterka (1953) to avoid cavitation damage. Upstream and in
the vicinity of the inception point, local air concentration is quite small. However, the
computation of the cavitation index |[Falvey (1990)] for unit discharges up to 0.26 m?/s
yields to minimal value larger than about 10. Based on these data and on these model
experiments, the risk of cavitation may be considered negligible.

e The maximum load is located on the chamfer of the block. However, both the mean and
the maximum pressures tend to reach an asymptotic value for well-developed skimming
flow (Fig. 14.31¢). This may be explained by the cushion of the jet impact due to the
high submergence of the block (mixture air-water depth larger than 3k, ).

The maximum measured positive pressure corresponds to an equivalent pressure force of
3.6 kN per block of 50 ¢cm length and 30 cm high, for ¢, = 8.3 m?/s in the prototype,.
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e On the upstream vertical face of the block, the slight increase of the mean pressure
(Fig. 14.31c) may be the result of the increasing kinetic energy transported in the recir-
culating cells. The pressure fluctuation is low, despite the presence of the vortices.
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Figure 14.31: Mean, maximum and minimum normalized pressure with the normalized critical
depth for the 30? inclined stepped flume equipped with alternate blocks (m=4) - Uniform
region

Finally, when compared to conventional steps, the present results show that blocks induce
negative-pressure immediately downstream, but they are expected to be higher than the crit-
ical values for the onset of cavitation. They also contain pressure peaks about 3 times larger
than those for conventional steps.

14.4.4 Hydrostatic and hydrodynamic forces on blocks

In the following, special attention is drawn to the order of magnitude of the loads on the
blocks and to the verification that macro-roughness elements do not undergo large pressure
fluctuation and negative pressures. The results focus on the alternate block system which is
the most efficient system for energy dissipation (see Chapter 16 and [André, Boillat & Schleiss
(2004)]).

The resultant of the pressure field acting on the block includes the hydrostatic uplift L,
normal to the flow direction, and a force caused by the hydrodynamic pressure field which is
composed by the drag force Fp parallel to the flow direction, and the lift force Fr normal to
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the flow direction.

In the clear water region, the flow characteristics are given by density p = p,,, flow depth
Z = Zy, and mean velocity U = Uy, = qu/Zy. In the aerated region, the mixture density
is gi\éen by p = pm = (1 — C)pw, Z = Zgy and the mean velocity is estimated as U =
w
(1=C)Zyo’
Assuming a hydrostatic pressure distribution in the inclined channel flow and steady flow
conditions, the hydrostatic uplift is normal to the slope and it can be roughly estimated as :

L = pg cos 0b,1,h, (14.34)

where b, [, and h, are respectively the width, length and height of blocks. The hydrodynamic
lift force is assumed small compared to the resultant hydrodynamic force, the drag force will
be parallel to the mean flow direction. The drag force can be thus estimated as:

U2
FD = Cdpbrkr7 (14.35)

where k, = h,cos® and Cy is the drag coefficient. For Reynolds number higher than 10%
empirical tables give values of Cy ranging from 0.80 to 1.55 for 1 < [, /b, < co. Considering
the largest value of 1.55, the force values obtained for the maximum tested discharge are given
in Table 14.4.

Forces per block (kN) | Clear water region | Aerated region
L: Uplift hydrostatic force 0.38 0.19
Fp: Hydrodynamic drag force 11.4 8.9

Table 14.4: Estimated prototype hydrostatic uplift and hydrodynamic drag forces on spaced
alternate blocks (m=4) on the 30° inclined stepped chute for a prototype unit discharges of
qw = 7.6 m?/s (uniform region)

The results show that the force due to the peak of pressure on the chamfer of a block is
relatively low compared to the drag force. In the aerated region, the high air content reduces
considerably the mass of the mixture fluid, which contributes to a decrease of the impacting
forces.

Finally, the measurements suggest that the blocks do not experience severe pressure fluctu-
ations and related minimum and maximum pressures. The uplift hydrostatic force was found
to be small compared to the weight of the block, whereas the hydrodynamic drag force is
of the same order of magnitude. The forces acting on the blocks should not endanger their
stability and resistance. More detailed study is needed to verify the reasoning for prototype
application.

14.4.5 Conclusions

Dynamic pressure measurements were obtained for a 30 degree inclined stepped chute for
conventional steps (m—0), endsills on every step (m—1) and alternate blocks (m—4).
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For all overlays, the horizontal face of step has the largest load for skimming flow regime.
The highest pressure fluctuations were measured for the nappe flow regime whereas the lowest
ones were for the transition regime.

The configurations with endsills and blocks were found to attenuate the pressure fluctua-
tions and particularly the maximum pressures on the measured points of the horizontal step
faces. This fact is of interest for the hydraulic design.

Pressure fluctuations as well as negative and maximum pressures measured on the block
faces and on the steps are not expected to be severe enough to produce cavitation or to
destabilize the blocks.

The frequency spectrum highlights that the flow is governed by very low frequencies struc-
tures such as rollwaves (1 to 2 Hz) for nappe flow or recirculating cells for skimming flow (3
to 7 Hz).
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Chapter 15

Comparison of methods for estimating
residual energy
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15.1 Brief review of methods for residual energy estimation

The previous chapters showed that measurement of flow depth and velocity may be complex
and lead to inaccurate results. In addition, for alternate 2D or 3D macro-roughness overlays,
the question still remains in where to take measurements (at the endsill or block outer edge
or at the step outer edge?) to have a good estimation of the global residual energy. To avoid
this difficulty, one indirect method consists of the sequent depths measurement of an forced
hydraulic jump at the chute base.

Since the amount of residual force at the structure base is crucial to design of toe protection,
particular attention is focused on the validity and the accuracy of this hydraulic jump method
to estimate global energy dissipation of a stepped macro-roughness overlay. In addition the
validation of the hydraulic jump method for conventional steps overlay also determines the
energy dissipation for more complex macro-roughness systems such as steps equipped with
blocks.

15.1.1 Direct methods
Summary of classical residual energy relationships

To clarify the existing estimation methods of residual energy and to see their influence on
results, the different formulations exposed in Part III, Chapter 10.1 are applied to depth and
velocity measurements obtained at the toe of conventional stepped flume for 8 = 30°. A
summary of these formula, along with their assumptions, are given in the following.

1. Mean residual energy for equivalent clear water fluid: H, ,,
Assumptions: uniform flow conditions, hydrostatic pressure distribution, incompressible
fluid

amq%u
H, = Zycos6 + 2gZ1,2U,’U, (15.1)
where v, is the kinetic energy correction coefficient derived from Equation 14.31, Chap-
ter 14.3.3.

2. Mean residual energy for air-water mixture flow: H, ,,
Assumptions: Uniform flow conditions, hydrostatic pressure distribution, incompressible

mixture fuid )

U,
H, = Zgou cos6 + 2—m (15.2)
g

with Uy, the depth-averaged air-water mixture flow velocity.

3. Mean residual energy for homogeneous effective mixture flow (see Chapter 13.2): H]
Assumptions: Uniform flow conditions, hydrostatic pressure distribution, only the ho-
mogeneous portion (¢ < 0.7) of mixture flow is considered

2
! !
H, =Z, cosf+ 2 (15.3)
where Z! and U’ are respectively depth and averaged velocity of the mixture homoge-
neous flow layer.
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4. Residual energy for nappe flow according to Chamani & Rajaratnam (1994): H, nr
Assumptions: 8 < Ny < 30, 0.03 m < hy < 0.45 m, and 0.421 < hy/ls < 0.842.
For the tested case: hs = 0.06 m, hs/ls = 0.58 and N; = 64
Equation 10.2 (Part III) is assumed to be available for this high number of steps.

Hynp = (1= €)% (hs + L5h,) + by 282 (1 =€)’ (15.4)
According to Equation 10.3, e = 0.098 — 0.696 log(Z—z).
5. Residual energy for transition and skimming regimes according to Chanson (1994b):
H, sp

Assumptions: Uniform flow conditions, incompressible fluid and head losses character-
ized by the Darcy-Weisbach friction coefficient f at the pseudo-bottom.

- £\ a £\
HT’SF_hC[<8Sin9 €050+ 5 S0 (15.5)

All these estimation methods assume a single-phase and incompressible fluid characterized
by a mean density p,, ~ (1 — C)py.

Depth-averaged mechanical energy

Since both air concentration and longitudinal velocity profiles have been measured for conven-
tional steps, the depth-averaged total mechanical energy is computed at the toe of the chute.
This provides a means to verify if the incompressible assumption can be applied without sig-
nificant error.

Total mechanical energy Ej; of a point z; on the normal axis is given by (see notations in
Fig. 15.1):
2

Ey = Pz'?z +pi + pigy; (15.6)

with p; the local pressure and p; the local density of the aerated flow at the elevation z;.
Divided by p;g yields the local total head H;:

2 290 d
. 2 pidz
H, = ;—; + Yy + zjcos 0 + fz’Tz cos 0(Zgy — z;) (15.7)
7

Therefore, the depth-averaged residual energy at any bottom reference Y, above the chute
base is derived from:

1 Z90

Hyi= Hdz (15.8)
90 Jo

The methods are compared for the case of a 30° conventional stepped chute.
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Figure 15.1: Notation used in the residual energy computation

15.1.2 Hydraulic jump method

The Froude number which characterizes the flow at the last step of flume is within the range
of 7 to 10. According to Hager (1992), the forced hydraulic jump corresponds to either a
stabilized or a choppy jump. Therefore, in most of the cases, hydraulic jump is very aerated
and unstable. For this reason, as already mentioned in Paragraph 11.2.3, when the hydraulic
jump is stabilized, downstream sequent depth Y5 is measured with ultrasonic sensors at two
different places in the axis of non aerated tailwater of jump. Sequences of measurements were
fixed at 120s and a numerical filter eliminated anomalies.
The global residual energy at the toe of the chute is then assumed to be derived from:

2

AmGy
Hi =Y+ — 15.9
rl 1 29Y12 ( )

where Y] is the upstream sequent depth of the hydraulic jump and «,, is the kinetic energy
correction coefficient.

15.2 Validation of hydraulic jump method

15.2.1 Influence of hydraulic jump position

The resulting residual energy varies significantly depending on the hydraulic jump position.
A sensitive study was performed to estimate the optimal position of hydraulic jump. Two
conditions are possible:

1. Last steps are submerged (Fig. 15.2a):
The residual energy H,q is over-estimated and thus the relative energy loss is drastically
underestimated (about 15 % lower for two drowned steps),

2. Jump is far from the base of the last step (Fig. 15.2¢):
The flow is deaerated upstream of the hydraulic jump. Friction losses become significant.
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The resulting residual energy is then under-estimated. The relative energy loss, which
includes also the head loss in the basin, is then over-estimated (about 5 % higher).

The repeatability of the results is improved when the front of the hydraulic jump is located
at the point where the plunging flow reaches the basin bottom as illustrated in Figure 15.2b.
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Figure 15.2: Effect of position of hydraulic jump on relative energy dissipation AH/H for
the 30° conventional stepped chute

15.2.2 Repeatability of measurements

In order to estimate repeatability of results, sequent depths Yy were measured several times
for the same discharge. Tests were also performed with increasing and decreasing discharges.
As shown in Figure 15.3, except for nappe flow where hydraulic jump is difficult to observe
and to locate accurately, the difference on relative energy loss is about 0.5 % for the other
regimes. It is smaller than the maximal relative error due to measurements uncertainty and
estimated to be 1 %. Except for the lowest discharges, repeatability of measurements is
therefore acceptable.

15.2.3 Influence of density assumption

The upstream sequent depth Y] is derived by measuring the downstream sequent depth Y5 in
the non aerated tail water of hydraulic jump. Most of the authors assumed that p; =~ p2 =~ py,
which yields to the Belanger formula, Equation 9.17, Part I11I:

Y.
Y, = 72(,/1+8F7«§ —1)
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Figure 15.3: Repeatability of the relative energy loss estimated using the hydraulic jump
method - 30° conventional stepped chute

where F'r3 = ¢2,/(gY5)), p1 and py are the flow densities at the upstream and downstream of
hydraulic jump.

However, this assumption on density does not seem to be realistic since the flow mean
air concentration at the end of the chute can vary from 70 % (p1 = 300 kg/m?3) to 46 %
(p1 = 540 kg/m3) depending on flow regimes and macro-roughness overlays.

If py # po is conserved in both the momentum Equation 9.13 (Part III) and the mass
conservation Equation 9.14 (Part III), a third degree equation is obtained (Eq. 15.10) and
thus Y7 can be calculated from:

Y2 — Vi[0YZ(2Fr: +1)] + 262V Fri = 0 (15.10)

— P2
where § = R

In order to estimate density assumption influence on derivation of the residual energy and
on the relative energy loss, calculation is performed for the both cases p1 ~ p2 and p; # p2.
Results are illustrated in Figure 15.4 for conventional steps (m=0) and alternate blocks (m=4)
overlay on the 30° slope.

The similar values show that the error on relative energy loss when p; is assumed to be equal
to ps is negligible. This assumption can therefore be mainatined.
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Figure 15.4: Effect of density assumption on relative energy dissipation AH/Hj for the 30°
conventional stepped chute (m=0) and stepped chute with spaced blocks (m=4)

15.3 Comparison of methods

The residual energy at the toe of the 30° conventional stepped chute, obtained with the
different mentioned methods are represented versus the roughness Froude F, g in Figure 15.5.
From this figure and from calculation of relative energy loss AH/Hy, the following conclusions
can be drawn.

e There is no significant difference when the mixture fluid is assumed to be incompressible.
The difference between H, ,, based on the mean density and the value determined from
the integration over the flow depth H, ,,; is about 1 %, in the order of uncertainty due
to measurements.

e For developed skimming flow (F, g > 4), the residual energy H, , for equivalent clear
water flow has a different trend than the values computed with mixture flow character-
istics or with the hydraulic jump method. In Paragraph 14.3, it was observed that the
mean mixture velocity for Fyy > 4.5 could be under-estimated because of fiber-optical
probe perturbation for high discharges. However, from Figure 15.5 it can be noticed that
the residual energy H,; is quite similar to H, ,, or H, but very different from H, ,. Yet
H,, was computed independently from the velocity measurements therefore results are
not influenced by the optical probe accuracy. Figure 15.5 shows that for large Froude
numbers, H, , is under-estimated since the two curves of H, ,,, and H, converge for low
Froude numbers. This fact confirms that for F,y > 4.5, the mixture mean velocity is
slightly under-estimated because of the influence of the optical probe tips. For F, g > 7,
for example, the mean mixture velocity is about 5.5 % lower.

However, based on experimental data, the clear water characteristics (Z,, and U,,) don’t
represent accurately the flow behaviour and can’t be used to estimate energy dissipation.
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e The mean residual energy estimated with the effective homogeneous mixture flow char-
acteristics gives the best result. This is the closest to the data computed with the
hydraulic jump method. The difference in the relative energy loss is within the range of
1 to 6 %, which is lower than the difference of 15 % mentioned by Tozzi (1994).
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Figure 15.5: Comparison of the different computed residual energies at the toe of the 30°
conventional stepped chute

15.4 Conclusions

The equivalent clear water concept does not accurately determine the global energy dissi-
pation. On the other hand, effective homogeneous mixture flow realistically represents the
portion of flow involved in the energy loss process.

The hydraulic jump method is an easy and accurate tool to estimate the global relative

energy loss at the toe of a structure. Nevertheless, to be accurate, the upstream front of the
hydraulic jump must be located at the point where the plunging flow reaches the horizontal
bottom of the stilling basin.
For flow with mean air concentration lower than 65 %, the assumption p; = ps can be applied
without significant error on the residual energy. To avoid an under-estimation of the residual
energy, the kinetic energy correction coefficient o, must be implemented to take into account
the non-uniform velocity distribution of the flow at the toe, then

2
Amd

Hy =Y, + Sy
rl 1+2gY12
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with «,;, according to Table 14.2.

The residual energy derived from hydraulic jump method will be applied to all the tests
to compare their efficiency. To remain conservative, the residual energy H, is corrected with
a correction factor ng such as:

H, =ngH; (15.11)

Based on comparison of H,; and H;Z for conventional steps (m=0), every step equipped with
endsill (m=1) and every second step equipped with endsill (m=1/2) and 6 = 30°, a correction
factor ng = 1.15 is recommended.

This correction factor takes into account the singular loss caused by the change of direction
and the turbulent dissipation of the flow when it plunges into the stilling basin.
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Chapter 16

Energy dissipation of aerated flow over
stepped macro-roughness overlays
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16.1 Relative energy loss

The relative energy loss is calculated using the hydraulic jump method. The method is ap-
plied to conventional steps (m=0), steps equipped with endsills (m=1/3, 1/2, 1) and steps
equipped with blocks (m=4, 5, 6). The upstream sequent depth is derived assuming p; = po
(see Section 15.2). Since the kinetic energy correction coefficient cannot be experimentally
estimated for all the overlays, it is assumed that for block overlays the value of a;, is the same
as for m = 1/2. The relative energy loss is given by:

AH Hy-H,
Hy,  H,

(16.1)

2
with Hy = Hy+hgo cos 0+ 23#, ho the opening of the jetbox, H, the residual energy according
0

to Equation 15.11.

16.1.1 Efficiency of conventional steps

The relative energy loss for an equivalent smooth chute with a slope angle 8 = 18.6° and
0 = 30° is computed with the numerical code developed by Falvey (1990) (see Appendix B).
The values are compared with relative energy loss caused by conventional steps in Figure 16.1.
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Figure 16.1: Comparison of the relative energy loss AH/Hy between conventional stepped
and smooth chutes for # = 18.6° and 8 = 30°

& Comparison with smooth chute

The results show that conventional steps produce a reduction of more than 35 % in the
residual energy at the toe for higher discharges (g, > 0.08 m?/s) compared to smooth chutes.
For the highest discharge (g, = 0.27 m?/s), about 70 % of the initial energy is dissipated for
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both stepped slopes.

& Flow regimes effect

In agreement with Chamani & Rajaratnam (1994), the nappe flow is the most dissipative
regime. As observed in Figure 16.1, for well developed skimming regime, when Zgg > 1.5k,
the steps become less efficient as the discharge increases. Their influence is cushioned by the
large skimming layer.

& Slope effect

Except for nappe flow regime, the slope effect on the relative energy loss is negligible
between 6 = 30° and 6 = 18.6°. The trend is in agreement with the observations of Peruginelli
& Pagliara (2000). For nappe flow, conventional steps are more efficient for the flatter slope
0 = 18.6° whereas for skimming flow, energy dissipation is slightly higher for the 30° slope.

For nappe flow over flatter slopes, partial hydraulic jumps can be developed on the hori-
zontal face of the step. They contribute to head loss. For § = 30°, no hydraulic jumps were
observed.

Note that the number of steps is also different between the two slopes since the step height
remains the same. Therefore results are the combination of both slope and number of steps.

16.1.2 Efficiency of 2D overlays: steps equipped with endsills

The relative energy loss caused by conventional steps and steps equipped with endsills are
compared in Figure 16.2 for the 30° inclined flume.
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Figure 16.2: Comparison of the relative energy loss AH/H, between conventional stepped
chute and stepped chute equipped with endsills for 8 = 30°
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From this figure, the following conclusions can be made.

e Endsill on every steps (m=1) does not increase energy dissipation. Even though, as soon
as skimming flow is established, this overlay tends to be less efficient than conventional
steps. In fact, even if the length of the friction under the vortices is larger (h,; =
hyo +3/2hs), the internal transverse jets on the endsill outer edges are shorter and the
separation zone vortices/internal jet is broken by the endsill itself. As a consequence,
head losses are lower than for conventional steps. The global result on energy dissipation
agrees with the results on velocity.

e Endsill on every third step (m=1/3) causes less energy dissipation until g, = 0.20 m?/s,
when all the steps start to be filled with water and recirculating cells. For flows less
than ¢, = 0.12 m?/s, the fluid skips over the two steps immediately downstream of the
endsill. Then for 0.12 m?/s < g, < 0.20 m?/s, the flow skips over one step. Therefore
an important portion of steps is inefficient regarding head loss. This results in a relative
energy loss 3 to 4 % lower than for conventional steps up to g, = 0.12 m?/s.

When skimming flow is established, the gain of energy dissipation at the highest dis-
charge is about 2 % compared with conventional steps, but with the negative side effect
that the flow depth is highly swelled and the free surface is unstable (see Section 14.2).

e For endsill on every second step (m=1/2), again, it is only when all the steps are filled
with recirculating cells (for g, = 0.12 m?/s) that this overlay becomes more efficient
than conventional steps. In fact, when skimming flow is well established, this overlay
produces an increase of energy dissipation of about 2 %.

This configuration represents a mixture between the case of conventional steps and
all steps equipped with endsills. Therefore, this small increase of head loss may be
attributed to the successive widening and narrowing of the flow caused by the passage
from one step with endsill to the other step without endsill.

e The behaviour of the overlays m—1/2 and m—1/3 stresses the important contribution
of each step in the dissipation process since when 1 to 2 or 2 to 3 steps are not filled
with recirculating cells and internal jets, the relative energy loss is significantly lower.

For the particular case of nappe flow regime, it can be seen in Figure 16.2 that all the
configurations with endsills are more efficient than conventional steps. The drop from the top
of the endsill to the horizontal face of the step is higher and the impacted jet is deflected more,
which creates an additional energy loss.

This trend is also valid for 8 = 18.6° where for the range of tested discharges the most
efficient endsills overlay correspond to m = 1/2 with a gain of about 2% of energy dissipation.

In conclusion, for discharges up to q, = 0.28 m?/s and 18.6° < 6 < 30°, the optimal
overlay with the skimming regime corresponds to m = 1/2.

16.1.3 Efficiency of 3D overlays: steps equipped with blocks

Behaviour description

The three overlays corresponding to steps equipped with blocks are different regarding the

ratio e,/b, and the density d, = %Tgr =m /Llrgrfllr as described in Section 11.1.3. Their
sSVsS S S
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resulting relative energy loss versus unit discharges are shown in Figure 16.3 along with values
for conventional steps (m=0) and every second step equipped with endsill (m=1/2).

AH/H, (%)
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Figure 16.3: Comparison of the relative energy loss AH/H, between conventional stepped
chute and stepped chutes equipped with blocks for 8 = 30°

These data permit to highlight the following behaviours.

e Alternate spaced blocks (m=4) lead to a significant increase of head loss. For all dis-

charges, the dissipation rate is higher by about 5 to 8 % compared with conventional
steps. This interesting result may be attributed to the drag form effects (wakes upstream
and downstream of blocks, contractions between blocks) added by the blocks themselves.

For the highest tested discharge (g, = 0.242 m?/s) and slope of § = 30°, the spaced
blocks overlay (m=4) allows a dissipation of about 76.5 % of the initial energy of the
flow instead of 71 % for conventional steps and 35 % for equivalent smooth chute.

e The efficiency of the other blocks overlays is not as efficient when the skimming layer

above the blocks is about 2 times thicker than k, (k, = h,cos@  the blocks normal
height). For the highest discharges, their efficiency becomes similar to the overlay m =
1/2.

e Since the only difference between the block overlays is their transverse distribution over

the width of the flume, the contribution of the drag form effect must be the source of the
increase in the head loss. Depending on the space between the blocks, both longitudinal
and transverse trajectories of flow are modified. If the blocks are closed-packed, the main
portion of the flow skims over the blocks as the flow depth increases. The flow becomes
similar to the case of m = 1/2 for skimming regime. With a relative large space between
the blocks (e,/b, > 1), the portion of the fluid which flows between the blocks and
which is under the influence of the drag form perturbation is significant compared to the
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portion which skims above the pseudo-bottom formed by the blocks edges. In addition,
if the space is wide enough, the transverse jets caused by the contraction between two
blocks interact, which contributes to energy loss.

Note that for this type of overlay, since transverse effect between two blocks contribute to the
energy dissipation process, results may depend also on the flume width By.

Comparison with existing guidelines for baffles on smooth chute

Sayre & Albertson (1963) and Harleman & Rumer (1963) studied the flow resistance for
several overlays consisting in different distribution of sheet rectangular baffles over very flat
slope (< 1 %) and for non aerated flow. They concluded that the overlay is more dissipative
if (notation given in Fig. 11.4):

o b /hy >> 1,
e e /hy << 1,

e 2, /h, << 1

Peterka (1958) tested flow over baffles directly anchored on smooth spillway or drops.
Prototype tests on a 1V:2H slope showed that the optimal baffles system which can resist flow
up to 5.6 m?/s has the following design:

e h, = 0.8h with h. the critical depth of the design discharge,

e b =e¢ = %hra
o r,. = 2h, and if h, < 0.9 m, z, can be increased up to 6h,..

For flatter slopes, they found that the longitudinal space x, between the baffles can be in-
creased to provide the same vertical gradient between two rows of baffles.

The tested block overlays are quite different from these two previous sets of experiments
since they are fixed on stepped bottom with h, = %hs. However, their geometrical charac-
teristics are summarized in Table 16.1 in order to be compared with the Peterka (1958) and
Sayre & Albertson (1963) results.

m ‘ b/ hy ‘ er/hy ‘ er /by ‘ zy [ by ‘ d,

4 | 1.67 2.5 1.5 8 1/20
5 167 | 167 | 1 § | 1/16
6 1.67 1.1 0.66 8 3/40

Table 16.1: Geometric characteristics of the tested block overlays on the 30° stepped chute

The following conclusions can be drawn:

e For blocks width b,:
The optimal overlay is obtained with b,/h, > 1 and b,/h, = %, which is not far from

the recommended value b, /h, = %
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e For blocks height h,:
The optimal baffle height was given for 0.8h.. In the tested cases, h, is fixed to 0.03 m.
Then the blocks must be optimal for hydraulic condition such as h, = h,/0.8 for low
discharges around ¢, = 0.02 m?/s. This is actually the case.

e For blocks transverse space e,:
For nappe flow (low discharges), m = 6 dissipates more energy than m = 5. Then energy
loss are higher for lower values of e, /h, which is in agreement with the results of Sayre
& Albertson (1963).

For higher discharges (transition and skimming regimes), the blocks are most efficient
when e, /b, > 1 (or e;/h, > 1.7). Therefore, the optimum is obtained for e, # b, and
er/h, = 2.5 which are different conditions than the guidelines values for baffles.

e For blocks longitudinal space z,:
For all the overlays z, = 8h, which is larger than the threshold recommended by Peterka
(1958).

Therefore, flow over blocks fixed on steps behave differently than flow over classical baffles
on smooth bottom. The main difference lies in the development of recirculating cells inside
the step cavity filled with water and the internal jet which comes transverse to the mean flow.

16.2 Sources of energy dissipation

Skimming flow is the most likely condition encountered in prototypes. For this reason, a
synthesis of the energy efficiency of the tested overlays for § = 30° is given in Figure 16.4 for
this regime. In order to highlight the relevant parameter which contributes to the increase of
head loss compared to conventional steps, the following parameters are significant:

e The parameter Ly, which characterizes the length where friction occurred under the
recirculating cells and at the interaction cells/skimming layer: L fr = ly + hy + 2, Where
ly, hy and x, are respectively the dimensions of the recirculating cells on horizontal and
vertical step faces and at the interface cells/skimming layer.

e A parameter Lg. which characterizes the drag form influence of transverse internal jets
at the step or endsill or block outer edges, the transverse jets caused by contraction
between two blocks and the wakes and separation zones.

e the density of covering d, = %Tgr (Eq. 11.2) and the roughness density ratio
sVs

hyb
= —217 - (Eq. 11.3
v zy(ep + br) (Eq )
It can be seen that the most relevant source of energy dissipation lies in the drag forms. In
previous studies of skimming flow in stepped spillways, head losses are associated with friction
caused only by recirculating cells. In contrast with this result, it is suggested that head losses
can be divided into:

e A friction term mainly caused by the shear stress at the step faces under the recir-
culating cells but also under the internal jet on the horizontal face (see Fig. 12.2 and
12.4). Since the velocity of the skimming layer is considerably higher than the velocity
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Figure 16.4: Schematic representation of energy dissipation efficiency caused by the stepped
macro-roughness overlays along with variation of several parameters - For 8 = 30°

of the rotating vortex [Sanchez-Juny et al. (2000)], the shear stress at the interface of
the recirculating cells/skimming layer is negligible. In addition, by analyzing the ver-
tical and horizontal distributions of the Reynolds shear stress, Nariai et al. (2001) also
concluded that for skimming flow, the friction losses are widely attributable to the shear
stress under the recirculating cells.

Finally, the decrease of energy dissipation rate when 1 to 2 steps or 2 to 3 steps are
empty for m = 1/2 and m = 1/3, the contribution of this friction term caused by the
step form effects is not negligible. This conclusion is in contradiction with the experiment
of Yasuda & Chanson (2003) who considered that the destruction of the recirculating
cells contributes nothing to the residual energy.

e A drag term caused by the internal transverse jet at the step or endsill or block outer
edge, by the separation zone at the interface recirculating cells/internal jet (m=0), and
between two recirculating cells (m—1/2, m—1/3, m—4,5,6) as well as by the transverse
jet and wakes create by the blocks. The drag term seems to increase significantly the
energy dissipation and it makes a large contribution to the total head loss.

16.3 Dissipation coefficient

16.3.1 Discussion about friction coefficient

Many studies of friction coefficient for stepped spillways design assume that for skimming flow,
the friction coefficient is the result of shear stress at step faces under recirculating cells and
between vortices and skimming layer.
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Then, the relations to estimate friction coefficient are those of Darcy-Weisbach and Colebrook-

White. Both were established for non aerated uniform flow over smooth or rough bottom.

However, since head losses are result of both friction and drag effects, this notion of friction
factor appears to be too restrictive and inaccurate. The mean flow characteristics of mean
longitudinal velocity, depth, kinetic energy correction coefficient cannot distinguish friction
from drag influence.

Moreover, the classical friction formula are mostly applied either for mixture (Zgg, Up,)
or equivalent clear water (Z,,, U, ) flow characteristics. As shown by Chanson et al. (2000)
or Matos (2000a), the use of these different definitions results in widely scattered values. For
this reason, application of classical friction laws for effective homogeneous flow characteristics
(see Chapter 13) is also discussed herein.

Darcy-Weisbach friction coefficient

Flow is assumed to be similar to a uniform 1D fluid with a mean density p = py or p = p; =~
pw(l — C) with C the mean air concentration, a uniform depth Z = Z,,, or Z = Zy,, and a
mean velocity U = Uy, = qy/Zy or U =U, = ZLgo 0Z9° um(2)dz.

Friction effect is represented by a Reynolds stress tensor 79 = pgZsinfl at the pseudo-
bottom |Rajaratnam (1990), Yasuda & Ohtsu (1999), ...|. In uniform region, Darcy-Weisbach

friction coefficient f,, at the pseudo-bottom, is then derived from:

819 _ 8gsinfZ

fu:pU2 - U2

(16.2)

where fy, , and fy,, correspond to the friction coefficient for equivalent clear water and mixture
flows respectively.

Colebrook-White

This widely used relation was originally established for turbulent uniform flow in circular or
narrow rectangular flumes. Several studies tried to fit Colebrook-White law to laboratory data
[Tozzi (1994), Christodoulou (1999), Chanson et al. (2000), Boes & Minor (2000),...].

For a conventional stepped chute of 30°, Boes & Minor (2000) proposed a friction factor
for equivalent clear water flow f. . in the uniform region defined by Equation 16.3:

1 ks
—— = 2.69 — 1.3181 — 16.3
os (5 ) (163)

c w,u

where Dy, = 4By Zy, o/ (Bf + 2Zy,4) is the hydraulic diameter corrected by a form coefficient
w = 0.90 — 0.38 exp (%}”) if Zyu/Br>04 andw=0.6 for Z,,/Bs < 0.4, with By

the flume width.

Note that this approach assumes an equivalent roughness at the pseudo-bottom equal to
ks = hscosf. Velocity measurements have shown that this assumption is obviously not the
case.
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Darcy-Weisbach friction coefficient for effective homogeneous flow

Since accurate equivalent roughness at the pseudo-bottom is unknown, the friction factor is
estimated with the Darcy-Weisbach law which is independent of the macro-roughness height.
The friction factor f,, is defined with the effective homogeneous flow. For transition and skim-
ming regimes, for conventional steps (m=0) and 6§ = 30°, f, is plotted versus the roughness
Froude number F, g = q,,/+/g cos 0k? in Figure 16.5.

) _ 8 sinfZ],

fu e (16.4)

where Z] and U’ are respectively the uniform depth and mean velocity of the effective homo-
geneous flow as defined in section 13.1.2.
Comparison of the different friction definitions for conventional steps

A comparison of the resulting friction coefficients estimated with these three approaches is
given in Figure 16.5.
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Figure 16.5: Comparison of friction factors estimated with Colebrook-White and Darcy-
Weisbach laws for transition and skimming flows over a 30° conventional stepped chute

The scatter of Darcy-Weisbach friction coefficients with Z,,,, Z, and Zg,, approaches

highlight the importance of an accurate definition of the portion of flow which contributes ef-
fectively to friction process: clear water concept overestimates air effect on energy dissipation
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as already observed in Section 15.3 (under-estimation of f, , for high discharges).

The friction factor may remain constant with discharge for skimming regime since both
recirculating and internal jet are observed to be quite independent of discharge. That is well
represented by the Darcy-Weisbach law applied to either mixture or homogeneous flows.

Furthermore, fy,, and f, are larger for skimming flow which can be explained by non
developed vortices during transition regime.

Since the relative energy loss tests have shown that homogeneous flow is the most realistic
portion of flow that contributes to the dissipation process, f;, is recommended as the most
realistic friction coefficient.

However, based on a friction law, f’ really corresponds to a combination of shear stress
and drag effects as already mentioned. The accuracy of this value is discussed just below.

Inaccuracy of friction coefficient to represent head losses

In Figure 16.6, f, is plotted versus F g for transition and skimming flows over a § = 30°
inclined chute and for the overlays m = 0 and m = 1.

The friction factor results are in agreement with the residual energy values at the toe of
the chute: f; = 0.117 for m—1 which is lower than f; = 0.126 for m—0. This demonstrates
that f}, is a type of global "dissipation" coefficient and not only a friction coefficient. Indeed,
if the friction coefficient is assumed to result from recirculating cells only, for m = 1 which
produces larger size of recirculating cells, the friction coefficient should lead to a higher value
than for rn = 0. This is actually not the case since f;, ,,_; < fi, =

Moreover, if the value of f] for conventional steps is applied to Equation 15.5 [Chan-
son (1994b)|, then this leads to an underestimation of residual energy at the toe of the 30°
conventional stepped chute at a value of about 8 to 15 % for skimming flow.

16.3.2 Discussion about dissipation coefficient

Since there is no way to distinguish drag from friction coefficients, a global dissipation co-
efficient &, might be estimated based on Bernouilli equation applied between the crest and
the toe of the chute. However, this assumes uniform conditions and a hydrostatic pressure
distribution. With this first approach, dissipation coefficient could be estimated by:

U12
Hy— H, = £,~— 16.5
: . (16.5)

with U’ the mean velocity of the homogeneous flow in uniform region and Hy and H, the crest
head and the residual energy at the toe of the flume respectively.

Then this dissipation coefficient could be defined as a function of head loss dimensionless
parameter II,, (Eq. 16.6), dimensionless critical depth, h./hs, mean air concentration C' and
roughness Froude number, F o:

fu = ¢(Hm, Z_;:a Ca F*,@)'
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Figure 16.6: Friction factors estimated with equation 16.4 for transition and skimming effective
homogeneous flows over a 30° chute with conventional steps (m=0) or every step with endsill
(m=1)

16.4 Conclusions and perspectives

Conclusions

Stepped macro-roughness overlays are a good method to dissipate flow energy along the down-
stream slope of an overtopped structure.

For conventional steps, with 18.6° < § < 30° and discharges up to g, = 0.28 m?/s, the
residual energy at the toe of a chute can be reduced by 35 % more than that for an equivalent
smooth chute.

For nappe flow regime, head losses are mainly due to form effect such as hydraulic jump
developed on the horizontal step face or break and deflection of the plunging nappe.

For skimming flow, energy loss is due to a mixture of friction and drag head losses result-
ing of the form effect caused by steps such as recirculating cells and internal transverse jets.
However, the drag term caused by the internal jet transverse to the flow and the separation
zone between cells and jets seems to be the most efficient in the dissipation process.

For this reason, a solution to improve energy loss is to increase the drag form effect through

additional macro-roughness elements fixed on the steps.
Alternate endsills over the width of the flume or spaced rectangular blocks fixed with
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an alternate pattern at the nose of the steps fulfilled this challenge. Indeed, every second
step equipped with endsill (m=1/2) overlay increases the relative energy loss by 2 to 3 % .
The most efficient stepped macro-roughness tested overlay is the spaced alternate rectangular
blocks (m=4) characterized with e, /b, = 1.5 (where e, is the transverse space between two
blocks and b, the block width). This configuration increases the relative energy loss for the
highest tested discharge ¢, = 0.24 m?/s by 5 %.

The tests show that the relevant parameters to increase the head losses lie in:

e the longitudinal distribution parameter xz,/z, for endsills overlays (with z, and z, re-
spectively the longitudinal distance between two endsills and between two steps),

e the dimensionless transverse space e, /b, between blocks for blocks overlays,

The increase of the step height for conventional steps must have insignificant effect.
Based on the tested overlays, a dimensionless head loss parameter I1,, is defined by Equa-

tion 16.6: L L ) ’ |
Er s r* s T lp

I, = — 2 _
" br+xs+xr+N*+ ls

(16.6)

where h,x is the effective additional depth caused by the macro-roughness elements (A, = 0
for m=0 and m=1 and h,* = h, for the other overlays) and N the number of conventional
steps following a step equipped with endsill or with block.

This parameter II,, includes the influence of mean slope (hs/zs), the broken slope effect due to
alternate endsills or blocks longitudinal distribution (h, * /z,), the internal transverse jet and
separation zone influences (1/Nx), the destruction of the separation zone on the horizontal
face ((Is — ;) /ls) and finally the contraction effect (e,/b,). Values for overlays are given in
Table 16.2. The variation of II,, is shown in Figure 16.4. It can be seen that II,, follows
the same trend as the relative energy loss. It represents the effective influence of the macro-
roughness elements.

‘Overlays ‘ I1,, ‘

m=0 | L5
m=1/3 | 2.042
m=1/2 | 1.875
m=1 | 1.25
m=4 |337
m=>5 |2875
m=06 | 2541

Table 16.2: Dimensionless head loss coeflicient for skimming flow on the tested overlays and
for 6 = 30°

These conclusions can be applied for the flatter slope (0 = 18.6°) regarding conventional
steps and steps equipped with endsills.

Head losses cannot be represented only by Darcy-Weisbach friction coefficient since they
are caused by both friction and drag effects. A global dissipation coefficient has to be defined,
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similarly to that previously done for classical head loss coefficients for river flows.

& Empirical relationships for endsills overlays
Residual energy H,; has been corrected with the safety factor ny = 1.15 (see Chapter 15).
Except for the overlay m = 1/3 where the values of AH/H| are scattered, the variation of

AH/Hy with the relative critical depth Nh?z (with N the number of steps along the chute)
stts

can be accurately approximated (R? > 0.99) with an exponential relationships. For transition
and skimming aerated flows over the m =0, 1/2, 1 overlays and 6 = 30°:

H, 11, tan6 he
Zr _ Umtant A, 16.
H, 0 P ( N, h,s (16.7)

with:

m=1/2= A, =18.45
m=0= A, =2526
m=1= A, =31.03

& Empirical relationships for blocks overlays
For blocks overlays (m—4, 5, 6), the variation of the relative energy loss AH/H versus the

relative critical depth N, h follows a power law rather than an exponential one. After cor-

rection with the safety factor for all flow discharges over a 30° stepped chute, the residual
energy at the toe of the chute is given by the following equations (R? = 0.988 to R? = 0.998):

H, he \'m
— = 10B/I,, tan# 16.
H() Of aln (Nh) (68)

with By the flume width and:

m=4= by, =1212
m=>5= by =1.131
m =6 = b, = 1.094

Perspectives

Since the efficiency of overlays is mainly the result of drag form effect, it is of interest to
perform sensitive study on the dimensionless geometric parameters such as:

e h,/z, for endsills overlays, with an increase of the endsill height of A, = %hs,

e ¢, /by, hy /by, hy [z, for blocks overlays. Based on the present results, it appears relevant
to investigate: e, /b, = 2 (with h,/hs = 1/2), b,/h, = 1.11 < 3/2 and z,/h, = 5.3 < 6
(with hy, = 3hy)

Finally, another way to increase the drag form could to add a reverse slope on each step
(see Fig. 16.7). In fact, the slope imposed at the horizontal face may contribute to increase
the zone of influence of the transverse internal jet and the perturbation of the mean skimming
flow layer. In addition, it would lead to a large zone of friction under the internal jet on the
horizontal face. Then both friction and singular (or drag) head losses would be increased.
However, it could lead to a significant swelling of the flow depth, which has to be tested.
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Figure 16.7: Sketch of a reverse inclined step overlay

Note that the addition of a reverse slope has been tested for gabions overlay |Peyras et al.
(1991)]. This has lead to an enhance of the gabions stability and to an increase of the energy
dissipation.

The conclusions on the 30° slope have to be verified for the 18.6° slope.
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Part V

NUMERICAL MODELING OF HIGH
VELOCITY AERATED FLOW OVER
MACRO-ROUGHNESS :

A FIRST APPROACH
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Chapter 17
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17.1 The challenge of numerical modeling of aerated flow over
macro-roughness

Because of the high turbulence, the self aeration process, and the irregular wavy and rough
free surface, most of the studies of the hydraulic behaviour of flow over stepped chutes are
made on physical models. By measuring the principal flow parameters such as air concentra-
tion, velocity, depths, pressures, a panel of empirical hydraulic design relationships, generally
closely related and limited to their tested domain can be assessed. Providing a more general
description of the flow behaviour requires a mathematical definition of its hydrodynamic and
self-aeration process. However, very few models exist and have been validated.

Recent courses on Modeling and Computation of Multiphase Flows (Zurich, 2000), clearly

demonstrate that for two-phase flows, commercial 2D or 3D codes like CFX, Fluent or Flow3D
have been applied to liquide-gas flows in conduits with well defined gas structures such as
bubble, slug or annular flows. For the case of free surface flows, the mayor difficulties come in
defining the flow surface and in modeling the two-phase exchanges at the instable interface,
between the mixture wavy air-water flow and the atmospheric air crossed by water droplets.
The picture in Figure 17.1 illustrates the random ejections of droplets and the presence of air
gaps between two waves.
In addition, these codes require the knowledge of the 2D or 3D boundary conditions and
there is still an incomplete understanding of the physics of flow very near the roughness. The
current instrumentation does not allow a precise definition of the turbulence intensity in the
boundary layer nor of the 3D velocity components of the flow in this region.

0=30°
Conventional steps
Transition flow (q,,=0.04 m?/s)

Figure 17.1: Side view of the wavy and rough aerated free surface for the transition flow
regime over the 30° stepped inclined chute

Appropriate 2D (2DV) and 3D models have recently been presented by a few authors,

in particular Benmamar, Kettab & Thirriot (2003) who have attempted to model the two-
dimensional turbulent boundary layer flow in a stepped channel. However, this 2DV model,
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based on an implicit finite difference scheme, does not include air entrainment and it is strictly
limited to the region upstream the inception point. Thus, this program can be of interest
for designers to define the region of cavitation risk, but no more. In addition, this model
purports to state the details of the momentum governing equation, i.e to define the turbulent
and viscous terms in the longitudinal and vertical axis. However, due to the complexity of
the flow, it imposes a set of unrealistic assumptions such as hydrostatic pressure distribution,
laminar shear stress, free surface profile similar to a gradually varied flow in a uniform channel.
An impressive turbulent 3D simulation of stepped spillway based on the volume of fluid (VOF)
method had been proposed by Chen et al. (2002). The turbulence of the flow was implemented
by the k—e turbulence equations with a modified resulting pressure term for modeling the non-
hydrostatic pressure distribution. The aeration is taken into account in the mixture density
parameter as well as in the mixture molecular viscosity, with a tracking of the free surface
based on a time-dependent simulation. Momentum, turbulence and continuity equations are
solved for a single-phase mixture fluid. The comparison of the water surface and the velocity
vector in the vertical plane and pressure measurements over the step faces for a steep slope
(1V:0.75H) provided encouraging results. However, they still have to be validated with air
entrainment consideration. In addition, clarification of the assumptions is lacking in their
papers that are necessary to define the limits of this model.

Finally, 2DV and 3D models are still widely restrictive and expensive in terms of CPU.
For instance, existing methods like VOF [Hirt & Nichols (1981), Zaleski (2000)] or Marker-
and-Cell (MAC) |Tome, McKee & Gensmack (1994)] especially require CPU resources. In the
other hand, a few numerical models of aerated flow over stepped chute are currently available,
but they still have to be validated for aerated flow and for a variety of slopes.

These existing models, nevertheless, pointed out that the principal difficulties which still
need to be modeled realistically lie in:

e the undefined rough free surface (development of an effective and accurate tracking of
the free surface location),

e the non-uniform density and velocity profiles with a reliable turbulence model to rep-
resent the 3D turbulent structure (implantation of an appropriate boundary condition
and a sufficient adapted mesh refinement),

e the non-hydrostatic pressure distribution (definition of an additional term),

o the self-aeration and air concentration development along the chute.

17.2 Approach and goals of the numerical study

To provide a more general and accurate description of the flow behaviour, one of the objectives
of the research is to propose a simple and realistic "mathematical" description of the aerated
flow over macro-roughness.

In order to have a control of the response of the implemented equations, the first approach
consists in modeling the flume of LCH-EPFL, with identical entrance conditions at the jetbox
and for the simplest macro-roughness system which is the conventional steps. The numerical
phase defines, analyzes and compares the flow behaviour with some validation provided by
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the experimental results of the tests conducted on both the 30° and the 18.6° gated stepped
flume. The model provides the base for further generalization of the governing equations with
aerated flows over macro-roughness.

For this purpose, a synergy between the experimental study conducted in the steep stepped
flume and the numerical background in modeling shallow-water two-phase (water and sedi-
ment) flows over steep slopes of the Laboratory of Applied Hydrodynamic and Hydraulic
Constructions (HACH) of the University of Liége, Belgium (ULg) was undertaken.

In order to avoid the difficulties encountering with a 2D or 3D vertical model as mentioned
above, a quasi-2D model of aerated flow over conventional stepped chutes was developed by
HACH-ULg on the basis of an existing finite volume 2D numerical model for free surface non-
aerated flow. The base of the proposed numerical approach consists in a depth-averaging of
the classical Navier-Stokes equations but with their extension to take into account the bottom
topography and the principal flow characteristics such as:

e the self-aeration process with an air-transport equation,
e the uneven vertical velocity distribution due to turbulence with a correction factor,
e the drag form effect of the macro-roughness with an adapted friction coefficient.

Because these additional terms are calibrated and/or derived from the experimental results,
the resulting model is then a "hybrid" simulation (analytical and empirical) of aerated flow
over stepped chute. As it is shown below, this depth-average model is an attractive compro-
mise between realism and cost-time efficiency.

If this approach does not develop to a "turnkey" code, nevertheless it provides the basis
of general model of the flow behaviour of aerated flow over conventional steps that is not
restricted in the experimental tested conditions and one that can be used with confidence for
prototypes application.

It could also be an useful preliminary design tool for designers to define optimal protection
systems for overtopped embankment dams.
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Chapter 18

Numerical model description
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The experimental study, Part IV, highlighted the two-dimensional structure of the flow in
the vertical plane. However, this fact does not preclude assessing the relevant characteristics
of the flow with a depth-averaged technique. In fact, as shown below, a simple quasi-2D model
can provide accurate results economically.

The following numerical development is included in the software package WOLF, which
has been developed at HACH-ULg. WOLF includes a complete set of numerical tools designed
for simulating free surface flows with a wide range of applications, notably:

e for one phase hydrodynamic flow with:

— simulation of hydrological runoff, catchments determination for hydrology applica-
tion (WOLFHYDRO) [Archambeau, Erpicum, Mouzelard & Pirotton (2001)],

— 1D modeling of river networks for routing of floods (WOLF 1D) |Erpicum, Archam-
beau, Dewals, Mouzelard & Pirotton (2003)].

e for hydrodynamic coupled with air or sediment transport (WOLF2D) [Dewals, Ar-
chambeau, Erpicum, Mouzelard & Pirotton (2002)], with quasi-3D simulations for dam
breaks, inundation maps and river morphology applications [Archambeau, Dewals, De-
trembleur, Erpicum & Pirotton (2003)].

The following modeling of the aerated flow is based on the WOLF2D module.

18.1 Basic principles of the quasi-2D model

The code, WOLF2D, concerns the numerical resolution of the Navier-Stokes two-dimensional
equations integrated over the flow depth. The aim of this study is to establish the governing
equations of the aerated flow over macro-roughness and not to examine the numerical devel-
opment of the code. The details of the numerical method can be found in Pirotton (1997) and
Mouzelard, Archambeau & Pirotton (2000). However, briefly, it has to be known the principal
characteristics of this model are described.

The spatial scheme is based on the finite volume method. The equations are then integrated
through a set of cells covering the whole modeled domain. This conserves the transported mass
and momentum values through very small volumes. As a consequence the method also simu-
lates the sharp changes of flow regimes and instabilities such as hydraulic jumps.

The time iteration is based on an explicit scheme which permits the differential equations
to be solved with the 3-step Runge-Kutta algorithm. The efficiency of such a method had
been proven and it is well known because of its low computation cost.

In parallel to the solution of the equations, a permanent analysis of the numerical stability
optimizes the calculation time step to ensure the convergence of the results.

18.1.1 Hydrodynamic model

& Spatial scheme
A sketch of the modeled flume along with the axis notations is given in Figure 18.1. The
depth integration is carried out along the z axis.
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The finite volume scheme is applied for the space discretization in order to assure exact
mass and momentum conservation and to simulate possible hydraulic jumps in the nappe flow
regime.

The meshing along the modeled flume axis is comprised of volumes that are 1 cm long (in the
x axis) and hy, + 2 high, h,, being the calculated depth of the mixture flow and z, the height
of the topography.

=mmp \lain flow direction

Center of the finite volume of 1 cm of length
~ r=k,=h,cos6
Global scheme view™< Local topography

Figure 18.1: Sketch of the stepped flume and zoom on the local topography modeled in
WOLF2D, with unknowns and axis notations

& Two-phase flow consideration
The model is based on the description of the air-water mixture flow as a single incompressible
fluid of mean density given by Equation 9.1 (see Chapter 9.1, Part III):
pm(,t) = pu(l = C) + paC = py(1 — C) o
with p,, and p, respectively the density of water and of air, C' the local mean air concentration.
Therefore, the model has the particularity that only a single set of equations in which air-water
fluid mixture with the mixture height, h,, is transported with a mean longitudinal velocity u,,.

& General assumptions
In this first stage, the following assumptions are considered to solve the set of equations:

e Uniform distribution of the flow over the flume width
S
oy

e Viscosity negligible compared with the convection terms,
e Coriolis effect negligible,

e Small normal velocity component (wy,) compared to the longitudinal one (u,), no trans-
verse velocity (vy). Then, w?, can be neglected compared to u2,.

& Governing equations
Under these assumptions, the governing equations are simplified and given in the following.
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o Depth-averaged continuity equation (mass balance)

0 0 __

a(pmhm) + 8—x(pmhmum) =0 (18.1)
¢ Depth-averaged momentum equation

Assuming that the significant velocity is the longitudinal one and is parallel to the main flow

direction simplifies the corresponding momentum equation. As a consequence the pressure

field p is found to be almost hydrostatic everywhere. A depth-averaging operation applied to

the second local momentum equation results in the momentum balance given by Eq. 18.2:

0 . 0 . 0
a(pmhmum) + %(pmhmpxxumZ) + %(%th% COs 9)
+pmghm cos 0% = pmGhm sin @ + 1y, (18.2)

with g, the gravity acceleration, 6, the mean slope of the pseudo-bottom, z,, the local bed
elevation, 7., the losses term and p,., the Boussinesq coefficient which represents the uneven
velocity profile in the water depth. The diffusive contributions, which are not explicitly in-
cluded, can be combined with the losses term.

¢ Air transport

In addition to the basic hydrodynamic equations, the mean air concentration must be simul-
taneously defined at any location along the slope and at any time. Then, an equation for the
aeration process has to be solved. On the basis of the laboratory observations and due to
the high velocity of the flow, it is suggested that the aeration process along the chute can be
represented principally by a transport equation:

oC oC

E + Uma—x = Sa (183)

with S, , the air source term which has to be defined to represent realistically the process of
air entrainment and detrainment described in Part III, Chapter 8.2.1 and to be fitted with
the experimental data.

This set of equations forms the mathematical system to be solved for the three primitive
unknowns h,,, %, and C that characterize the aerated flow.

& Initial and boundary conditions
As already mentioned, the validation in this first stage uses the model data from the stepped
flume of LCH-EPFL. Therefore, the initial conditions corresponds to the jetbox data: initial
specific water discharge ¢,, and opening of the jetbox hg for the initial low depth. The initial
air concentration is of course set at 0.

The principle of depth-averaging itself does not impose a bottom velocity condition.

The characteristic velocities analysis determines the number of upstream and downstream
boundary conditions [André, Dewals, Pirotton & Schleiss (2003)]. These are as follows:

e At the upstream boundary of the scheme, the flow is first considered without approaching
velocity (um, = 0) with only the specification of the discharge to impose gy,.
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e At the downstream boundary of the domain, the flow is supercritical. Then there are
no imposed boundary conditions.

18.1.2 Numerical implementation

The numerical implementation conducted by the HACH-ULg and has no impact on the physics
of modeling of the flow behaviour. All details concerning this part as to be find in André et al.
(2003) and Dewals, André, Schleiss & Pirotton (2004). They are not developed herein.

18.2 Modeling of the flow characteristics: 1D-approach

The aim of this simulation is to assess the relevant characteristics defined experimentally by
the two-dimensional flow structure in any cross section and to include them through the depth-
averaging of the advective and pressure terms of the momentum equation (Eq. 18.2). At this
stage, as already mentioned, the vertical component of the velocity is considered negligible
compared to the longitudinal one.

18.2.1 Self-aeration

The source term S, of Eq. 18.3, has:
e to take into account air entrainment and detrainment as a function of the flow conditions,

e to satisfy the observed conditions along the slope, i.e C' = 0 upstream of the inception
point and downstream, C is increasing along the chute up to C' = C,, in the uniform
region.

The onset of air entrainment is implemented in the source term (see the following Equa-
tion 18.4) with a variable m; = 0 upstream of the inception point and m; = 1 downstream of
it. The position of this inception point is given according to the experimental results in the
18.6° and 30° flumes (see Part IV, paragraph 14.1.1).

The air concentration at saturation, C, is given as a function of the chute slope, of the
roughness Froude number F.x = g, /+/gsin0k3 according to the experimental relationship
given in paragraph 14.1.2, Part IV with ks = hg cos 6.

On this basis, the air source term is globally expressed by Equation 18.4:

Sy = —Tmy { (85‘—:)2(6_@) V1O (18.4)
with " and S, calibrated constants of the advective term, wu,, the air bubble rise velocity of
the diffusive term. The size of the bubbles for conventional steps bottom is of same order of
magnitude as that of smooth chute, u, ~ 0.4m/s, according to Wood (1991). The diffusive
term u,Cv/1 — C had been derived from the depth-averaged diffusivity model of air bubbles
for open channel, developed in Chanson (1997).
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18.2.2 Flow structure

The preliminary numerical calculations, when considering only the use of the transport Equa-
tion 18.3 but not the p,, coefficient in the momentum equation, resulted in a non realistic
shape of the mixture flow free surface (result illustrated below in Figure 19.1). In fact, the
undulation of the free surface is the result of the turbulent structure of the flow due to the
steps. Assuming a uniform velocity profile over the water depth is clearly too simplistic for
stepped spillway application. For this reason, as already mentioned, a correction coefficient
of the velocity, pgz, is implemented in the momentum Equation 18.2 to take into account the
non uniformity of the vertical velocity profile. This models indirectly the macro-turbulent
structures.
By definition, the Boussinesq coefficient is given by:

A
Pxx = _2// WZdA (18'5)
q A

For transition and skimming flows, the two main structures to be modeled are:

e the vortices developed inside the step, under the pseudo-bottom. These vortices appear
for all discharges over the whole vertical step face and over the upstream 2/3 of the
horizontal face for the 30° and 18.6° slopes.

e the internal jet at the step edge.

For the particular case of the nappe flow, except at the step edge, pz has no sense inside the
step where either a pool of water and an air cavity develops. If a hydraulic jump develops, it
is directly modeled with the equations.

Finally, for transition and skimming flows, the following assumptions had been made:

e Inside the step, for z < r (see Fig. 18.2), the recirculating cells are assumed to be
characterized with a triangular velocity distribution.

e At the pseudo-bottom, the interface velocity wuy is given according to the experimental
results.

e Above the pseudo-bottom, for z > r, the velocity of the skimming layer is assumed to
be non-uniform, characterized by peqge. The uneven distribution coefficient is based on
the velocity profile measurements at the step edge.

On this basis, the longitudinal variation of pg, is given by Equation 18.6:

1 h,r Up |2 P
g = —————(— —_— 18.
P 3 (hyn — 7")2( ) + By — Tpedge (18.6)

Um

18.2.3 Friction

The macro-roughness elements (in this case, the steps) have a significant contribution on the
head losses along the slope. The step topography is directly implemented in the governing
equations and the flow structures are indirectly modeled through the coefficient py, in the
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Recirculating zone
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Figure 18.2: Sketch of the velocity profile assumed to represent the recirculating cells inside
the steps in the numerical simulations

momentum balance. Therefore, it seems reasonable to suggest that the friction losses term
along the chute may be represented by the shear stress effect on the step faces. In this first
approximation, the resulting external friction term had been modeled by the Manning relation
(Equation 18.7) with n, the Manning coefficient, fitted in order to obtain a velocity and flow
depth comparable to the experimental results.

/ - 2
Tox = gn2hm(1 - 6)_M

U,
R)/?

(18.7)

with R;, the hydraulic radius. With no wall effect, Ry, = hy,, which is the case in the modeling
of the flow in the axis of the LCH-flume. In order to handle properly wall friction in a
narrower flume, this expression can be replaced by Ry, = bh,, /(b + 2h,,), with b the spillway
width [Collard (2003)].

A good modeling of the dissipation process would be achieved when the numerical results
reflect the experimental observations with a Manning coefficient in the uniform region as close
as possible to the classical values. The coefficient corresponds to n = [0.013 — 0.016] s/m!/3
for studied cases.

18.2.4 Pressure

The assumptions which neglect the normal component of the velocity and of hydrostatic
pressure distribution are not realistic. They simplify this first stage of developing.
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Chapter 19

Results and validation of the
1D-approach
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One of the more relevant validation of the governing equations of the aerated flow over
stepped chutes lies in the ability to simulate the uniform depth as given by the experimen-
tal results. This would then show that the resulting energy dissipation due to the steps is
realistically modeled by the semi-empirical governing equations.

19.1 30° mild stepped flume

To verify the proposed general theoretical model of aerated flows over macro-roughness, the
numerical simulations from HACH-ULg are applied to the 30° stepped chute assembled at
LCH, in the transition and skimming flow regimes.

In the following, the comparison between the model results and the experimental data is based
on:

e the free surface form: waves amplitude and phase of the surface of the flow,

the air concentration development along the chute,

the longitudinal mean velocity in the uniform region,

the normal mixture depth in the uniform region.

19.1.1 Air entrainment

A sensitivity study of the source term Sy, by varying the coefficients I' and £ in the advective
term and by considering the diffusive term of Eq. 18.4, has been lead to obtain a realistic air
concentration development.

Figure 19.1a presents a comparison between the computed free surface for py; = 1 (no
turbulence effect), with and without the air transport equation, with the measured free surface
for skimming flow (g, = 0.12m?/s) in the uniform region. It can been seen that if the air
transport equation permits the swelling of the mixture flow depth, it is not enough to cushion
the topography effect on the free surface which exactly follows the form of the steps.

Regarding all the tested cases, the optimal representation of the self-aeration process is
given by the term source of Equation 19.1

S, = —I'm;(C - C,) (19.1)
In fact, the consideration of the diffusive term U,Cv/1 — C as well as the factor ¥ (ag—?)z

(see example for B = 1 in Fig. 19.1b) showed incoherent variations of C' (and hence of h,;,)
along the slope without reaching the uniform air concentration.
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Figure 19.1: Air entrainment transport equation effect on the mixture flow depth in the uni-
form region, for g, = 0.12m?/s: (a) Comparison with or without the air transport equation;
(b) Comparison with or without the {/ (%‘—?’")2 term in the air transport equation

Finally, as shown in Figure 19.2 for ¢, = 0.12 m?/s, with I' = 0.25, the longitudinal
development of the air concentration realistically represents the longitudinal variation of C,
fitting with the measurements and also with the experimental relation proposed by Boes
(2000a) (Eq. 9.7, Part III, Chapter 9.1.2) for a 30° inclined stepped chute.

C(X:) = C, [1 — exp[~0.05(X; + 25)]
where X; = (¢ — L;)/Zpm; and L;, Zy,;, respectively the longitudinal position and mixture
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depth at the inception point.
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Figure 19.2: Air entrainment transport equation effect on the computed longitudinal variation
of C with S, according to equation 19.1, for ¢, = 0.12m?/s. Comparison with measured data

and Eq. 9.7 [Boes (2000)]

19.1.2 Velocity distribution

Without any correction of the uniform velocity profile assumed in the momentum equation,

the longitudinal variation of the flow depth is incorrect.
Sensitivity analysis of p,, effects in the momentum balance has then been carried out,

An example of the results on the mixture flow depth for the skimming flow regime (g, =

e first only considering the contribution of the internal jet effect:
Prz = Pedge With peqge computed according to Eq. 18.5, applied to the measured velocity
profiles in the uniform region,

e second with the only contribution of the recirculating cells inside the step:

S
Pzx (hm — 7“)2

hyn — %T)

e and finally with the global p,; according to Eq. 18.6.

0.12m?/s) is given in Figure 19.3. It can be seen that the edge contribution (curves with
diamond dots), representing the internal jet impact, has an effect on the widening of the flow
depth (amplitude of the waves crest) while the recirculating cells (round dots curve) have an
effect on the contraction of the flow depth (slope of the waves). This is in good agreement
with the observed tendency. As a result, the tests have clearly shown that the semi-empirical

expression of the Boussinesq coefficient pgq:

e contributes to the swelling of the flow depth.
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e acts on the waves amplitudes of the free surface, which is similar to the observations.
For increasing discharge, the waves amplitudes decrease significantly since the turbulent
structures effect on the free surface are cushioned by the large skimming layer.

e influences the longitudinal variation of the mean mixture velocity %,.

e has no influence on the variation of the wave lengths with the discharge. In fact, the
observations have shown that the maximum waves are shifted downstream with an in-
creasing discharge.

Measured free surface
-—-- Modelling topography

—— Air transport with Sa=Eq. 19.1, I'=1 - p,,=1

—e— Air transport with Sa=Eq. 19.1, I'=1 - p,, for recirculating cells only
—— Air transport with Sa=Eq. 19.1, T'=1 - p,, =Eq.18.6 with pq4, =1.088
—— Air transport with Sa=Eq. 19.1, I'=1 - p,, =Eq.18.6 with p,y., =4

N N

0.00 T T T T T T T ‘
5.00 5.04 5.08 5.12 5.16 5.20 5.24 5.28 5.32 5.36

X axis (m) in uniform region

Figure 19.3: Effect of p,, on the flow depth in the uniform region, for g, = 0.12m?/s, for a
Manning coefficient n = 0.03 s/m'/3 (without the coefficient p,)

19.1.3 Friction term

For identical air entrainment terms and Boussinesq coefficient, the sensitive tests on 73, show
that without considering p,, in the loss term, the calculated mean flow velocity is about 25 %
higher than the measured one. Figure 19.4 shows the sensitivity of the friction and the py
terms on the solution. The results are in good agreement with the physics of the flow. The
consideration of pg, in the friction term is indirectly equivalent to the increase of the global
friction factor due to the additional shear stress on the step faces involved by the recirculating
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cells.

Finally, inclusion of py, in 73, according to Equation 18.7 results in a good fit of the
flow characteristics for a Manning coefficient of n = 0.024 s/ m!/3. This value is significantly
reduced from the initial result of n = 0.03 s/m'/3 but it is still over-estimated. This means
that the model still needs to be improved in order to represent more accurately the flow
behaviour.
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Figure 19.4: Effect of loss term on the flow depth in the uniform region, for q, = 0.12m?/s,
for S, according to Eq. 19.1 with I' =1 and for p,; according to Eq. 18.6

19.1.4 Conclusions

The present model for describing the hydraulic behaviour of aerated flows over a 30° stepped
gated flume is based on the depth-averaged balance of mass and momentum for an air-water
mixture flow and on a transport equation for the air concentration. The velocity is assumed
to be 1D-component. The simulation has provided promising results, as shown in Figure 19.5
for g,y = 0.12 m?/s and ¢, = 0.16 m?/s in the uniform region.

The validation compares the experimental data of the mean mixture velocity, mixture
depth and air concentration in the uniform region, as well as the longitudinal variation of the
mean air concentration and the free surface flow shape, for the transition and skimming flows
over the 30° gated stepped flume.

Since the simulated flow depth and velocity remain of same order of magnitude as the
measurements, the computed residual energy at the toe of the modeled flume is thus validated.
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In spite of these promising results, modeling of the 2D turbulent structures in the vertical
plane still could be improved. In fact, the Boussinesq coefficient as defined herein overestimates
the Manning coefficient. In addition, waves on the free surface are somewhat out of phase
compared to observations.
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Figure 19.5: Computed normal mixture depth in the uniform region, for g, = 0.12 m?/s and
¢w = 0.16 m?/s with pge given by Eq. 18.6 and n = 0.024 s/m!/3 (without wall effect)

19.2 529 steep stepped spillway model

& Modeling

The quasi-2D model was applied to simulate a laboratory model at HACH-Ulg of a 52°
crested stepped spillway. The description of the 2.034 m high and 0.494 m wide flume equipped
with 0.03 m high rectangular steps is given in Collard (2003). In addition to the slope, the
major difference of this model compared to the 30° flume of LCH-EPFL lies in the entrance
configuration which is an ogee crest.

The hydrodynamic model and the numerical simulation were exactly the same as described
above. However, in this case, the flume was modeled over its whole length and a hydraulic
radius equal to Ry, = bhy,/(b+ 2h,,) was used to account for the wall effect on the flow resis-
tance. More details can be found in Dewals et al. (2004).
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The air source term S, was included according to Eq. 19.1 with I' = 0.25. As in the pre-
vious 30 slope simulation, position of the inception point and the uniform air concentration
were imposed according to experimental results.

{ Results
For the tested discharges for transition and skimming flow regimes (q,, varying from 0.0449 m? /s
t0 0.0607 m?/s), the most realistic results were obtained for a Manning coefficient n = 0.025 s/ml/g.

In the uniform region, results on the air concentration and mixture flow depth were satis-
factorily identical to experimental data.

The longitudinal variation of the flow depth gave accurate result with a good decreasing
and increasing tendency in the non aerated or aerated regions respectively. However, locally,
just further downstream the spillway crest, the computed depths were slightly underestimated.
This may be the effect of the initial specification of the discharge with the infiltration method
and of the bottom curvature in the vertical plane. Nevertheless, this discrepancy has no
influence on the region downstream of the inception point and on the uniform depth which
were in good agreement with experimental value.

Results on the longitudinal variation of the computed air concentration are very encourag-
ing as in the previous modeling of the gated flume. In this case, the computed values of the air
concentration were compared with the empirical relationship (Eq. 9.5 and Eq. 9.6, Part III,
Chapter 9.1.2) proposed by Matos (2000b) for a 53° crested stepped spillway. The computed
values were in good agreement with both Matos formula and experimental data. More details
are given in Dewals et al. (2004).

& Conclusions
Despite increasing the slope angle, of the change of the steps height, of the entrance condition
as well as of the modeling of the whole spillway, simulating the flow with the quasi-2D model
as defined in the above Chapter 18 remains applicable. Based on the flow depth and the air
concentration variation along the slope and in the uniform region, the computed results are
in the same order of magnitude as the experimental data. However, the Manning coefficient
is too large. The modeling of the head loss process has to be improved.
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Chapter 20

Conclusions and Perspectives
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20.1 Conclusions

The presented numerical quasi-2D model for the description of the hydraulic behaviour of
aerated flow over stepped mild and steep slopes is based on the depth-averaged mass and
momentum balance equation for a single air-water mixture fluid and on a transport equation
for the air concentration.

For transition and skimming flow regimes, the flow characteristics such as the cells of recir-
culation below the pseudo-bottom and the internal jet at the step outer edge are considered by
the Boussinesq coefficient which represents the uneven vertical distribution of the longitudinal
component of the flow velocity. It models indirectly these macro-turbulent structures effect
on the dissipation process.

For nappe flow regime, the method of finite volume itself models the hydraulic jump which
can be partially or totally developed depending on the chute slope and on the discharge.

The results from studies on a 30° gated stepped flume and a 52° laboratory model of a
crested spillway lead to the following set of semi-empirical equations that realistically predict
flow characteristics (mixture depth, mean velocity and air concentration). Therefore the
residual energy at the base of the modeled structures has been validated for this case of
conventional steps system.

1. Mass balance

0 0
57 Pmlim) + o (pm i)
2. Momentum balance
a(pmhmum)—l—a—x(pmhmpmum )+8_x(§pmhm cos 0)+pmgh, cos 98—33 = pPmGhm sin 0+7,,
3. Losses term
-~ l’l’m
Tox = gTLth(l - C)W & 173
Rh
4. Air concentration transport
oC oC —

with:
Air concentration at saturation:

C,y = 0.560F 0105 for ’}g—m <1,
’ S

by,

S

C, = 0.75sin 0% for 72> 1

with Fy g = quw/+/g cos 0k3

Onset of air entrainment:
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my =0 if x < x; with z; = ks (tgi?gksFB,gw)

mr=1ifz > x;

Correction of uneven velocity profile:

1 hpr hm

2 MmT  UbN2  fm
Pxax = 3 (hm —7")2 (m) + hm _Tpedge

where peqge and gzb are determined experimentally.
m

Despite of these promising results, the required Manning coefficient of the external friction
factor over the step faces (in Eq. 18.7) is too large. Therefore, an improvement of the modeling
of the head loss mechanism still need to be studied.

20.2 Perspectives

The good compromise between the promising results and time-efficiency of this simplified
1D-approach of the quasi-2D model of aerated flow over stepped chute opens to a list of
perspectives to improve the modeling of the energy dissipation process and to generalize the
model for any macro-roughness system.

Onset of a 2D-approach

The effect of the internal jet transverse to the mean flow seems significant in the energy dis-
sipation process for transition and skimming flow regime (see Part IV, Chapter 16.3). In
addition, the non-hydrostatic pressure distribution may be essential to explain the mixture
flow behaviour to explain the narrowing and widening of the flow depth along the steps. How-
ever, these relevant parameters have not yet been investigated in the experimental studies. In
order not to fall in the difficulties encountered by a 2DV or 3D numerical models, a suggested
compromise is to implement in the present model a vertical component of the velocity wp,,
in the mass and momentum balance. In the same way as for wu,,, w,, distribution can be
represented by a simple schematic profile different below and above the pseudo-bottom and
based on the visual observations.

The goal will be thus to express the vertical component as a function of the local angle be-
tween the topography and the pseudo-bottom as well as of the longitudinal velocity. The
implementation of this component in the momentum equation which is developed for both x
and z axis results in an additional pressure to the hydrostatic term.

Additional elements of validation
In order to control the inner behaviour of the aerated flow, the distribution of the pressure
on the vertical and horizontal step faces could be compared with the experimental results of
the 30° flume of LCH-EPFL and with the values provided by Sanchez-Juny et al. (2000) for
a 51.3° stepped flume.

The computed flow characteristics will also be compared with experimental results of the
flatter slope (8 = 18.6°).
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Finally the numerical model has to be tested for different bottom topography such as steps
equipped with endsills and steps equipped with blocks. It would allow the effect of shape and
spatial pattern of the macro-roughness elements on the energy dissipation inner mechanism
to be investigated.

Extension to prototype
In order to provide useful tool for engineer, the model would have to be tested for prototype
cases. One of the goal would be to replace the detailed topography with an equivalent smooth
slope in the momentum equation. In this case, the loss terms would not be implemented by
the Manning relation but by two terms:

e A friction loss term represented by the Chezy equation. The global friction factor would
include the external friction on the bottom and the internal friction on the pseudo-
bottom due to the recirculating cells, function on the slope and on the mean flow velocity,

e A drag force term with a drag coefficient function of the macro-roughness dimensionless
parameter (see Part IV, Chapter 16.3) which takes into account the macro-roughness
element relative height, shape as well as the transverse and longitudinal relative space
between the elements.
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Uncontrolled overtopping during flood events can represent a real danger for embankment
dam safety. Erosion of the downstream slope and scouring at its base caused by the high
velocity and energy of the flow can lead to breach formation and complete failure for long
duration events.

Within this context and faced with the large number of overtopped embankment dams left
un-rehabilitated, researchers have investigated surface protection solutions for downstream
slopes. Tests showed that protection systems against erosion, such as seeded Goetextile or
cable-tied cellular concrete blocks, are insufficient since they can resist only short events with
a unit discharge of up to 3 m?/s or a velocity of up to 9 m/s. Solution to survive more severe
events consists in overlays which dissipate flow energy along the downstream slope. Conven-
tional steps resulting from RCC techniques fulfill efficiently this challenge.

Flows over steep stepped chutes are quite complex, characterized by great aeration, high
turbulence and a confused irregular wavy free surface. Consequently, most hydraulic studies of
such flows are performed in physical models. However, a better description of flow behaviour
as well as a more accurate approach to estimate energy dissipation are still needed to provide
general guidelines for hydraulics of aerated flows over stepped macro-roughness chutes and for
the design of optimal protective overlays.

As a contribution to this challenge, experimental study of flow over stepped chutes equipped
with macro-roughness elements in a 8 m long, 0.5 m wide gated flume has been performed
for a mild 30° (~ 1.7H : 1V) and a weak 18.6° (~ 3H : 1V') slopes, representing the range of
typical embankment dams and spillways slopes.

Three types of stepped macro-roughness overlays have been investigated, namely conven-
tional steps, steps equipped with endsills over the whole width of the flume and steps equipped
with spaced rectangular blocks. Endsill overlays were characterized by different longitudinal
distribution ratios z,/xs (where z; and z, are respectively the longitudinal spacing between
two steps or two endsills), whereas block overlays were tested for different transverse patterns
er /by (where e, is the transverse spacing between two blocks of width b,). Both endsills and
blocks present the same height h, = %hs (with hs the step height) since previous studies
showed that the height is not the relevant parameter regarding energy dissipation efficiency.

Counsidering step heights commonly found on prototypes, the physical model represents
a scaling ration of to 1/5 to 1/15 with Froude similarity, and thus involves negligible scale
effects. Tests were conducted for unit discharges of up to 0.28 m?/s, that encompassed the
nappe, transition and skimming flow regimes.

Flow depth, local air concentration and longitudinal velocities were measured with a double
fiber-optical probe. Pressures at the macro-roughness faces were recorded with piezo-resistive
sensors. A stilling basin was constructed at the base of the flume to estimate global residual
energy by measuring jump sequent depths with ultrasound sensors. Experiments were aimed
at understanding and defining aerated flow behaviour over conventional steps and at assessing
the influence of additional macro-roughness elements (endsills and blocks).

The work focused particularly on:

e self-aeration process (onset of air entrainment, vertical distribution of air concentration,
concentration at saturation),

e flow regimes (onset of regimes and macro-turbulent structures),
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e flow layers with the concept of homogeneous aerated flow,

e flow velocities (mean velocity, vertical distribution, kinetic energy and momentum cor-
recting coefficients),

e validation of an indirect method for energy dissipation estimation,

e energy dissipation mechanism (sources of head loss, relevance of drag form effect caused
by macro-roughness, residual energy estimation)

e energy dissipation efficiency of stepped macro-roughness overlays.

Based on the discharges and slopes, the results lead to guidelines for the design of dis-
sipative systems consisting of conventional steps equipped with additional macro-roughness
elements. However, experimental results remain limited to their tested domain.

To provide more general governing equations for aerated flows over macro-roughness stepped
chutes, a numerical modeling of two phase flows over conventional steps was investigated in
collaboration with the Laboratory of Applied Hydrodynamic and Hydraulic Constructions at
the University of Liége. A quasi-2D numerical model based on the finite volume method was
developed. It consists of applying the classical depth-averaged simplified Navier-Stokes equa-
tions (viscosity and Coriolis terms neglected) to a 1D incompressible air-water mixture flow
over mild and steep slopes with a stepped topography.

The self-aeration process is modeled by a transport equation of depth-averaged air concen-
tration whereas turbulent structures such as internal jets and recirculating cells for transition
and skimming regimes are implemented using the Boussinesq correction coefficient. The latter
represents the non uniform vertical velocity distribution.

This theoretical description of aerated flow over steps, tested for the 30° gated stepped
flume of LCH-EPFL and the 52° crested spillway laboratory model of HACH-Ulg, yields real-
istic predictions of mixture depth, mean flow velocity, air concentration and wave amplitudes
of the flow free surface. Despite these promising results, an improvement of the drag form
influence caused by the steps could be achieved by implementing a vertical velocity component.

Finally, on the basis of existing protection systems of embankment dams and on results
from previous studies of flows over conventional stepped flumes, the present experimental
and numerical investigations result in hydraulic relationships for the main flow characteristics
(depth, air concentration, velocity, relative energy loss) under uniform flow conditions. First
hand guidelines for optimisation of the design of stepped macro-roughness overlays have to be
developed.
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Chapter 22

Empirical relationships and
characteristics of aerated flows over
steps with macro-roughness elements
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Notations are given in the list of symbols at the beginning of the document. To be
simplified, please note that in the following:

m=0: conventional steps

m—1/2: every second step equipped with an endsill
m=1: every step equipped with an endsill

m=4: spaced blocks

m=>5: aligned blocks

m=6: close-packed blocks

Flow characteristics

Flow regimes

& Structure

The nappe, transition and skimming flow regimes that can be observed for conventional
steps are also well-distinguished for steps with endsills or blocks. The main macro-structures
characterizing both nappe (air cavity, jet impact and deflection) and skimming regimes (re-
circulating cells, internal transverse jet) are similar for all overlays. However, block overlays
lead to an increase of the 3-D pattern of recirculating cells and create a series of transverse
jets between two blocks.

& Onset
Alternating endsills and blocks modify the onset of transition and skimming regimes.

For 18.6° < # < 30° and m=0, m=1/2, m=1, onset of flow regimes is given by:

— Transition flow:

he  (0.743Y (hs —0.244 o)
hS B 77m lS '
— Skimming flow:
he hy\ 0364

where 7,, = 1 for m=0 and n,, = —Inm+1for 0 <m <1

For m—=4 and m=>5 and 6 = 30°:

— Transition flow:

hc hs —0.244
= 05257 (22.3)
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— Skimming flow:

—0.364
he _ o 7760 (22.4)

& Remarks

1. Onset of transition and skimming flow regimes do not only represent visual criteria but
also they can be observed in the behaviour of air concentration and velocity profiles as
well as in the frequency spectra of pressures at the step faces.

2. Depth, air concentration, velocity and pressure behaviours for the skimming regime can
be divided into

e an established skimming flow from the onset up to discharges where %‘é <2

e a well-developed skimming flow for %‘1 > 2 when drag form effect are mainly

cushioned by the large skimming layer

with h* = hg for m=0 and m=1 and h* = hg + h, for m=1/2.

Self-aeration model

& Self-aeration mechanism
For nappe flow regime, air is mainly entrained at the plunging point where the nappe is broken
or when a hydraulic jump is developed.

For transition and skimming regimes, self-aeration is initiated at the free surface: air bub-
bles are trapped at the flow surface when turbulent forces overcome surface tension and bubble
rise velocity.

& Onset of air entrainment

For both the 18.6° and the 30° slopes, as compared to equivalent smooth chutes, the
increased roughness is due to macro-roughness elements (steps and endsills). These displace
the onset of air entrainment closer to the crest chute. This reduces the reach of the dam slope
prone to cavitation.

For slopes equipped with conventional steps, a good approximation of the longitudinal
location of the point of inception is given by :

Li 8.0 —0.730

— = F 22.5

ks tan@ ™’ (22:5)
For well developed skimming flow, the two overlays m = 1/2 and m = 4 lead to a displacement

of the point of inception upstream.

& Mean air concentration
Mean air concentration depends on flow regimes:

e For F,y < 4, mean air at saturation C, decreases exponentially from nappe flow to
established skimming flow:
C,=AF} (22.6)

*,0%

with
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m=0,m=1= A=0.55 b=0.12
m=1/2 = A=0.62,b=0.16

e For F,y > 4 (well developed skimming flow) mean air concentration becomes indepen-
dent of discharge and depends principally on the equivalent pseudo-bottom slope:

C, = 0.81sin#2%! (22.7)

where Fy g, = qu/+/gcos 0.k3.
For m =0 and m = 1, h, = hs, k. = ks and 0, = 6 = 30° whereas for m = 1/2, h, = hs+ h;,
ke = ks + k, and 0, = 33.3° .

& Vertical air concentration distribution

The shape of the profile follows the same behaviour regardless of endsill configurations and
flow regions.

For nappe flow regime, profiles are predicted by the exponential relationship experimentally
established by [Chanson & Toombes (2001b)]:

o(z) = K [1 — exp ( - Azim))] (22.8)

where K3 and A depend on the mean air concentration C: K3 = 0.9 ) and

1 —exp(—
C=Ky— 33

For transition and skimming flow regimes, the homogeneous portion of the aerated flow is
accurately described by the ADM profile (advective air bubbles diffusion models) developed
by Chanson (2000):

Z
c(z) = 1 — tanh? (K’ - 2Zl9)°,> (22.9)

with K’ = arctanh(v/0.1) + [1/(2D")] and C, = 2D’ [tanh (arctanh(\/O.l) + 211),> - \/0.1] .

$ Air concentration boundary layer

e For m = 0, the vertical distribution of the air concentration indicates the presence of a
boundary layer in the portion of the flow below z/Zgy = Hgy = 0.25, for all discharges
during transition and skimming regimes.

e For m =1, results are similar and endsills have no effect on this inner layer of the flow.

e m = 1/2 provides a thicker air concentration boundary layer: Hgy < 0.3 — 0.35.

Mixture flow layers

& Free surface
The shape of the free surface reflects the drag form effects caused by macro-roughness:

e Narrowing at the separation zone between recirculating cells and internal jet or between
two recirculating cells. It is located just upstream of the step outer corner.
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e Widening at the place where the internal jet is entrained by the skimming layer, then
at the inner step corner.

These effects are cushioned for well developed skimming flow. As a result, the free surface
becomes smoother.

For nappe and transition flows, rollwaves are observed for all overlays. These instabilities
have a frequency of about 1 Hz and a maximale amplitude 3 to 3.5 times the mean mixture
flow depth.

& Mizture flow depth
The addition of endsills and blocks results in an increase of mixture flow depth of about

ES%“) Z90,m=o for transition and skimming flows and of about 2 times for nappe flow.

A longitudinal space z, larger than 2z between two endsills lead to a high instability of
the free surface with local elevations 3 to 3.5 higher than the mean depth.

For 18.6° < 0 < 30°, for the three flow regimes, mixture flow depth in uniform region can
be estimated by:

® M = 0: Z
St = 0.580F0F <! (22.10)
S
e m=1/2and m=1:
Z 30.
ZO,U — AF*?:;)GCOSG (2211)
S
with:
m=1/2 = A=1.109
m=1 = A=1.030
e m=4, 5, 6:
Z
Zo,u _ 0.942};197951 cos f (22.12)
S

& Recommendations on side wall design

Irregular wavy free surface flow , spray and water drops ejections should be considered in
the design of the side wall height hg.

According to Boes & Minor (2000), for conventional steps:

ha = nZgo,u (22.13)

with n = 1.2 for concrete dams and 1 = 1.5 for embankment dams.
To take into account rollwaves it may be suggested for embankment dams under nappe flow
conditions to increase the safety factor to 3 for all tested stepped macro-roughness overlays:

ha = 3Z90,u (22.14)
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with Zgp, estimated according to Equations 22.10, 22.11, 22.12.

& Flow layers
Above the pseudo-bottom defined by the steps outer edges (m=0), the endsills (m=1/2,
m=1) or the blocks (m=4, 5, 6), the mixture flow depth can be divided into 2 layers:

1. A homogeneous aerated layer which corresponds to a mass of water which transports air
bubbles.
This layer is characterized by an air concentration lower than 0.7 and air bubble size
lower than 20 mm. Homogeneous flow depth can be accurately derived based on the
probability density function of the local air concentration signal f(c) and on an inter-
mittence parameter Tj,; = f00'7 f(e)dc according to Cain (1978) and Falvey (1980). This
depth can be approximated by the depth at 70 % of air concentration.

Particularly this part of the aerated flow is involved in the momentum transport, mass
continuity and energy dissipation processes.

2. Free surface aerated layer, which mainly consists in a mass of air that is trapped between
splashing waves, rollwaves and a mass of water droplets and spray ejections. Herein, air
content is higher than 70 %.

Flow velocity

& Vertical distribution

Similar to flow over gravel, skimming flow over stepped macro-roughness overlays is char-
acterized by two layers above the pseudo-bottom formed by the steps (m=0) or endsills (m=1,
m=1/2) outer edges:

1. The rough boundary layer or lower layer in the portion 0 < z/Zgy = Hgo < Hpjmit
which is influenced by shear stress and overall form effects due to the steps.
For IIIZO, Hlimit =0.25
For m—1 and m—1/2, above the endsills outer edges, Hyjyir = 0.20
For m=1/2, above the steps outer edges, Hjjpis = 0.30

Herein, the flow experiments a logarithmic velocity profile.

2. The upper layer which depends on the surface velocity.
For Hijpmir < Hgp < 0.95 the flow, quasi-parallel to the pseudo-bottom, follows a power
law. For Hgg > 0.95, velocity remains constant and then Ugy = 1.
For skimming flow and # = 30°, in the uniform region, velocity profiles in between
Hyjmir < Hgp < 0.95 are given by:

e Form=0 m=1:
Ugo = 1.OLHYY (22.15)

with for 1.7 < F, g < 7.5, N = % and for F, g > 7.5 N = 3.9.
x,0
e Form=1/2:
— above endsills outer edges
Ugo = 1.0LHY® (22.16)
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— above step outer edges
Ugo = 1.024/ Hyg (22.17)

& Mean velocity

For m = 0 and m = 1, mean velocities are quite identical, showing that there is no
substantial influence of endsills.

However, for m = 1/2, the mean velocity at the step outer edge is smaller. This results
from the important separation zone between 2 consecutive recirculating cells near the step
outer edge, and from the change of slope between one step with endsill and the consecutive
one without endsill.

& Coriolis and Boussinesq coefficients

To take into account the non-uniform velocity distribution, kinetic energy and momentum
correction coefficients have been computed accounting for air influence. This leads to the
following results:

‘ Pzz,m ‘ A

Nappe flow
m=0 1.15 | 1.30
m=1/2, m=1 1.05 | 1.15
Transition flow
m=0, m=1 1.11 | 1.25

m=1/2 1.05 | 1.15
Skimming flow
m=0 1.08 | 1.16
m=1/2 1.05 | 1.10
m=1 1.07 | 1.14

Table 22.1: Empirical values of Boussinesq (py4,m) and Coriolis (v, ) correction coefficients
for aerated flow over the 30° chute in the uniform region

For skimming flow, coefficients are similar to classical values for torrents [Kolupaila (1956)].

Energy dissipation efficiency

& Source of dissipation

For stepped macro-roughness overlays, the relevant sources of energy dissipation are the
drag caused by the steps and the additional endsills or blocks. Head losses can be divided
into:

e A friction term mainly caused by the shear stress at the step faces under the recir-
culating cells but also under the internal jet on the end of step/endsill/block horizontal
face.

e A drag term caused by:

— internal jet at the step or endsill or block outer edge transverse to the mean flow,
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— separation zone at the interface recirculating cells/internal jet (m=0), and between
two recirculating cells (m=1/2, m=4),

— broken slope from one step equipped with endsill to the following conventional steps
(m=1/2, m=4) which creates narrowing and widening of the skimming layer,

— transverse contraction jets and wakes created by the blocks (m=4).

This drag term increases substantially the energy dissipation rate and has a large con-
tribution to the total head loss. This is the dominant head loss.

& Dimensionless head loss parameter
A dimensionless parameter that characterizes the different head loss contributions is de-
fined as: 5 5 ) -
Er s T s T br
b Yo T Tt
where h,, is the effective additional depth caused by the macro-roughness elements: hA,x =0
for m=0 and m=1, h,* = h, for the other overlays. Nx is the number of conventional steps

following a step equipped with endsill or with block.

(22.18)

I1,,, includes the influence of the mean slope (hs/xy), a broken slope effect due to alternate
endsills or blocks longitudinal distribution (h, * /x,), internal transverse jet and separation
zone influences (1/Nx), destruction of the separation zone on the horizontal face ((Is —I;)/ls)
and finally a contraction effect (e, /b, ).

As a consequence, it appears inaccurate to represent head losses by Darcy-Weisbach or
Colebrook-White laws. It might be more realistic to use a dissipation or head loss coefficient

2
&, such as: Hy — H, = é’u—% with U’ the homogeneous flow longitudinal mean velocity and
fu = ¢<Hma %7 07 F*,t‘)) :
S

& Residual energy at base of chutes
Based on results for § = 30° and under uniform flow conditions, residual energy is given
by the following equations.

e For 2D stepped overlays: m—0, m—1 and m—1/2

H II,, tan 6 h
e 22.1
Hy 0 P ( N5h5> (22.19)

with:

m=1/2 = A, = 18.45
m=0 = A, =2526
m=1 = A, =31.03

e For 3D stepped overlays: m=4, m=5, m=6

H,
Hy

bm
= 10B/I1,, tan 6 (Nh; ) (22.20)

sies

with:
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m=4= b, =1212
m="5 = by, =1.131
m=6= by, =1.094

According to Boes & Hager (2003b), the minimum relative crested dam height Hp,, re-
quired for uniform flow over conventional steps is given by:

Hp .
% ~ 24(sin §)%/3. (22.21)
c

In the flow developing region, drag form effects caused by macro-roughness are the same as
in uniform region. In addition, mean air concentration is lower than the air concentration in
uniform region. Since air tends to reduce friction and drag coefficients, using Equations 22.19
or 22.20 for chutes that have not attained yet uniform flow might results in conservative design.

Simplified governing equations for aerated flow over conventional
mild and steep stepped slopes

Experimental and numerical work results in the following set of 1D depth-averaged equations.

1. Mass balance P 9
= (PmZm) + = (PmZmtm) =0

ot oz
2. Momentum balance
0 _ .0 . 0 0z .
—(memum)-i——(pmZmp;,x,;,mm,f)-l-—(gme,%1 €08 0)+pmg Zpm cos 00 — Pm9Zm Sin 04Ty,
ot oz or 2 oz

3. Friction term (only bottom and wall effects)

- 2
Prx,mUm

173
Rh

Toe = 9N Zpm (1 — C) iy

with Ry, = Z,, for wide chute and Rj, = ByZ,,/(By +2Z,,) for narrower flume of width
By.
4. Air concentration transport
oCc  __oC —
E + Uma—x = 0.25m[(C’ — Cu)

with:

e Air concentration at saturation:
C, given according to relationships, £q.22.6 and 22.7.

e Onset of air entrainment:
mr=0if z < L;
mr=1ifz > L;
with L; given by Eq. 22.5.
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e (Correction of uneven velocity profile:

1 Zpr
Pae = 3 (Zn —1)2

Zm

U,
( ° )2 + mpedge

Um

where peqge is given by Table 22.1 and 2b. are determined experimentally.
m
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Chapter 23

Methods for energy dissipation
estimation
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Based on a comparison of different methods for residual energy estimation for m=0, m=1/2
and m=1, it is suggested that:

1. Equivalent clear water flow characteristics lead to over-estimated residual energy for
developed skimming flow (Fi g > 4).

2. Residual energy computed based on friction coefficient according to Equation 15.5 (Part IV)
[Chanson (1994b)| leads to an under-estimation which over-estimates the energy dissi-
pation rate.

3. Homogeneously aerated flow is the portion of flow which is effectively involved in the
dissipation mechanism.

4. Accuracy of energy dissipation estimated from hydraulic jump methods depends strongly
upon the position of the jump. To be accurate, the upstream front of the jump has to
be located at the cross section where the plunging flow reaches the horizontal bottom of
the stilling bassin.

5. Residual energy derived from hydraulic jump method (H,1) has to be corrected by a
correction factor equal to 1.15 such as:

H, = 1.15H,, (23.1)
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Chapter 24

Optimal tested overlays
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Criteria for an optimal stepped macro-roughness overlay

Main criteria used to evaluate the efficiency of stepped macro-roughness overlays are as follows:

1.

Minimum residual flow energy at the toe of the chute, thus, maximum energy dissipation
efficiency.
Regarding design, it diminishes the size of the stilling basin at the base of the chute.

. Minimum swelling of mixture flow depth and minimisation of free surface instabilities.

Regarding design, it would limit the size of the side walls.

. Limitation of pressure fluctuations as well as of negative and positive extremes.

Regarding design, stability of the macro-roughness elements must be assured by avoiding
large hydrodynamic loads. Their fatigue, which depends on frequencies of peaks of
pressure, must be limited. Cavitation caused by large negative pressures has to be
avoided.

Location of inception point as close as possible to the dam or spillway crest to reduce
the reach of the downstream slope prone to cavitation.

. Reduction of duration of the transition regime.

During this regime, recirculating cells which contribute to head losses are not developed
and some steps can be inefficient regarding energy dissipation. In addition the free
surface presents a significant wavy pattern during this regime for steps with alternating
endsills.

. Realism and simplicity of the macro-roughness elements.

Environmental integration.

Optimal stepped macro-roughness overlay

Based on these criteria, a summary of tested stepped macro-roughness overlays are given
in Figure 24.1. Results indicate that among the tested overlays, the optimal protection
against erosion of downstream slope and scouring of the structure base corresponds to spaced
alternate blocks (m=4) fixed at the end of horizontal steps face.

As an example, for a 1:10 scaled prototype, the steps are 1.04 m length, 0.6 m high and
50 m width. Rectangular blocks of height equal to 1/2hs = 0.3 m, 0.5 m width and 0.26 m
long are fixed at the horizontal step outer edge with a transversal spacing equal to 0.75 m
(er/b, = 1.5). Blocks have an alternate pattern along the slope. Against the side wall, half
blocks can be fixed each two steps. For g, = 7.6 m?/s (maximum tested unit discharge) or
F,p = 6.95, this overlay dissipates 76.5 % of the initial energy at the crest of dam.
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Based on the present results several further investigations and developments could be
performed to improve and extend the general knowledge of aerated flows over stepped chutes
with macro-roughness.

Experimental tests

With respect to flow regimes, flow depth, pressures and overall energy dissipation, the tested
blocks systems appear as a promising solution for embankment dams protection. Experimental
tests have concerned a sensitivity study on transverse space e, between two blocks (of width
b, and height h, and longitudinal space z,) and thus on contraction effect.

In order to provide more general definition of hydraulics of flow over this type of overlays
and to optimize the blocks pattern it would be of interest to assess other relevant parameters
such as e, /by, hy /by, hy/zy, hy/hs With hg the step height.

Another way to increase the drag form could be to add a reverse slope on each step. In
fact, this slope at the horizontal face may contribute to increase the deflection and then the
zone of influence of the transverse internal jet. It would be then interesting to estimate the
effect of the reverse slope angle on residual energy. Note that the important transverse jet
developed at the reverse slope outer edge might have a negative consequence regarding flow
depth.

Velocity measurements

Visual observations, velocity measurements and numerical tests have highlighted the non
negligible vertical component of the flow velocity in the rough boundary layer. This parameter
can not be measured with Fiber-optical probe. For this reason, a Particule Image Velocimetry
(PIV) instrumentation which measures the 3D component of flow velocity without intrusion
could be interested to adapt for aerated flow.

Jetbox influence

During preliminary tests concerning jetbox, it was shown that in the uniform regions, air
concentration and energy dissipation are independent of the jetbox opening. However, this is
not the case upstream of inception point and in developing flow region.

Hager & Boes (2000) established relevant backwater and drawdown curves for conventional
stepped spillways in order to extrapolate results from gated flumes to crested spillways. How-
ever, this development assumes that the jetbox has no effect on the turbulent boundary layer
and consequently on self aeration process. It would be interesting to verify this assumption
by comparing the longitudinal variation of the velocity and air concentration profiles around
the inception point and down to the uniform region for jetbox and crested equivalent flumes
with same slope and steps.

Cavitation and fatigue of macro-roughness elements

Cavitation is a local mechanism caused by a drastic local change of pressure. However, previous
results on cavitation risk are based on air concentration measurements. In addition, because
of the fragile instrumentation such as optical or resistive probes, measurements are taken
at least at 1 mm above the bottom which seems quite approximative to draw conclusions
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about cavitation prediction. Therefore it would be more accurate to estimate risk of onset of
cavitation using pressure measurements.

In fact, in the uniform region where the pressure measurements have been done, the lowest
cavitation index was estimated at about 10 which is pretty large compared to the classical
threshold for incipient cavitation [Falvey (1990)]. It would then be more relevant to measure
pressures in the reach upstream of the inception point to determine the drop of pressures in
the sensitive zone such as downstream of steps, endsill or block and also at the zone where
wakes and separation zones can occurred.

For design interest, in addition to cavitation, fatigue of macro-roughness element is a
relevant information to estimate their resistance for long duration flood events. Statics analysis
of frequency and time distribution of pressure peaks could indicate the repetitive load on the
steps, endsills or blocks faces and then highlight the fragile zones.

Assessment on dissipation coefficient

It was seen that global dissipation coefficient £, which includes friction and drag terms can
be derived from residual energy when uniform conditions are attained at the toe of the chute.

In order to derive this coefficient in any flow regions, pressure measurements can be ex-
tended to estimate the surface forces (F}, on the horizontal face and F, on the vertical face)
applied on a control volume (see Fig. 24.2). Since air concentration and velocity profiles can
be measured at upstream and downstream cross sections of this volume, dissipation term and
thus dissipation coefficient can be computed from the momentum equation in the longitudinal
axis.

Fh nf/‘o/ //

Figure 24.2: Definition of a control volume along the slope

Environmental integration

Blocks and endsills overlays have been tested for clean flows. Their behaviour for flows with
sediments or floating debris has to be tested. This will verify if there is a risk of overload on
the macro-roughness elements or of obstruction of step cavity, which might reduce significantly
the energy dissipation efficiency and endanger the stability of the overlay.
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Vertical distribution of pressure

All the existing results on flows over stepped chutes assume a hydrostatic pressure distribution.
It was seen that is not the case. Since measurements of pressures in the water depth seem
difficultly feasible, vertical non-hydrostatic profile can be assessed with the improvement of
the quasi-2D numerical model of flows over conventional steps.

In order not to fall in the difficulties encountered by a 2D vertical or 3D numerical model,
a suggested compromise is to implement in the present model a vertical component of the
velocity wy,, in the mass and momentum balance. This implementation of wy, in the momen-
tum equation applied for both z and z axis might result to an additional pressure term to the
hydrostatic distribution.
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A.1 Conventional steps (m=0) - 30° slopping chute

The characteristics of the effective homogeneous flow, according to the intermittence approach
(section 13.2, Part IV) are represented in the table A.1.

Regime | g, (m?/s) | Fo (-) | 2’ (m) | C" () | U" (w/s) | )y (m?/s) | 3% (%)
T 0.0606 | 5.5 [0.0308 [ 0.383 [ 3.40 0.0629 -4
SF 0.0807 | 4.3 [0.0363 | 0.363 | 3.59 0.0809 0
SF 0.1205 | 4.3 [0.0502 | 0.369 | 3.95 0.1219 -1
SF 0.1603 | 4.1 [0.0559 | 0.354 | 4.25 0.1491 7
SF 0.2004 | 4.1 [0.0608 | 0.357 | 4.33 0.1633 18
SF 0.2416 | 4.1 | 0.0657 | 0.352 | 457 0.1873 22

Table A.1: Characteristics of the effective homogeneous bubbly flow in the fully developed
region, for skimming flow over conventional stepped chute

A.2 All steps with endsills (m=1) - 30° slopping chute

The characteristics of the effective homogeneous flow, according to the intermittence approach
(section 13.2, Part IV) are represented in the table A.2.

Regime | ¢, (m?/s) | Fo () | 2/ () | €' () | U (w/s) | gy (m2/s) | 2% (%)
T 0.0402 5.3 0.0257 | 0.379 2.912 0.0447 -11
SF 0.0806 4.6 0.0360 | 0.334 3.44 0.0797
SF 0.1205 4.2 0.0458 | 0.346 3.93 0.113
SF 0.1607 4.4 0.0509 | 0.322 4.21 0.1404 12
SF 0.2338 4.2 0.0640 | 0.320 4.64 0.1952 16

Table A.2: Characteristics of the effective homogeneous bubbly flow in the fully developed
region, for skimming flow over conventional stepped chute
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chutes
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In order to be able to compare the efficiency of the macro-roughness lining tested, the
characteristics of the flow over an equivalent smooth chute of 18.6° and 30° slopes had been
assessed. The calculations are lead on a computational program developed by Falvey (1990)
for engineers to calculate the hydraulic and cavitation properties of free water surface flows.

This appendix does not intend to give a detail of the calculation which is described in the
Monograph 42, but to give the basic equations used in program.

B.1 Basic equations

Flume geometry

The flume geometry computed consists in a rectangular section, 8 m long, 0.5 m width flume
with a 18.6° and 30° slopes. The incoming flow is controlled by both the water discharge and
the flow depth imposed by the jetbox. The roughness of the bottom is fixed at k = 0.05mm
to represent the aluminium smooth bottom. The slope had been modeling down to the toe of
the flume and 10 cross sections permit to control the evolution of the flow properties.

Modeling

The water surface profile is based on the standard step method [Chow (1959)], including air
entrainment. It assumes gradually varied flow in a uniform channel with friction factor lower
than 0.115 and correction terms to take into account steep slope. The used algorithms are
compiled in Microsoft-Fortran.

Friction factor :
The friction losses are based on the Darcy-Weisbach friction factor relation defined as:

_ U
St = 152 (B.1)

where Sy = Ey/L is the friction slope with E; the head loss due to friction over the
length L, Ry the hydraulic radius and U,, the equivalent clear-water flow mean velocity.
The friction factor (f) is determined from the Colebrook-White equation for open chan-
nel flow, Eq. B.2:

k 2.5

1
V7~ 2 R, 7

where R, = 4R,U, /v is the Reynolds number with » =the kinematics viscosity .

(B.2)

Pressure distribution :
Because the flow is over steep slope, the assumption of a hydrostatic pressure distribution
is no longer accurate. In order to correct the hydrostatic term, the wall pressure head
(Ewan) at a flow of depth Z,, is given by Equation B.3:
Eyu = Zmcos© (B.3)

where ©=chute slope.
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Froude number for steep slope :
To take into account of the steep slopping chute, the Froude number (Fg) is given by:

VaU,
Fo=———— B4
© 9Zyyc0s0O (B-4)

where a = ﬁ fOA(ui,dAi) is the kinetic energy correction factor due to the non uniform
w

velocity distribution and 1.0 < a < 1.1, Z,,=the clear-water depth, A=the cross section
area , u,=the local longitudinal equivalent clear-water flow velocity at any depth z .

Air entrainment :
In order to estimate the characteristics of the mixture air-water flow, an air concentration
empirical model is included in the program as soon as air entrainment is initiated (when
the boundary layer thickness equals the flow depth). It is given by Equation B.5 from

Falvey (1980):
o
C = 0.05Fr — 7°6‘°‘§”@ (B.5)

where E = (gpyZ2)/e=the E6tvos number with p,, the density of the water and e the
interfacial surface tension.

The mean air concentration in the uniform region (C),) had also been compared with
the empirical formula of Hager (1991), Equation B.6:

C, = 0.755in0% ™ (B.6)

which highlights that the saturated air concentration (i.e the mean air concentration in
the uniform region) is only affected by the slopping chute.

B.2 Flow characteristics

Under its assumptions, the program provides good approximation of the mixture flow and clear
water hydraulic parameters as well as cavitation properties which are not exploited in the the-
sis context. In the following Figure B.1, the mean air concentration, mixture depth, mixture
velocity and relative energy dissipation are represented for the aerated flow over smooth 18.6°
and 30° slopping chutes, in the uniform region. These curves would be the basis to compare
the effect of macro-roughness linings on the hydraulic of the aerated flow.

For all the tested discharges, at the toe of the chute, the results on the mixture and
clear water depths which kept constant at the downstream cross-sections show that the quasi-
uniform region (or namely the fully developed region) is attained. However, it appears that
with this computational program, the main air concentration decreases continuously with the
increasing of the discharge though the Hager formula Eq. B.6 or the Straub & Anderson
(1958) experimental results concluded that for steep smooth slopes, air concentration is only
depending on © in the uniform region.

It is also to notice that the air entrainment is less important for smaller slope which was
expected since the velocity and turbulence forces are lower. Finally whatever the discharges,
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the energy dissipation is less efficient with smaller slope: this tendency is different for slope
equipped with macro-roughness overlays which comforts the fact that the energy dissipation
process for flow over macro-roughness is not only the fact of friction head loss.

. Mean air concentration Mixture depth
. = 0.06
A 30° slopping smooth chute [Falvey 1990] 4 30° slopping smooth chute - [Falvey 1990]
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Figure B.1: Evolution of the flow characteristics (mean air concentration, mixture depth,
mixture velocity, energy dissipation rate) at the toe of the 18.6° and a 30° smooth chutes
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