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Preface

Stepped spillways have been built since several decades in combination with roller
compacted concrete dams. More recently stepped spillways are also excavated into rock along
the abutments of embankment dams. According to the prevailing topography these stepped
spillways are designed with variable step heights and slope changes along the channel.

In his research project Dr Mohammad Javad Ostad Mirza studied for the first time
systematically with laboratory tests the influence of abrupt slope changes on the flow
characteristics over stepped spillways. The air-water flow behaviour was studied in detail at
several cross-sections along the chute, upstream and downstream of the slope change by
measuring the evolution of water surface based on the equivalent clear water depth, flow
bulking, flow velocities and air concentration profiles. Furthermore, dynamic pressures were
measured on both vertical and horizontal faces at several steps in the vicinity and far
downstream of the slope change.

The systematic experiments give new insights in the flow characteristics over stepped
spillways in the vicinity of slope changes, which is helpful for practical applications.

We would like to thank the members of the jury, Prof. Dr. Alain Nussbaumer, EPF
Lausanne, Switzerland, Prof. Daniel Bung from FH Aachen — University of Applied Sciences,
Prof. Jodo Teixeira Borges from IST, Universidade de Lisboa, Portugal and Dr. Stéphanie
André from Stucky SA, Renens, Switzerland for their helpful suggestions. Finally, we also
thank gratefully the Portuguese Foundation for Science and Technology (FCT) for their
financial support under grant SFRH/BD/51527/2011.

Prof. Dr. Anton J. Schleiss Prof. Dr. Jorge Matos






Abstract

Abstract

Numerous stepped spillways were built during the last decades, namely on the
downstream face of roller compacted concrete (RCC) dams. Application of stepped spillways
increases the energy dissipation rate along the spillway and may reduce the dimensions of the
terminal energy dissipation structure. This pronounced energy dissipation makes stepped chutes
attractive under various conditions, namely as service spillways on RCC gravity dams and on
valley flanks near earth dams. For both, in some cases, an abrupt slope change may be required
to be implemented on stepped chutes in order to follow the site topography and to minimize the
needed excavations and hence respective costs. An abrupt slope change along stepped spillways
can influence the flow properties such as the air entrainment, velocity and pressure distribution,
and the energy dissipation. A quite limited number of stepped spillways have been built with
an abrupt slope change, whereas no systematic scientific investigation for designing such type
of configuration has been conducted to date. Accordingly, comprehensive information on the
effect of an abrupt slope change on the flow features is missing.

Therefore, the present experimental research work aimed to examine the effect of an
abrupt slope change (from steep to mild) on the skimming flow features, by analysing the air
entrainment, flow bulking, velocity and dynamic pressure development and energy dissipation
along the stepped chute. Physical modelling was conducted in a relatively large scale facility
with slope changes from 50° to 18.6° (46=31.4°) and 50° to 30° (46=20°). Detailed air-water
flow measurements were conducted at several cross-sections (step edges) along the chute,
upstream and downstream of the slope change. In addition, dynamic pressure measurements
were obtained on both vertical and horizontal faces of several steps in the vicinity and far
downstream of slope change cross-section.

The results indicated a substantial influence of abrupt slope changes on the flow
properties for the tested range of relative critical depths (2.6 < &.//4 < 9.2), particularly in
comparison with typical results for constant sloping stepped spillway flows.

Four main local sub-regions have been found to describe the typical air-water flow

patterns in the vicinity and further downstream of the slope change, namely with regard to the
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mean (depth-averaged) air concentration, air concentration distribution, pseudo-bottom air
concentration, air-phase frequency and characteristic flow depths.

The length of the reach under the influence of the slope change was found to depend
mainly on the critical depth, regardless of the slope change and step height. Empirical formulae
were developed for predicting the mean air concentration and characteristic flow depths along
the reach under the influence of the slope change.

Velocity profiles and the specific energy are strongly affected, in the vicinity of the
slope change. The relative head loss corresponding to the reach under the influence of the slope
change was found to vary between 38% to 51%, for the tested range of relative critical depths
(2.6 < &J4/<4.6) and slope change configurations.

Mean, 95" and 5" percentiles, probability distribution and spectral contents of the
pressure signals were analysed. Mean pressures up to approximately 21 times the equivalent
clear water depth (approximately 13 times the step height) were observed on the horizontal step
faces in the vicinity of slope change cross-section for the tested range of relative critical depths
(2.6 < &4 /2<4.6). Negative values of the 5™ percentile of the pressure were found on the vertical
step faces, particularly in vicinity of the slope change. However, they were not expected to be
severe enough to cause cavitation.

In conclusion, for the first time, the influence of an abrupt slope change on skimming
flow properties on stepped spillways was investigated with systematic experiments on two
slope change configurations and for a wide range of relative critical flow depths. This thesis
report describes and discusses the achieved results mainly on the air entrainment and flow

bulking, velocity and dynamic pressure distributions, as well as the energy dissipation.

Keywords: Stepped spillways; Slope change; Skimming flow; Air entrainment; Air
concentration distribution; Air-phase frequency; Characteristic flow depths; Flow bulking;

Velocity distribution; Dynamic pressure distribution; Energy dissipation
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Résumé

Résumé

De nombreux coursier en marches d'escalier ont été construits au cours des derniéres
décennies, a savoir sur la face 1’aval de barrages en béton compacté au rouleau (BCR).
L’application de coursier en marches d'escalier augmente le taux de dissipation d'énergie sur
de I'évacuateur de crues et peut réduire les dimensions du dissipateur d'énergie aval. Cette
dissipation d'énergie prononcée rend les coursiers en marches d'escalier attrayants sous diverses
conditions, a savoir en tant que déversoirs sur les barrages-poids en BCR et sur les flancs de
vallée pour des digues en remblai. Pour ces deux situations, dans certains cas, un changement
de pente abrupte peut étre nécessaire pour suivre la topographie du site et minimiser les
excavations nécessaires et donc des codts respectifs. Le changement de pente abrupte sur les
coursiers en marches d'escalier peut influencer les propriétés d'écoulement tel que
l'entrainement d’air, la distribution de vitesses et de pressions, et la dissipation d'énergie. Un
nombre limité de coursiers en marches d'escalier ont été construits avec un changement de pente
abrupte, alors qu'aucune étude scientifique systématique pour la conception de ce type de
configuration n’a été réalisée a ce jour. Ainsi, des informations complétes sur I'effet d'un
changement de pente abrupte sur les caractéristiques d'écoulement sont manquantes.

Par conséquent, la présente recherche vise a examiner I'effet d'un changement de pente
abrupt sur les caractéristiques d’écoulement en mousse, en analysant I'entrainement d'‘air, le
gonflement de 1’écoulement, le développement de la vitesse et de la pression dynamique ainsi
que de la dissipation de I'énergie sur une rampe en gradin. La modélisation physique a été
réalisée dans un canal a relativement grand échelle avec des changements de pente de 50° &
18.6° (46 = 31.4°) et 50° a 30° (46 = 20°). Des mesures détaillées du débit air-eau ont été
effectuées a plusieurs sections transversales (au bord extérieur des marches) de la rampe, en
amont et en aval de la variation de pente. En outre, des mesures de pression dynamiques ont été
obtenues sur les faces verticales et horizontales de plusieurs marches dans le voisinage et loin
en aval du changement de pente.

Les résultats indiquent une influence substantielle des changements de pente abrupts

sur les propriétés de I'écoulement pour la gamme de profondeurs critiques relatives testée (2.6
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< &J/ < 9.2), en particulier en comparaison avec les résultats typiques d’écoulement sur
coursiers en marches d'escalier a pente constante.

Quatre principales sous-régions ont été definies pour décrire les régions d'écoulement
air-eau typiques a proximité et plus en aval de la variation de la pente, a savoir en ce qui
concerne la concentration d’air moyenne (moyenne sur la profondeur), la distribution de la
concentration de l'air, la concentration d’air au pseudo-fond, la fréquence de la phase d’air et
les profondeurs d'écoulement caractéristiques.

La longueur du troncon sous l'influence du changement de pente a été trouvée comme
dépendant principalement de la profondeur critique, quel que soit le changement de pente et de
la hauteur des marches. Des formules empiriques ont également été développées pour prédire
la concentration moyenne d’air et des profondeurs d'écoulement caractéristiques le long du
trongon sous l'influence de la variation de la pente.

Les profils de vitesse et I'énergie spécifique sont fortement affectés au voisinage de la
variation de pente. La perte de charge relative du trongon sous I'influence de la variation de la
pente s’avere varier entre 38% a 51%, pour la gamme de profondeurs critiques relatives testée
(2.6 < dd /1< 4.6) et les changements de pente testés.

La distribution de probabilité de la moyenne, des 95¢ et 5° centiles, et le contenu spectral
des signaux de pression ont été analysés. Des pressions moyennes jusqu'a approximativement
21 fois la profondeur équivalente de I'eau claire (approximativement 13 fois la hauteur de
marche) ont été observées sur les faces horizontales des marche a proximité du changement de
pente pour la gamme de profondeurs critiques relatives testée (2.6 < d//<4.6). Des
valeurs négatives du 5° centile de la pression ont été trouvées sur les faces verticales des
marches, en particulier dans le voisinage du changement de pente. Cependant, ils ne devraient
pas étre suffisamment importants pour provoquer de la cavitation.

En conclusion, pour la premiére fois, I'influence d'un changement de pente abrupte sur
les propriétés de I'écoulement en mousse sur coursiers en marches d'escalier a été étudiée avec
des expériences systématiques sur deux configurations de changement de pente et pour une
large gamme de profondeurs critiques relatives. Ce rapport de thése décrit et analyse les
résultats obtenus principalement sur I'entrainement d’air et le gonflement de 1’écoulement, la

vitesse et les distributions de pression dynamiques, ainsi que la dissipation d'énergie.

Mots-clés: Coursiers en marches d'escalier; Changement de pente; Ecoulement en mousse;
Entrainement d’air; Distribution de la concentration d'air; Fréquence de la phase d’air;
Profondeur caractéristique d'écoulement; Gonflement de 1’écoulement; Distribution de vitesse;

Distribution des pressions dynamiques; Dissipation d'énergie

Vi
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Resumo

Nas ultimas décadas foram construidos inimeros descarregadores de cheias em
degraus, nomeadamente no paramento de jusante de barragens de betdo compactado com
cilindros (BCC). A aplicacdo de descarregadores de cheias em degraus permite aumentar a
dissipagdo de energia ao longo do descarregador e, desta forma, reduzir as dimensdes da
estrutura de dissipacdo de energia localizada a jusante. A elevada dissipagdo de energia torna
este tipo de descarregadores de cheia atrativo em diversas condi¢des, como sejam em barragens
de BCC ou associados a barragens de aterro. Em alguns casos pode afigurar-se necessario
implementar uma variacdo do declive do descarregador, por forma a acompanhar a topografia
local e minimizar o volume a escavar e, assim, reduzir o custo da obra. Uma variacéo do declive
do descarregador em degraus conduz a alteracdo das caracteristicas do escoamento, como sejam
0 emulsionamento de ar, a distribuicdo de velocidades, o campo de pressdes hidrodindmicas
nos degraus, assim como a dissipacdo de energia. Embora em ndmero limitado, foram ja
contruidos alguns descarregadores de cheias em degraus com variagdo brusca de declive.
Contudo, ndo se conhecem trabalhos de investigacdo sistematicos que permitam estimar as
grandezas caracteristicas do escoamento ao longo do descarregador, assim como o0
dimensionamento hidraulico de descarregadores de cheias em degraus com mudanga de
declive.

O presente trabalho de investigacdo experimental tem como principal objetivo o estudo
do efeito de uma variacdo brusca (reducéo) do declive nas principais grandezas do escoamento
deslizante sobre turbilhdes, como a distribuicdo da concentracdo de ar, a distribuicdo de
velocidades, o campo de pressdes hidrodindmicas nos degraus, as alturas caracteristicas do
escoamento e o empolamento da veia liquida, bem como a dissipagéo de energia.

A modelacdo fisica foi conduzida numa instalacdo experimental de relativamente
grande dimenséo, com variagdes de angulo com a horizontal de 50° para 18.6° (416=31.4°), ou
de 50° para 30° (46=20°). Foram efetuadas medicdes da concentracdo de ar, velocidade do
escoamento, e alturas caracteristicas do escoamento de emulsdo ar-4gua nas verticais de
diversas secgdes transversais a partir das extremidades dos degraus, a montante e a jusante do

local de variacdo do declive. Foram igualmente efetuadas medi¢des de pressao hidrodindmica
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nas faces horizontais e verticais de varios degraus na vizinhanca da sec¢do de mudanca de
declive, bem como em alguns degraus localizados a jusante daquela secgéo.

Os resultados mostram que uma mudanca brusca do declive do descarregador conduz
a uma alteracdo significativa das grandezas principais do escoamento, no intervalo de alturas
criticas adimensionalizadas que foram objeto de estudo (2.6 < d/h < 9.2), comparativamente
com as que seriam expectaveis em descarregadores de cheias em degraus com declive
constante.

A partir de dados de distribuicdo da concentracdo de ar, concentracdo média de ar,
concentragdo de ar junto da soleira ficticia, frequéncia da fase gasosa, e alturas caracteristicas
do escoamento, identificaram-se quatro trechos que permitem descrever padrdes tipicos do
escoamento bifasico na proximidade e a jusante do trecho influenciado pela mudanga de
declive.

Observou-se que o comprimento do trecho no qual se manifestam os efeitos da
mudanca de declive depende principalmente da altura critica, independentemente da magnitude
de variacéo de declive e da altura dos degraus. Foram desenvolvidas expressdes empiricas para
estimar a concentragdo média de ar, a altura equivalente de agua e a altura caracteristica do
escoamento ao longo do trecho em que se manifestam os efeitos da mudanca de declive.

O perfil de velocidades e a energia especifica do escoamento sdo fortemente
modificados na proximidade do local de mudanga de declive. A perda de carga no trecho em
que os efeitos da mudanca de declive se manifestam ficou compreendida entre 38% e 51%, para
a gama de alturas criticas adimensionalizadas (2.6 < d./h < 4.6) e configuracOes analisadas.

Relativamente as séries de pressdo hidrodindmica, analisaram-se o0s seus valores
médios, os percentis 95 e 5, a distribui¢do de probabilidades e o seu conteldo espectral. Nas
faces horizontais dos degraus, na proximidade da sec¢do de mudanga de declive, obtiveram-se
valores médios de pressdo até 21 vezes superiores a altura equivalente de agua
(aproximadamente 13 vezes a altura dos degraus), para o intervalo de alturas criticas
adimensionalizadas estudadas (2.6 < d./h < 4.6). Registaram-se valores negativos do percentil
5 nas faces verticais dos degraus, na vizinhanga da seccdo de mudanca de declive. Contudo,
ndo é expectavel que tais valores conduzam a ocorréncia de cavitacao.

Em conclusdo, a presente dissertacdo inclui um estudo sistematico original dedicado ao
efeito de uma variacdo brusca do declive de um descarregador de cheias em degraus (para duas
configuracOes e uma para gama alargada de alturas criticas adimensionalizadas) nas principais
grandezas do escoamento deslizante sobre turbilnGes, como emulsionamento de ar,
empolamento da wveia liquida, distribuicdo de velocidades, distribuicdo de pressdes

hidrodinamicas e dissipagdo de energia.
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Palavras-chave: Descarregador de cheia em degraus; Variacdo de declive; Escoamento
deslizante sobre turbilhdes; Emulsionamento de ar; Distribuicdo da concentracdo de ar;
frequéncia da fase de ar; alturas caracteristicas do escoamento; empolamento da veia liquida;

distribuicdo de velocidades; distribuicdo de pressdes dindmicas; dissipacdo de energia.
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Chapter 1

Introduction

Several stepped spillways were built to date in particular linked to the application of
the roller compacted concrete (RCC) dam construction as a cheaper, quicker and easier
technique of construction (Chanson, 2002; Felder and Chanson, 2011b). A significant number
of hydraulic physical modelling research has been conducted to investigate the flow features
on stepped spillways.

For a given stepped chute geometry, the general behaviour of the flow may be
characterized by three different regimes, namely nappe, transition and skimming flow (e.g.,
Ohtsu and Yasuda, 1997; Chanson, 2002). For typical hydraulic design of dam stepped
spillways, the skimming flow regime is relevant (e.g., Chanson, 1994, 2002; Matos, 2000; Boes
and Hager, 2003a).

1.1. Conventional stepped spillways

So far, most of the design and associated physical modelling studies were conducted
on a conventional constant sloping stepped chute (e.g., Sorenson, 1985; Chanson, 1994, 2002;
Chamani and Rajaratnam, 1999; Pegram et al., 1999; Matos et al., 1999; Boes, 2000a,b; Matos,
2000; Sanchez-Juny et al., 2000, 2007; Chanson and Toombes, 2002; Boes and Hager, 2003a,b;
Sanchez-Juny and Dolz, 2005; Takahashi et al., 2005; Frizell, 2006; Pfister et al., 2006a,b;
André and Schleiss, 2008; Gonzalez and Chanson, 2008; Kavianpour and Masoumi, 2008;
Amador et al., 2009; Felder and Chanson, 2009a,b; Schleiss, 2009; Bung and Schlenkhoff,
2010; Pfister and Hager, 2011; Bung, 2011; Meireles et al., 2012; Zhang et al., 2012; Felder,
2013; Frizell, et al., 2013, 2015; Hunt and Kadavy, 2013; Matos and Meireles, 2014; Felder
and Chanson, 2015).
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1.2. Non-conventional stepped spillways

1.2.1. Constant slope

In addition to the hydraulics of conventional stepped spillways, a variety of
experimental studies have also been carried out on non-conventional geometries, such as
stepped spillways with macro-roughness (e.g., André, 2004; André et al., 2004; Gonzalez et al.,
2008; Bung and Schlenkhoff, 2010), with non-uniform step heights (e.g., Felder and Chanson,
2011b), with rounded step edges (e.g., Zare and Doering, 2012a), with converging sidewalls
(e.g., Frizell, 1990; André et al., 2005; Hunt et al., 2008; Hakoishi & Sumi, 2000; Willey et al.,
2010), or without sidewalls (e.g., Estrella et al., 2012).

1.2.2. Varying slope

Stepped spillways may be integrated economically into the downstream face of a RCC
gravity dam. They have also been built on valley flanks adjacent to embankment or rockfill
dams, where the possibility of slope change may allow for a more efficient design, particularly
if the spillway follows the topography of a valley flank. Only a few prototypes incorporate a
stepped spillway with an abrupt slope change, such as the Upper Stillwater Dam (Houston,
1987), New Victoria Dam (Chanson, 2002) and the Lower Siah-Bishe Dam (Baumann et al.
2006), and no systematic scientific investigation for designing such type of configuration has
been conducted so far. Thus, there is presently insufficient information available on the flow
behaviour on an abrupt slope change on stepped spillways.

To fill this gap of knowledge, the effect of an abrupt slope change on the main
skimming flow properties were investigated in the present study. Various sets of measurements
was conducted in 9 model test runs over 50°-18.6° (A©6=31.4°) and 50°-30° (A©=20°) slope
change configurations with a uniform step height of 0.03m and 0.06 m for a wide range of
discharges (2.6 < d./h <9.2). The results of this systematic experimental study on air
entrainment, flow bulking, velocity and dynamic pressure distribution, as well as the energy

dissipation are presented and discussed, particularly in the vicinity of the slope change.

1.3. Structure of the thesis report

This thesis report is organized in three parts with a total of eight chapters (Figure 1.1):



Chapter 1

» Part (I) includes 3 chapters that review previous studies on stepped spillways,
describes the present research objectives and introduces the experimental set-up, as
explained below:

e Chapter 1 presents an introduction on stepped spillways and relevant issues,
emphasizing on an abrupt slope changes, and what was conducted and
achieved in the present study.

e Chapter 2 summarizes the state of the art on the air-water flow properties on
stepped spillways, e.g. air entrainment and velocity distribution, pressure
fluctuation, as well as the energy dissipation on constant sloping stepped
chutes. Then it gives a brief literature review on very limited findings on
stepped spillways incorporating abrupt slope changes.

e Chapter 3 outlines the experimental installation, measurement equipment and

test procedure.

Part (1)
‘ Introduction \ State of the art Experiments
Part (11)
‘[ Air entrainment and flow bulking
Velocity distribution and energy )
dissipation
‘[ Dynamic pressure distribution
Part (III)
‘[ Conclusions ]
'[ Appendixes ]

Figure 1.1 Outline of thesis report.

» Part (1) presents the findings in three chapters which have been prepared as journal
papers:
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e Chapter 4 shows the effect of an abrupt slope change on air entrainment and flow
bulking, with different step heights and flow rates.

e Chapter 5 describes the effect of an abrupt slope change on the velocity
distribution and energy dissipation with constant step heights and different flow
rates.

e Chapter 6 addresses the effect of an abrupt slope change on the pressure
development on the vertical and horizontal step faces in vicinity and far
downstream of the slope change, with constant step heights and different flow
rates.

» Part (I11) presents the conclusions of the results obtained in the present research work,

and recommends some suggestions for future research work.

e Chapter 7 explains the conclusions in three main sub-chapters on air entrainment
and flow depth, velocity and energy dissipation as well as pressure development.
Some recommendations for future research work on an abrupt slope change on
stepped spillways are provided.

e Appendixes A and B provide the results associated to the influence of acquisition
time on air concentration and velocity profiles, as well as the supplementary
experimental data obtained from nine model test runs. They are also available on
request at the Laboratory of Hydraulic Constructions of the Ecole Polytechnique
Fédérale de Lausanne (LCH-EPFL).



Chapter 2

State of the art

2.1. Introduction

A significant number of stepped spillways were built during the last decades, in
particular linked to the application of the roller compacted concrete (RCC) dam construction
technique. Stepped spillways are easy to construct and increase the energy dissipation rate
which may reduce cavitation risk potential, as well as the needed dimensions of the terminal
energy dissipator structure (Boes and Hager, 2003b). These pronounced advantages make
stepped spillways attractive under various conditions, namely as service spillway on
downstream face of RCC dams (Fig.2.1a), and on valley flanks besides embankment or rockfill
dams (Fig. 2.1b).

(b)

Figure 2.1 Stepped spillways: a) Pedrégdo RCC dam stepped spillway, Portugal (courtesy of Prof. Jorge
Matos), b) Upper Siah-Bishe dam stepped spillway, Iran (http://www.iwpco.ir),
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Initial physical model studies on stepped spillways were initiated roughly in the 1980s

(Hager and Pfister, 2013). Parallel to the increasing number of constructed stepped spillways,
the number of related studies also augmented and research on the hydraulics of stepped
spillways has been active (Chanson, 1994; Chanson and Toombes, 2002). These studies have
focused mainly on studying the inception of air entrainment, air concentration, velocity and
pressure distributions as well as energy dissipation. They characterized two-phase flow features
along stepped spillways, in order to provide better design guidelines (Sorensen, 1985; Houston,
1987; Rajaratnam, 1990; Christodoulou, 1993; Chanson, 1994; Rice and Kadavy, 1996; Matos,
2000; Chanson, 2002; Boes and Hager, 2003a,b; Ohtsu et al., 2004; André, 2004; Gonzalez,
2005; Frizell, 2006; Pfister et al., 2006a,b, 2011). This chapter gives a summary of studies and
associated findings of flow properties over stepped spillways, including:

e Flow regimes

e Air entrainment

e Velocity and pressure distribution

o Energy dissipation and residual energy

e Scale effects

o Slope changes on smooth and stepped spillways

2.2. Flow regimes

The general behaviour of the flow on stepped spillways may be characterized by three
different regimes, namely nappe, transition and skimming flow (e.g., Ohtsu and Yasuda, 1997;
Chanson, 2002).

Nappe flow occurs at low flow rates and can be defined as a succession of free-falling
nappes. In skimming flow, the water (or air-water) flows as a coherent stream over the pseudo-
bottom formed by the outer step edges (Fig. 2.2a). It is also evident that beneath the main stream
flow three-dimensional recirculating vortices occur (e.g., Matos et al., 1999; Chanson, 2002;
Gonzalez and Chanson, 2008), contributing to energy dissipation (Carosi and Chanson, 2008).
It is shown that near the step edge, the direction of the flow is practically aligned with the
pseudo-bottom; however, the effect of the vorticity is noticeable in between the step edges (Fig.
2.2b, Boes and Hager, 2003a). According to Takahashi and Ohtsu (2012), flow impacts near
the step edge of the horizontal step face, in skimming flow, and the area of the impact region

increases with decreasing the chute slope for a given flow rate.
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Main flow
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Figure 2.2 Skimming flow over stepped spillway: a) sketches of the flow pattern (adapted from Zare

and Doering, 2012a); b) flow pattern on 30° sloping chute with 0.092 m step height (Boes and Hager,

2003a), flow direction is from left to the right.
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Figure 2.3 Comparison of proposed empirical relationship to estimate the onset of (a) transition and (b)

skimming flow regimes.
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Between the upper limit of nappe flow and the lower limit of skimming flow, a gradual
and continuous transition flow regime takes place. For typical hydraulic design of dam stepped
spillways, the skimming flow regime is relevant (e.g., Chanson, 1994, 2002; Matos, 2000; Boes
and Hager, 2003a). Numerous laboratory studies were conducted to define the criteria for
evaluating the onset of flow regimes based on the relative critical depth (dc/h) and chute
geometry (h/l), where d. is the critical flow depth, h and | are the step height and step length,
respectively. Most of the studies evaluated the flow regimes by means of visual observation.
Thus, large scatter of the empirical criteria may be found in literature as shown in Fig. 2.3 for
onset of transition and skimming flow. As it can be seen, the required discharge for obtaining
the skimming flow regime decreases with increasing the ratio of h/l.

Similar to high-velocity flows on smooth spillways (e.g. Wood, 1985; 1991 and
Chanson, 1997), skimming flow down stepped spillways can be divided into four main regions
(Fig. 2.4):

1) Clear-water flow region close to the spillway crest (upstream of the inception point
of air entrainment)

2) Partially aerated flow region (shortly downstream of the inception point)

3) Fully aerated flow region (downstream of the inception point)

4) Uniform or gradually varied flow region (far downstream of the inception point)

Quasi-uniform flow condition is generally assumed to be attained if the time-averaged
air content and the flow velocity remain unvaried in the flow direction (Bung, 2011). Several
studies were conducted to estimate the distance of the quasi-uniform flow region as a function
of the chute geometry and flow rate such as Christodoulou (1999) and Boes and Minor (2000).
It was revealed by Pfister & Hager (2011) and Bung (2011) that the development of quasi-

uniform flow requires a flow distance of around 2 to 3 times the inception point length.
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Growing boundary layer

Point of inception of
air entrainment

Characteristic flow depth
(e.g., Yoo}
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Figure 2.4 Skimming flow over a steeply sloping chute a) side view of © =50° sloping stepped chute
assembled at LCH-EPFL; b) sketch of the flow regions (Matos and Meireles, 2014)
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2.3. Air entrainment and flow depths in skimming flow

2.3.1. Air inception point

Flow accelerates down stepped spillways and at a location defined as the inception
point the turbulent boundary layer will reach the free surface. Then air will be entrained into
the flow because of the weakness of the surface tension in comparison with turbulence forces.
A significant number of studies were conducted to define the location and flow properties of
the inception point on uncontrolled and gated stepped spillways in order to determine the type
of the flow region for a given stepped geometry and flow rate. A short summary could be given
as follows:

e Uncontrolled intake spillways:
o 14 <6 (°) < 59: Mateos & Elviro (1997), Chamani (2000), Matos
(2000), Amador et al. (2009), Hunt and Kadavy (2011), Meireles et al.
(2012) and Hunt & Kadavy (2013)

o Gated spillways or pressurized intakes :
o 3.4<6(°<50:Boes & Hager (2003b), André (2004), Chanson (2006)

Chanson (2006) analysed previous study results with a wide range of inflow conditions.
His findings indicated that with a pressurized intake, the outer edge of the boundary layer
reaches the free-surface earlier than on an uncontrolled chute, due to the thinner and faster out
flow of pressurized intake (jetbox). Therefore, using a pressurized intake shorten the length of
the developing flow region for an identical flow rate and stepped geometry.

Due to the diversity of methods that have been used, there are several definitions for
estimating the location and flow properties of the inception point on skimming flow over
stepped spillways. The definition and methods can be categorized as (Meireles et al., 2012,
2014):

e visual observation of the cross-section where there is a continuous presence of
air within the flow surface, cavity recirculation zones and at sidewalls (e.g.,
Sorensen, 1985; Chanson, 1994, 2002; Bung, 2009)

10
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e observation of the cross-section where the pseudo-bottom air concentration
(Cy) is 1% (e.g., Boes and Hager, 2003b; Pfister and Hager, 2011);

e determination of the intersection between the flow free surface and the outer
edge of the developing boundary layer (e.g. Amador et al., 2009; Meireles and
Matos 2009; Meireles et al., 2012)

e observation of the cross-section where the mean (depth averaged) air

concentration, equals 0.20 (e.g., Bung, 2011).

Basic findings indicated that the steps provoke a higher and earlier flow self-aeration
if compared to smooth sloping chutes. It is also revealed that the air inception length increase
with the flow rate and decrease with the chute slope (e.g. Boes and Hager, 2003b; Matos and
Meireles, 2014).

2.3.2.  Air transport mechanism

Along the upstream portion of the clear-water region (region 1, Fig. 2.4b), the boundary
layer grows from the chute invert (Chanson, 2002). The air concentration is equal to zero in the
lower part of the profile and close to the pseudo-bottom, however a significant increase in the
air concentration is observed along the upper part of the profile close to the free surface, due to
the entrapped air (e.g. Meireles at al., 2012; Matos and Meireles, 2014).

At the downstream portion of the clear-water region (close to the inception point),
larger values of the air concentration are found within the wavy zone. The latter is judged to be
due to the air-bubble entrainment caused by the unsteadiness of the inception point location
(Meireles at al., 2012; Matos and Meireles, 2014). In addition, the air concentration
immediately below the wavy zone departs from zero (Meireles at al., 2012; Pfister & Hager,
2011; Matos and Meireles 2014).

Near the inception point, highly macro-roughness induced turbulence causes a rapidly
varied air-water flow (Matos and Meireles, 2014). According to the visual observations with a
high-speed camera and air concentration measurements conducted by Pfister & Hager (2011),
in the vicinity of the pseudo-bottom air inception point, the rough and highly turbulent flow
surface includes significant surface waves with water crests and air troughs combined with
bubbly flow.

Although the air concentration increases downstream of the rapidly varied flow region,

it follows a wavy pattern and a decrease in the air concentration with distance may occur as

11
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well (Matos and Meireles, 2014). Nevertheless, quasi-uniform flow may be reached far
downstream from the point of inception, and the main flow properties such as the mean air
concentration and flow velocity, equivalent clear water depth and specific energy will

practically remain constant along the spillway (Matos and Meireles, 2014).
2.3.3. Local air concentration and air-phase frequency

The local air concentration C, and the air-phase frequency f, are defined as time-
averaged values over the entire acquisition period. The values of C and f are independent,
whereas the time-averaged air-phase (ta) and water-phase (tw) are related as C = ta/(tw + ta)
(Pfister and Hager, 2011). Several studies were conducted to obtain the air concentration
profiles perpendicular to the pseudo-bottom). Chanson (1997) proposed S-shape distribution
based on the advection-diffusion model for air bubbles in turbulent self-aerated flows.

_ J’/Y9o> (2.1)

C = 1 —tanh? (k oD
where y is measured perpendicular to the pseudo-bottom formed by the step edges, and Ygo
defined as the distance from the pseudo-bottom to the location where the air concentration is
90%, k"= tanh™1(0.1)Y?2 +1/(2D) and D = (0.848 C,ppqn — 0.00302)/(1 +
1.1375 Cppogn — 2.2925 Cpegn?), Where the Crean is the depth-averaged air concentration.
Chanson and Toombes (2002) also developed an improved model to better describe the S-shape

profiles.

C = 1-—tanh?| k —

(2.2)

where k" = tanh~(0.1)*/2 + 1/(2D,) — 8/(81D,) and
Dy = —log (1.0434 — Cpoqn /0.7622)/3.614 .

The dimensionless air-phase frequency fd./V. can be expressed as a function of y/Yg,
where f is the average number of detected air bubbles per second, d. the critical flow depth and
V.= \/E the critical flow velocity. Felder and Chanson (2009b, 2011a) and Pfister & Hager
(2011) revealed that the number of entrained air bubbles increases in the streamwise direction,
for a given y/Yqo. In Pfister & Hager (2011) it is also shown that close to the inception point of
air entrainment, the maximum value of fd/V. is located near the flow surface, while it is located
close to the pseudo-bottom far downstream of the inception point. According to Chanson
(2002), the relationship between local air concentration and dimensionless air-phase frequency

presents some self-similarity
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f

fmax

= 4C(1-0) (2.3)

where frnaxis the maximum air-phase frequency in a given cross-section.

Toombes (2002) observed that the maximum dimensionless air-phase frequency occurs
for an air concentration slightly lower than C = 0.50; Bung (2011) found maximum
dimensionless air-phase frequency for C = 0.45 and 0.43 (for 18.4° and 26.6° sloping chutes),
and the results of Felder and Chanson (2011a, on a 26.6° sloping chute), indicated a maximum
for 0.35 <C<0.65.

2.3.4. Mean air concentration

The mean (depth-averaged) air concentration is defined as (Fig 2.5):

Yoo

1
Cnean = Ej Cdy (24)

Figure 2.5 Definition of mean air concentration obtained from the integration of air concentration profile

from pseudo-bottom up to Yoo .

2.3.5. Characteristic and equivalent clear water depths

It is difficult to determine the flow surface along turbulent aerated flow over stepped
spillways. Therefore, different flow depths were defined to characterize the flow behaviour
(André, 2004), such as

e Characteristic flow depth Y,, where the air concentration is %

13
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e Equivalent clear water depth d

Yoo

d, = f (1= 0)dy = (1= Crean) Yoo @2.5)
0

where the Crean is the depth-averaged air concentration (Fig. 2.5). Boes and Hager (2003a)
stated that in the quasi-uniform flow, the normalized equivalent clear water depth (dw/dc) varies
only with the chute slope independently of the step height and the discharge and proposed the

following formula

1
= 0.215(sin )73 (2.6)

|

[

On a long, constant sloping stepped chute, for a given flow rate, the mean air concentration
tends to increase in the streamwise direction, until quasi-uniform flow conditions are attained,
(e.g., Pfister and Hager, 2011; Takahashi and Ohtsu, 2012; Matos and Meireles, 2014).

In the literature, there are several proposed formulas for predicting the mean air
concentration in quasi-uniform flow condition. Boes (2000a) and André (2004) developed the

following equations as a function of the chute geometry and flow rates:

Boes (2000a):

Crean = 0.60 — 6.11 x 1073 X F*  for = 50° 2.7)
Cooan = 0.43 — 234 % 1073 X F*  for 6 = 30° (2.8)
André (2004):

Cmean = 0.55(sin@)7 %12 for 6 = 30° F*< 4 (2.9)
Cmean = 0.81(sin §)%81 for 8 = 30° F*> 4 (2.10)
F* w (2.11)

- (g ks> sin 9)0'5

where qw is flow discharge and ks is normal step height. Takahashi and Ohtsu (2012) developed
an equation as a function of the chute slope and relative critical depth for a wide range of chute
slopes (19<6° <55)

6.9 h
Crnean = (F - 0.12)d— +0.656 {1 — ~0:0356(6-109} 4 0,073 (O in degrees)  (2.12)
Cc
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They indicated that mean air concentration increases with the chute slope and decreases with

the relative critical depth.
2.4. Velocity distribution in skimming flow

Dimensionless time-averaged interfacial velocity distribution on stepped chutes may
be approximated by a power law (Chanson, 1994; Felder and Chanson, 2015), in which the

maximum velocity Vgo occurs at the Yqo where the air concentration is 90%.
v y ¥
N
— == (2.13)
Assuming the power law distribution for velocity as Eq. (2.13), N exponent could be

estimated as (Bung, 2011)

Vmean
N =_—Tean (2.14)
V90 - Vmean

where the mean flow velocity may be defined as (Chanson, 1997; Matos, 1999)

qw fOY%(l —Qvdy
Vmean = 75— = Y. (2.15)
dw Jy@ =0y

Considering the results presented by Pfister & Hager (2011) for a 50° sloping stepped
chute, Bung (2011) proposed the following formula for estimating the N exponent as a function

of chute slope

(COS 9)0.984 (Sin 6)0'078

N =
0.947 — (cos 6)0-984(sin ©)0-078

(2.16)

Takahashi and Ohtsu (2012) proposed N exponent as a function of chute slope and relative

critical flow depth

100h
od,

h
N = 14(0)7065 d_( 1) —0.0416+ 6.27 (O in degrees) (2.17)
Cc
The N exponent decreases with the increase of chute slope (6) and may vary from one step edge
to the next one for a given flow rate, due to some interference between adjacent shear layers
and cavity flows, (Felder and Chanson, 2009a,b; 2011a; 2015). Bung (2011) obtained N=11
and N=8 respectively on 18.4° and 26.6° sloping chute. Gonzalez and Chanson (2004) obtained
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N values between 5 and 12 on 15.9° sloping chute. Meireles et al. (2012) obtained N=3.4 on 50°
sloping chute. In general, it can be concluded that the proposed range of N values for different
slopes and flow rates are roughly limited in between 3 and 14, as shown in Fig. 2.6. The lower
and upper reported limits (N~3 and N~14) belong to Takahashi and Ohtsu (2012) respectively
on 55° and 19° sloping stepped chutes.

1.0

0.0
0.0 0.5 1.0

VN o,

Figure 2.6 Lower and upper limits of the velocity distribution in air-water skimming flow, obtained by
Takahashi and Ohtsu (2012) on 55° and 19° sloping stepped chutes respectively.

2.5. Pressure distribution in skimming flow

According to Sanchez-Juny and Dolz (2005) and Khatsuria (2008), the flow pressure
shows the hydrodynamic distribution in skimming flow over stepped spillways. The
hydrodynamic pressure distribution and its prediction play an important role in structural
analysis of stepped chutes and were investigated extensively (e.g., Matos et al., 2000; Sanchez-
Juny et al., 2000, 2007, 2008; André, 2004; Sanchez-Juny and Dolz, 2005; André and Schleiss,
2008; Amador et al., 2009; Zhang et al., 2012; Takahashi and Ohtsu, 2012; Frizell et al., 2013,
2015; Chanson, 2015). Studies showed that pressure distribution on stepped spillways drawn

attention in two main aspects (Frizell, 2006):

«likely damages on step invert in presence of high pressures (horizontal step faces)

sprobable cavitation damage corresponding to the low pressure (vertical step faces)
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2.5.1. Horizontal step faces

According to previous studies, the maximum positive pressure occurs on the horizontal
step faces (e.g. Sdnchez-Juny et al., 2000). Sanchez-Juny et al. (2007), Zhang et al. (2012) and
Takahashi and Ohtsu (2012) observed S-shape pressure distribution on horizontal step faces.
The minimum pressure values were observed along the upstream portion of horizontal step
faces, (x/I > 0.5), whereas the maximum values are observed along the portion closer to the step
edges (x/l < 0.5), where x is the distance from the step edge, along the horizontal face, and | is
the step length. This is in agreement with the other findings, illustrating that the downstream
portion of the horizontal step face is subjected by the jet impact whereas the upstream portion
involves a boundary layer separation due to step vorticity and recirculating internal eddies
(Sanchez-Juny et al., 2000; André and Schleiss, 2008; Amador et. al, 2009).

Sanchez-Juny et al. (2000, 2007, 2008), André (2004), André and Schleiss (2008),
Amador et al. (2009), Takahashi and Ohtsu (2012) stated that the outer step edge is under the
flow impact and the inner step edge is under the influence of flow recirculation, and the highest
absolute pressures occurs at flow separation in between these two regions (X/I = 0.2). Takahashi
and Ohtsu (2012) revealed that the impact region increases with decreasing relative critical
depth (d¢/h) and the highest pressure location moves toward the inner step edge (x/I increases),
on a given sloping chute. However, Sanchez-Juny et al. (2007) and André (2004) concluded
that the pressure distribution on the step faces is entirely conditioned by the chute slope. They
also observed the maximum pressures up to =7 and 5.5 times the step height on horizontal step
faces of respectively 51.2° and 30° sloping stepped chutes for dc/h=2.25 and 2.65.

Sanchez-Juny et al. (2008) analyzed the pressure distribution obtained from model tests
on a 51.2° stepped sloping chute and proposed empirical equations to estimate the pressures
acting on the vertical and horizontal step faces in the fully-developed zone of the skimming
flow.

Amador et al. (2009) also investigated the probability distribution of dynamic pressures
along the horizontal step faces and compared them with the Normal (Gaussian) distribution.
Their results indicate that the normal probability plots obtained along the upstream portion of
the horizontal step faces (x/I>0.5) differed from those obtained along the downstream portion
(x/1<0.5). For x/1<0.5, a higher and positive skewness was found, showing that large negative
pressure values are not as frequent as large positive values; hence a Gaussian model will
underestimate the maximum pressures on the step edges. Close to the outer step edge, negative

pressures with very low probability were found.
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Smaller pressure fluctuations were found along x/I>0.5, by comparison with the
downstream portion of the steps (x/I<0.5) and negative skewness was observed. The minimum
pressure of larger magnitude was observed near to the step inner edges. Along the inner region
of the steps, the pressure distribution found to be more in agreement with the Gaussian
distribution, if compared to the downstream portion of steps.

The variation of the mean pressure values with different discharges has been
investigated by André (2004) and Sanchez-Juny et al. (2007) on horizontal step faces of 30°
and 50° sloping chutes. The greater the discharge, the greater the pressure values were. Results
obtained by Sanchez-Juny et al. (2007) fitted well with linear expressions.

2.5.2. Vertical step faces

Recent studies have indicated that the most important negative pressures occur on the
vertical step faces, in particular near the edge of the steps, where the step experiences a
separation of the flow (Sanchez-Juny et al., 2000, 2007, 2008; André, 2004; Sanchez-Juny and
Dolz 2005; Amador et al. 2005; Gomes et al. 2006; Amador et al., 2009; Zhang et al., 2012).
Therefore, this area might be sensitive regarding cavitation attack due to low negative pressure
occurrence. It is relevant to measure pressures to determine whether they are high enough to
avoid cavitation (Falvey, 1990), as the hydraulic performance of stepped spillways at high
velocities may compromise its use due to the concern with safety against cavitation damage.

Amador et al. (2009) found that the probability plots of dynamic pressures on the
vertical step faces are different from those observed on the horizontal step faces. In the direction
of the outer step edge, the skewness decreases and negative values were found. These results
indicate that large negative pressure values are much frequent than large positive values. In this
case, a Gaussian model underestimates the extreme minimum pressures, as expected close to
the step edge on the vertical step faces (Amador et al., 2009). Their findings have also shown
that pressure sensors located closer to the outer step edge presented higher negative pressures.
Towards the inner step edge skewness increased.

Amador et al. (2005) investigated the probability of attaining low pressures
corresponding to cavitation inception close to the inception point on a stepped spillway. The
vertical face near the outer step edge close to the inception point is identified as a critical region
for predicting cavitation (Matos et al., 2001; Amador et al., 2009). For increasing discharges,
the non-aerated region of the spillway will increase and larger velocities will be reached
supporting the generation of extreme negative pressure (Amador et al., 2009). Therefore, high
steps may be prone to cavitation damage under high head flow with a large unit discharge and
high velocity. So, it could be concluded that the steps upstream of the inception point might be

particularly prone to damage (Pfister et al., 2006a,b).
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Frizell et al. (2013) investigated the critical cavitation index to provide enhanced design
criteria for stepped chutes. They obtained critical cavitation indices of 0.3-0.4 for a mild slope
and 0.6 for a steep slope. Their findings are higher than the critical value (0.2) found for smooth
chutes (Falvey, 1990). In literature there is a lack of consensus on the maximum specific
discharge to avoid cavitation damage (Amador et al., 2009). Gomes et al. (2006) and Amador
et al. (2009) analysed the negative pressure in the vicinity of the inception point on vertical step
faces. Amador et al. (2009) proposed limiting the mean velocity up to =15 m/s, corresponding
to ~15m?/s unit discharge on 51.3° stepped sloping chute.

As observed by Peterka (1953), presence of an adequate percentage of air near the solid
surfaces can prevent cavitation damage. Therefore forced aeration should be considered along
non-aerated flow region for unit discharges higher than these thresholds (Amador et al., 2009).
For example, Pfister et al. (2006a), Zamora et al. (2008) and Terrier et al. (2015) studied and
compared the effects of forced aeration on stepped and smooth chutes.

2.6. Energy dissipation

The energy dissipation rate is a basic parameter to be considered for the design of
spillways. Studies demonstrated that stepped spillways are effective in Kinetic energy
dissipation, thereby reducing the required size of the stilling basin at the toe of the dam. For
example, approximately 75% greater energy dissipation was achieved on Upper Stillwater Dam
stepped spillway if compared to a conventional smooth spillway of the same height (Houston,
1987). This reduction in energy required the length of stilling basin to be shortened from 61 to
9 meters.

In skimming flow, energy dissipation is caused by the momentum exchanges between
the mainstream flow and cavity zones (Felder and Chanson, 2011b), as well as the jet impact
on the step surface. The specific energy at any cross-section of the spillway can be expressed
similarly as for air-water flows on smooth chutes as (Wood, 1991; Chanson, 1997, 2002; Matos,
1999)

2 2
qW Vmean

=d, cose+ «
2gydz " (29)

E=d, cose+ a (2.18)

where « is the Kinetic energy correction coefficient as (Matos, 1999)

Y
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Based on the air concentration and velocity profiles, the kinetic energy correction coefficient
and the specific energy may be computed along the sloping chute. Further, the rate of the energy
dissipation (4H/H,,,,) and dimensionless residual energy (H,.s/d.) may be introduced as

basic parameters for design of stepped spillways (Felder and Chanson, 2011b), where the H,,,,
is the maximum upstream head above the downstream step edge: H, g = Azy + %dc in which

Az, is the dam height above the spillway toe and AH = (H,qx — Hres) 1S total head loss, and
H,. is the specific energy obtained at the downstream last step (residual head).

Chanson (1994), Matos (2000), Felder and Chanson (2011b) indicated that the rate of
energy dissipation decrease with increasing flow rate. Felder and Chanson (2011b) showed that
the residual head decreased with increasing discharge for the smaller flow rates, while it was
about constant for the largest flow rates.

Stephenson (1988) observed 10% increase in energy dissipation on stepped spillways
incorporating nonuniform step heights. In contrast, Felder and Chanson (2011b) indicated that
the rate of energy dissipation is not significantly influenced by nonuniform stepped
configurations and remains almost identical as with using uniform steps. Therefore, nonuniform
step heights do not enhance the energy dissipation at the downstream end of the chutes. Some
authors (e.g. Meireles and Matos, 2009; Hunt and Kadavy, 2011) presented simple equations
for determining the relative energy lost upstream of the inception point on typical embankment
dam slope. However, there are still some design challenges as pointed out by Hunt and Kadavy
(2011).

2.7. Scale effects

Highly turbulent self-aerated flow can be precisely represented in the scale model if
Froude, Reynolds and Weber similarity laws are fulfilled simultaneously. This condition cannot
be fully satisfied at the scale model due to the experimental setup limitations; therefore model
tests are conducted under the Froude similarity due the dominant effect of gravity forces
(André, 2004). Applying the Froude similitude scaling, the viscous force represented by the

Reynolds number (Re = quw/v) is underestimated and the surface tension force represented by the

Weber number (We = Vimean/(o Sin6/ ph)¥?w, = %) is overestimated, where v is the

I

kinematic viscosity of water, Vy, is the mean flow velocity (Vmean = Qu/dw), o is the interfacial
surface tension, and p is the water density.
To date, some studies have been conducted to evaluate the scale effects, particularly

with regard to air concentration (void fraction), bubble count rate, interfacial velocity as well
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as the turbulence flow properties (e.g., Boes, 2000b, Chanson and Toombes, 2002, Boes and
Hager, 2003a; Chanson & Gonzalez, 2005, Takahashi et al., 2005, 2006; Felder & Chanson
2009b, Felder, 2013).

Pfister & Chanson (2014) gives a general review and proposed a range of Reynolds and
Weber numbers (or Reynolds and Froude numbers), emphasizing the importance of the
selection of the criteria to evaluate scale effects on two-phase air-water flows. They indicated
that scale effects are expected to be negligible, in particular with regard to air concentration, if
the Reynolds and Weber numbers are respectively greater than 2-3x10° and 140. They
addressed the need for full-scale prototype measurements data as well. André (2004) assumed
that the scale effects are mitigated on the velocity and air concentration, thus it may be judged
that they are also negligible on the pressures as well.

2.8. Slope Changes

An abrupt change in bottom slope may occur in open channel hydraulic structures such
as aerators, ski jumps and at the toe of spillways (Fig. 2.7). The profile of the open channels
follows the topographic and geologic site conditions (USBR, 1965). Therefore, the channel
profile is consisted of straight reaches which are connected by vertical curves (USBR, 1965).
On the other hand, abrupt slope changes may increase the risk of unsatisfactory flow condition,
such as jet deflection (on steep to mild slope change, Chanson 2002), or generating a free jet
(on mild to steep slope change, Pfister, 2009).

There is some design criteria presented to be fulfilled on smooth spillways with convex
or concave slope changes (e.g. USBR 1965), to minimize or avoid the unsatisfactory
flow condition. In presence of an abrupt slope change, however, prediction of pressure
development is necessary for structural analysis of the chute invert and walls (Zarrati et al.,
2004). Flow bulking and splashing is also necessary to be analyzed in order to find an
adequate sidewall height, further including a sufficient freeboard. Therefore, the flow over an
abrupt slope change is interesting to be investigated, particularly in terms of air entrainment

and flow bulking, as well as the pressure field.
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(@) (b) (©) (d)

Figure 2.7 A few examples of slope changes over spillways: a) Llyn Brianne dam, United Kingdom;
b) Alqueva dam, Portugal; c) Cleveland Dam, Canada; d) Karahnjukar dam, Iceland

(www.en.wikipedia.org, www.google.com, www.ethz.ch).

2.8.1. Smooth spillways

Few numerical investigations have been conducted in order to simulate the flow
behaviour over sudden mild to steep changes on smooth spillways (e.g. Montes, 1994; 1997)
in which the conformal transformation technique has been applied to locate the free surface in
order to analyse the flow features in slope change zone.

Zarrati et al. (2004) conducted a numerical and experimental investigation on the flow
over steep to mild abrupt slope changes of 46 = 6.22°, 10°, and 15° associated to a bottom
aerator. The pressure distribution in the vicinity of abrupt slope change was a particular focus
in their study.

According to Zarrati et al. (2004), a sudden change in pressure and velocity distribution
occurs as the flow passes over an abrupt change in smooth sloping chutes. They indicated that
the slope change of 46=15° may lead to an increase of the pressure in vicinity (up and
downstream) of the slope change cross-section. They measured pressures up to 25 times the
hydrostatic pressure near the point of abrupt change in slope. Their findings indicated that the
dynamic pressures fall rapidly with increasing distance from the point of slope change. They
observed that the modification in pressure and velocity initiates slightly upstream of slope
change, despite of supercritical flow. The latter is judged to be due to the back internal pressure
waves, corresponding to the non-hydrostatic pressure distribution upstream of the slope change,
which leads to influence the flow properties upstream of the slope change, even in the
supercritical flows. They found that separation may occur in a very small zone near the
stagnation point where the flow boundary direction suddenly changes, due to boundary layer
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effects. They also concluded that separation intensifies with higher flow discharges and the

slope change angle.

2.8.2. Stepped spillways

Abrupt slope changes over stepped spillways have not been deeply investigated to date
and the number of research studies and built prototypes are limited. However, the possibility to
vary the slope along the stepped spillway may be an interesting feature to implement on valley
flanks or to gain flexibility for the section of a RCC gravity dam (Ostad Mirza et al., 2015a,b).
Given the rare application of slope changes, only limited information on its effect is available.

(b)

Figure 2.8 Stepped spillways with an abrupt slope change (a) Upper Stillwater dam spillway, USA
(http://www.google.com); (b) New Victoria Dam, Australia
(http://www.pickeringbrookheritagegroup.com/infrastructure8.html); (c) Siah-Bishe lower Dam, Iran

(http://www.iwpco.ir).
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Only singular projects as well as the associated physical model studies included a
stepped spillway with an abrupt slope change, such as the Upper Stillwater Dam in USA
(Houston, 1987), New Victoria Dam in Australia (Chanson, 2002), and the Lower Siah-Bishe
Dam in Iran (Baumann et al., 2006), as shown in Fig. 2.8. Houston (1987) found the highest
pressure values at abrupt slope change from 72° to 59°, for all the tested discharges. Minimum
pressures were also measured near the slope change. However, Houston (1987) did not evaluate
minimum and maximum pressure severe enough to cause impact or cavitation damage.
Chanson (2002) stated that the break in slope of New Victoria dam has increased the risks of
jet deflection at the transition between crest and chute.
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Experimental installation and test procedure

3.1. Experimental facility

The data presented below were collected on a steep channel with variable slope,
equipped with steps of constant height, assembled at the Laboratory of Hydraulic Constructions
(LCH), of the Ecole Polytechnique Fédérale de Lausanne (EPFL). The channel consisted of
two 4 m long modules with a 0.6 m high transparent sidewall to allow for flow observation.
The channel width was B=0.5 m. The upstream chute slope (i.e. pseudo-bottom angle) was set
to 61 = 50° (1V:0.84H), while the downstream chute slope was set to 6, = 30° (1V:1.7H), or
18.6° (1V:3H) (Fig. 3.1).

(a) (b)

Figure 3.1 Sketch of slope change configurations: a) 50°-30° and b) 50°-18.6° configuration.
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The maximum tested chute slope was 50°, which is typical of RCC gravity dams. Step
heights of h = 0.06 m and 0.03 m, constant on both parts of the chute, were tested. The total
number of 0.06 m high steps included 41 steps along the 50° chute and 34 steps on the 30°
chute, or 20 steps on the 18.6° chute. The number of 0.03 m high steps doubled those adopted
for the first series of tests (h = 0.06 m).

To allow for an independent variation of the inflow depth (do) and Froude number (Fro
= quw/(gdo®)¥?, where qu is unit discharge and g is gravitational acceleration), the flume inflow
device consisted of a jetbox with a maximum opening of 0.12 m, designed for passing the
maximum unit discharge of 0.48 m?s. By using the jetbox, the pressurized pipe approach flow
was transformed into a free surface flow (Fig. 3.2); the location of the inception of air
entrainment was shifted upstream and the developing region of the flow was shorten, in
comparison to the typical situation corresponding to an un-gated crest, for identical chute slope,
step height and discharge (Chanson, 2006). Hence, gradually varied or quasi-uniform air-water
flow conditions were reached on the upstream slope, for the tested range of step geometries and

discharges.

Inception point

Figure 3.2 Frontal view (a), and side view (b) of configuration associated to test number 1, as per Table
3.1 (6:=50° dc/h = 2.6; Re = 1.9x109).
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An electromagnetic flow meter was used to measure the discharge with an accuracy of
1% full span, corresponding to a discharge of 3 I/s. The test program included observations and
measurements in the skimming flow regime (see Fig. 2.3b), for unit discharges (gqw) ranging
between 0.20 m?st (d./h = 2.6, for h = 0.06 m) and 0.47 m?s* (d./h = 4.6, for h = 0.06 m; dc/h

= 9.2, for h = 0.03 m), where d. = 3\/% is the critical flow depth and h is the step height.

Skimming flow conditions were chosen since the design discharge of a prototype is typically
in that regime. Bottom pressures at the slope change, as well as the local flow aeration and de-
aeration, are then dominant, what is relevant for the concrete load and cavitation issues.
Transition flow occurs in the present channel at around d./h < 0.8 for 6:=50°, dc/h < 1.0 for
6,=30° for dc/h < 1.1 for ©,=18.6° according to Chanson and Toombes (2004).

Skimming flow over stepped spillways can be characterised by a number of different
parameters which cannot be modelled completely unless measuring at full scale prototype. A
dimensional analysis can identify the most relevant air-water flow parameters as conducted by
many other authors such as Carosi and Chanson (2006) and Felder (2013). They found that,
with Froude similitude, the most relevant parameters in skimming flow on stepped spillways

are

v x y dg
2 mp(E2 %)
[gh d.'d.” h’ ¢

where C is the local air concentration and v is the local velocity.

C, (3.1)

Based on the jetbox performance, and among possible hydraulic inflow condition
choices, three combination of discharges and inflow depths coresponding to inflow Froude
number range of 3.9 < F, < 6.7 have been selected, as shown in Fig. 3.3.
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Figure 3.3 Selected inflow hydraulic conditions: jetbox opening (inflow depth) as a function of inflow

Froude number (Fro).
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For such range of flow rates, the Reynolds number (Re = quw/v) varied between 2.0x10°

and 4.6x10°; the minimum inflow Weber number at the exit of the jetbox Weo varied between

111 and 193. Therein Weo = Vimo/(o / pdo)*w, = % where v is the kinematic viscosity of
Ny

water, Vo is the inflow mean velocity at the exit of the jetbox (Vmo = quw/dg), o is the interfacial

surface tension, and p is the water density (Table 3.1).

Table 3.1 Test program.

Testno. O1() 62(°) h(m) do(m) qu(m’s?) d/h(-) Re(-)x10° Fro(-) Weo ()

1 50 18.6 0.06 0.045 0.20 2.6 2.0 6.7 111
2 50 18.6 0.06  0.093 0.35 3.8 3.4 3.9 135
3 50 18.6 0.06  0.082 0.47 4.6 4.6 6.4 193
4 50 18.6 0.03  0.093 0.35 7.6 3.4 3.9 135
5 50 18.6 0.03  0.082 0.47 9.2 4.6 6.4 193
6 50 30.0 0.06 0.045 0.20 2.6 2.0 6.7 111
7 50 30.0 0.06  0.093 0.35 3.8 3.4 3.9 135
8 50 30.0 0.06  0.082 0.47 4.6 4.6 6.4 193
9 50 30.0 0.03  0.082 0.47 9.2 4.6 6.4 193

In light of the findings of Boes and Hager (2003b) and Pfister and Chanson (2014), for
such range of R. and W. numbers (or Re and F;), scale effects are expected to be negligible, in
particular with regard to the main flow properties such as the mean air concentration and
characteristic flow depths. Other parameters related to the bubble characteristics dominated by
turbulence, as for instance the air-phase frequency, are affected by scale effects (Felder and
Chanson 2009b). Note that the flow further accelerates along the chute, so that the streamwise
values of W, is going to even increase. Also the reader may note that according to the range of
5.5 < B/d,, < 22, the step chute is considered wide (Takahashi et al. 2005; Takahashi and
Ohtsu, 2012). Thus, the bottom shear stress is judged to be predominant if compared to the side-
wall shear stress, and the flow may be assumed as two-dimensional (Takahashi and Ohtsu,
2012). Figure 3.4 shows the typical flow pattern as observed and induced by a slope change.

Details are discussed subsequently in next chapters.
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Jetbox
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Figure 3.4 a) Sketch of the typical flow pattern on the stepped chute assembled at LCH-EPFL, with an

abrupt slope change, b) Flow over 50°-18.6 ° slope change configuration, (Test run 1).
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3.2. Measuring parameters and instrumentation

The present study is focused on an experimental investigation of the air entrainment, flow
velocity and dynamic pressure distributions on skimming flow on stepped spillways, in the
vicinity of an abrupt slope change. Physical modelling was conducted in a relatively large scale
facility, where detailed air-water flow measurements were gathered upstream and downstream
of a 50°-30° and 50°-18.6° slope changes. In addition, dynamic pressure measurements were
obtained on both vertical and horizontal faces of several steps in the vicinity and far downstream
of the slope change. The experimental facility comprises three main parts as shown on Fig. 3.5:

(i)- stepped channel incorporating the slope change

(ii)- double fiber-optical probe, RBI, mounted on an automatic positioning system on
the downstream chute slope

(iii)- associated electronics of double fiber-optical probe, RBI, and automatic

positioning system

Figure 3.5 General view of experimental facility at LCH-EPFL, (i) stepped channel incorporating the
slope change, (ii) double fiber-optical probe, RBI, mounted on an automatic positioning system, (iii)

associated electronics of double fiber-optical probe, RBI, and automatic positioning system
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3.2.1. Air entrainment and velocity distribution

A dual fiber-optical probe including two sapphire tips of 30 um diameter with a
streamwise distance of 2 mm and a sampling rate of 1 MHz developed by RBI Instrumentation,
France, was mounted on an automatic positioning system for measuring the air concentration
and velocity. This probe measures the totally conveyed air concentration, without any
distinction between entrapped and entrained air (Pfister and Hager, 2011).

The measurement principle is based on the Snell's law of optics. According to different
refraction indices between the sapphire tips and the surrounding air—water phase, an infrared
light supplied from an opto-electronic device to the tip is reflected and detected if the tip is
positioned in the air-phase, while it is refracted and lost in the water-phase (Fig. 3.6). After
amplification, the signal is passed through a threshold level in the opto-electronic module to be
transformed into a digital Transistor-Transistor-Logic (TTL) signal with 0 Volts for the water
phase and 5 Volts for the gas phase. In fact, this system transforms the analog signal and
delivers crenel type voltage outputs, in which high and low parts correspond to air and water-
phase respectively (Chaumat et al., 2007). Based on the recommendation of the RBI, the
threshold signals were fixed at 1 and 3 Volts in present study. A software, 1SO, developed by
RBI was used to provide the air concentration C, velocity v and the corresponding correlation
factor r as well as the time-averaged air-phase frequency f, defined as number of detected air-

phases per second.

Reflected

<
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o
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Figure 3.6 Schematic of the measurement principle and photograph of the double fiber-optical probe,
RBI, used at LCH-EPFL.

Regarding to the acquisition time, Kramer (2004) has examined different time steps of 20, 40
and 60 seconds for measuring the air concentration and velocity profiles. He also compared the
mean air concentration and mean velocity values obtained for different acquisition time. He

found that the acquisition time tacq greater than 20 s has almost no influence on the results.
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Analyzing the present air concentration C and velocity V profiles which were obtained in high
and low spray zones, indicated very low scatter and fairly high accordance of all profiles for
acquisition times between 20 s and 60 s (see Appendix A.l). Therefore, the local air
concentration C and interfacial velocity V of the two-phase air—water flow resulted from an
acquisition period of 25 s in present study.

With regards to the mixture flow velocity, RBI suggests that the signals are well correlated for
cross-correlation coefficient (r) values greater than 0.7. As shown exemplary for test run 3, in
Fig. 3.7, the cross-correlation profiles corresponding to the velocity measurements obtained on
the step edges are mostly higher than 0.7 (particularly in the upper flow zone) for steps located
far from the slope change. However, for some steps in vicinity of the slope change (steps
number -2 to +2), (r) values lower than 0.7 can be observed even in the upper flow region,
which is judged to be due to the flow curvature and non-alignment between the flow direction
and the probe tips.

1.2 T
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Figure 3.7 Cross-correlation coefficient distribution associated to the velocity measurements with the

double fiber-optical probe signal, for test run 3.

The measurements of the air—water flow properties (i.e. C, f, and V) were conducted
perpendicular to the pseudo-bottom (Fig. 3.8) at the centreline of 20 streamwise cross-sections
along the chute, namely at 5 steps upstream of the slope change and 15 steps downstream of
that location, from step number -09 to +23 (on 50°-30°), or from -09 to +15 (on 50°-18.6°),
respectively (Fig. 3.9).
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Figure 3.8 Sketch of the typical air concentration C, air-phase frequency f and velocity v profiles

measured perpendicular to the pseudo-bottom

Figure 3.9 Physical model of the stepped spillway with an abrupt slope change assembled at LCH-
EPFL.: a,c) General view; b,d) Side view of configuration associated to test number 3 and 8, as per Table
3.1 (6:=50° O.=30° and 18.6% d./h = 4.6; Re = 4.6x10%); the dual fiber-optical probe is mounted on

the automatic positioning system (step numbers used in the following are indicated).
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As mentioned already, precise measurements on the downstream chute slope were
conducted by using an automatic positioning system (Fig. 3.10a) with the possibility of
movement in 2D direction, parallel and perpendicular to the pseudo-bottom, with less than
0.001m of error in each direction. In preliminary phase of experimental campaign, a laser beam
was installed on the automatic positioning system and the step edge locations were detained
very precisely. Then, the automatic positioning system has been programmed in a way that the
air concentration, velocity and air-phase frequency profiles were measured perpendicular to the
pseudo-bottom, including 30 points from about 5 mm distance to the step edge up to the flow
surface, with 0.01 m point spacing (Fig. 3.10b).

Vertical movement

(@)
Fichier
- - Déplacement total
)(—C%D)IH
Interval X
Y+ H|
Crigine @ -
— Profondeur
Déplacement mesure
initial I I Interval ¥ | totale

Déplacements honzontaux

(b)

Figure 3.10 a) side view of the automatic positioning system, b) exemplary output of the code generator

software for programming the automatic positioning system.
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3.2.2. Dynamic pressures

The pressure measurements were collected by means of piezoresistive pressure
transmitters (Keller-druck PR-23/8465.2) with measuring cell at the step face with 2mm
diameter. The sensors were designed to work in high humid and dusty environment (IP 68).
The range of measurements was from -0.1 to 0.2 bar and have been carried out along the vertical
and horizontal face of steps in vicinity and far downstream of the slope change cross-section
(Fig. 3.11). For each measurement position, three runs with taq = 70 s with 1 kHz frequency
were performed to ensure repeatability of the results.

Figure 3.11 Pressure transducers installed in the vicinity of the slope change: photographs (left side)

and schematics (right side) of the 50°-30° slope change equipped with pressure transducers.

The linearity error including the hysteresis and repeatability was less than £0.5% of full
scale, with the error of +1.5 mbar for the water temperature range between 0° C and 50° C. The
range of measurements have been chosen, considering the present step height of 0.06 m, due to
the results obtained by Sanchez-Juny et al. (2007) and André (2004) indicating that the extreme
maximum and minimum pressures are limited respectively to =7 and =-3 times of the step
height on 51.2° and 30° sloping stepped chutes for dc/h=2.25 and 2.65.
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Experimental installation and test procedure

Each of the 12 sensors was connected to a 16 bit high-speed multifunction data
acquisition card (NI 6259) with the capacity of 32 analog entries. This card, was optimised for

superior accuracy at fast sampling rates (up to 32 MHz), (Figure 3.12)

Figure 3.12  Electronics associated to the pressure measurement including the 16 bit high-speed
multifunction data acquisition card (NI 6259) with the capacity of 32 analog entries.

The pressure transducers arrangement is shown in Fig. 3.13. Therein the values of z/h
are equal to 0.30, 0.55 and 0.70, irrespective of the chute slope (z is the distance from the step
edge, along the vertical face, and h is the step height; h=0.06 m). The x/I values for different
sloping chutes are presented in Table 3.2, where x is the distance from the step edge, along the

horizontal face, and | is the step length.

Table 3.2 Location of acquisition points for pressure sensors on horizontal step faces of tested sloping
chutes, upstream and downstream of slope change cross-section.

O (") I (m) X1 ()

50.0 0.050 0.35 0.64 - - -
30.0 0.104 0.17 0.50 0.84 - -
18.6 0.178 0.10 0.30 0.50 0.70  0.88
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Slope Change

20

Slope Change +2 Slope Change

+30
+31

(b)

Figure 3. 13 Schematic of the pressure transducers installed on the horizontal and vertical step faces in

the vicinity and far downstream of a) 50°-18.6° and b) 50°-30° slope change cross-sections.
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Chapter 4

Air entrainment and flow bulking

4.1. Introduction

A significant number of stepped spillways were built during the last decades, in
particular linked to the application of the roller compacted concrete (RCC) dam construction
technique. Stepped spillways may be integrated economically into the downstream face of a
RCC gravity dam. They have also been built on valley flanks adjacent to embankment or
rockfill dams, where slope changes may be implemented due to topography and economic
reasons.

For a given stepped chute geometry, the general behaviour of the flow may be
characterized by three different regimes, namely nappe, transition and skimming flow (e.g.,
Ohtsu and Yasuda, 1997; Chanson, 2002). Nappe flow occurs at low flows and can be defined
as a succession of free-falling nappes. In skimming flow, the water (or air-water) flows as a
coherent stream over the pseudo-bottom formed by the outer step edges; beneath it three-
dimensional vortices occur (e.g., Matos et al., 1999; Chanson, 2002; Gonzalez and Chanson,
2008). Between the upper limit of nappe flow and the lower limit of skimming flow, a transition
flow takes place. For typical hydraulic design of dam stepped spillways, the skimming flow
regime is of relevance (e.g., Chanson, 1994, 2002; Matos, 2000; Boes and Hager, 2003a).

In the last couple of decades, a significant number of physical model studies were
conducted on the hydraulics of skimming flow over constant sloping stepped spillways (e.g.,
Chanson, 1994, 2002; Chamani and Rajaratnam, 1999; Pegram et al., 1999; Sanchez-Juny et
al., 2000, 2007; Matos, 2000; Boes and Hager, 2003a,b; Frizell, 2006; Amador et al., 2009;
Meireles et al., 2012; Pfister and Hager, 2011; Bung, 2011; Felder and Chanson, 2009a,b;
Felder, 2013; Matos and Meireles, 2014). In addition to the hydraulics of conventional stepped

spillways, a variety of experimental studies have also been carried out on non-conventional
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geometries, such as stepped spillways with macro-roughness (e.g., André, 2004; André et al.,
2004; Gonzalez et al., 2008; Bung and Schlenkhoff, 2010), or with non-uniform step heights
(e.g., Felder and Chanson, 2011b).

Despite some few exceptions, such as the Upper Stillwater dam in the USA (Houston,
1987) and lower Siah-Bishe dam in Iran (Baumann et al., 2006), most stepped spillways have
been designed for a constant chute slope. Hence there is presently insufficient information
available on the flow behaviour on slope changes on stepped spillways. The purpose of the
present research is to study and describe the effect of an abrupt slope change on the main
skimming flow properties. Various sets of measurements were conducted under different
geometric and flow conditions. The experimental results on air entrainment and flow bulking,

namely in the vicinity of the slope change, are presented and discussed in this chapter.

4.2. Mean air concentration

On a long, constant sloping stepped chute, for a given flow rate, the mean air
concentration tends to increase in the streamwise direction, until quasi-uniform flow conditions
are attained, (e.g., Pfister and Hager, 2011; Takahashi and Ohtsu, 2012; Matos and Meireles,
2014).

The development of the mean air concentration (Cmean) along the chute, for slope
changes of 50°-18.6° and 50°-30°, is plotted in Figs. 4.1a and 4.1b, respectively. In the
following, open symbols represent experimental data measured on the 50°-18.6° slope change
configuration, whereas filled symbols are applied to the 50°-30° slope change configuration.
Four main sub-regions may be identified: sub-region (I), characterized by a decrease in the
mean air concentration when approaching the slope change cross-section (Fig. 4.1, -0.5 < X <
0, where X = (X-xsc)/dc , and Xsc is the distance of the slope change cross-section to the jetbox,
measured along the chute); sub-region (I1), mainly characterized by a markedly increase in the
mean air concentration shortly downstream the slope change cross-section, reaching a peak
(Fig. 4.1, 0 < X< 5); sub-region (111), where the mean air concentration decreases considerably
(Fig. 4.1, 5 < X<9); and sub-region (1V), where the mean air concentration exhibits a gradually
varied, quasi-constant trend down the chute (Fig. 4.1, X > 9).

The dimensionless distance X=(x-Xsc)/dc defining the boundaries of the above sub-
regions (1) to (I11) was found to be virtually independent of the slope change (50°-18.6° and 50°-
30°) and relative critical depth (dc/h), as illustrated in Fig. 4.2. The dimensionless distance for
the onset of region (1) was also practically constant, regardless of the chute slope and relative
critical depth, except for its lowest values (d./h = 2.6), for which a moderate increase occurs.
An average value of X = 9 was obtained for 3.8 < dc/h < 9.2, representing fairly well most of

the data for the onset of sub-region (1V). Hence, the total length of the chute under the influence
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of the slope change (L:) is approximately equal to 9.5d., for the studied range of slope changes
and relative critical depths (-0.5 <X <9).

Even though most of the mean air concentration data (3.8 < d¢/h <9.2) would be fairly
well fitted by a unique function (Fig. 4.1), larger values were obtained for dc/h = 2.6,
corresponding to the smallest jetbox opening, hence to the smallest flow depth at the upstream
end of the chute. Consequently, relatively larger extents of the self-aerated region were obtained
in comparison with the other test runs, implying that flow conditions upstream of the slope
change were likely closer to uniform flow. This reasoning seems to be strengthen by the
analysis of Fig. 4.3, where the mean air concentration upstream of the slope change compares
well with the uniform mean air concentration estimated from Takahashi and Ohtsu (2012), for
identical chute slope (50°) and relative critical depth, namely for do/& < 4.6. For the highest
values of the relative critical depth (de/h = 7.6, 9.2) on the 50° sloping chute, the mean air
concentration is slightly lower than the uniform mean air concentration calculated from
Takahashi and Ohtsu (2012). On the other hand, Fig. 4.3 shows that the mean air concentration
at the downstream end of the 18.6° sloping chute remains considerably larger than that expected
for uniform flow (regardless of d¢/h), which is judged to be due to the limited length of this

measuring reach.
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Figure 4.1 Streamwise development of the mean air concentration: a) 50°-18.6° ; b) 50°-30°, where x,,.
is the distance of the slope change cross-section to the jetbox, measured along the chute (sketch in Fig.
3.4a); (-) global trend lines for 2.6 < d¢/h <9.2.
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Figure 4.2 Dimensionless location of the onset of sub-regions (1), (I1), (111) and (IV), in function of the
relative critical depth: dashed lines are representative of the mean values of the onset of each sub-region,
and shaded areas refer to the sub-regions under the influence of slope change; a trend line is also included
for the onset of sub-region (1V).
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Figure 4.3 Mean air concentration upstream and far downstream of the slope change, in the absence of
the slope change effect: comparison with the uniform mean air concentration calculated from Takahashi
and Ohtsu (2012), for identical chute slopes.
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In order to overcome the drawback related to the significant influence of the lower
relative critical depth on the mean air concentration development, in comparison to larger
relative critical depths, a mean air concentration ratio Cppeqn / Crmean ups Was introduced, where
Cmean ups 1S the mean air concentration upstream of, but not influenced by, the slope change
(i.e., average of the C,,eqn at Steps -09 and -05). The results are plotted in Fig. 4.4, along with
empirical equations for the mean air concentration development in sub-regions (1), (I1) and (111,
under the influence of the slope change (Eq. 4.1). Even though some scatter is noticeable,

particularly in sub-region (l11) for d./h = 4.6, the overall curve fit is considered acceptable.

@)2

Cmean _(
—_— =qae Cc

(4.1)

Cmean ups

where X=(X-Xsc)/d: and X is the distance of the slope change cross-section to the jetbox,

measured along the chute.

Table 4.1 Coefficients of Eq. (4.1)
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Figure 4.4 Streamwise development of the mean air concentration ratio: a) 50°-18.6°; b) 50°-30°, where
xs. Is the distance of the slope change cross-section to the jetbox, measured along the chute. The
horizontal lines represent the mean values upstream of sub-region (1), in gradually varied or quasi-

uniform flow, and on sub-region (1V).
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4.3. Air concentration distribution

Air concentration profiles were acquired in skimming flow upstream and downstream
of the slope change, on both 50°-30° and 50°-18.6° configurations, for various flow rates and
step heights (Table 3.1). In Figs. 4.5 and 4.6, dimensionless distributions are plotted for various
cross-sections, for de/h = 4.6. The sub-regions previously referred in section 4.2 are also applied
to the air concentration distribution.

The air concentration was found to decrease from the quasi-uniform flow values when
approaching the slope change cross-section, for identical distance to the pseudo-bottom.
Figures 4.5a and 4.6a show that for steps -09 and -05, the air concentration distribution is fairly
similar to that predicted by the advection-diffusion model for the air bubbles proposed by
Chanson (1997), on uniform flow on a similar sloping chute; identical conclusion cannot be
drawn shortly downstream of the slope change, where a considerable decrease on the local air
concentration occurs (particularly on steps -02 and -01), compared to the quasi-uniform
profiles. This is expected to be due to the appearance of flow curvature (compression) slightly
upstream of the slope change cross-section. The compression generates a non-hydrostatic
pressure profile with extrema at the chute bottom. This reduces the volume of air bubbles and
induces them to rise, thus decreasing locally the air concentration.

In sub-region (1), the air concentration generally increases shortly downstream of the
slope change (steps +02 to +06 on 50°-18.6°, and steps +02 to +09 on 50°-30°, Figs. 4.5b and
4.6b), evolving from a S-shape distribution towards a more stretched profile, which is judged
to be caused by the flow curvature reversal in the vicinity of the slope change (Fig. 3.9).

Further downstream, in sub-region (I11), the air concentration decreases along the chute
(Figs. 4.5¢, 4.6¢), until an approximately constant profile is reached, typical of a gradually
varied flow as found in sub-region (1V) (Figs. 4.5d, 4.6d).

Therefore, the reach under the influence of slope change include steps -03 to +21 - on
the 50°-30 °, and steps -03 to +12 on the 50°-18.6"slope change configuration, as shown
exemplary in Fig. 4.7.
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Figure 4.5 Air concentration distribution along the 50°-18.6° slope change configuration, for d¢/h = 4.6

(“~” and “+” signs represent the steps upstream and downstream of the slope change cross-section,
respectively, as per Fig. 3.9b): (a) sub-region (1); (b) sub-region (11); (c) sub-region (I11); (d) sub-region
(V). “C theory” refers to the advection-diffusion model for the air bubbles (Chanson, 1997), where Cean

was estimated from Takahashi and Ohtsu (2012), for a similar sloping chute.
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Figure 4.6  Air concentration distribution along the 50°-30° slope change configuration, for dc/h = 4.6

(“~” and “+” signs represent the steps upstream and downstream of the slope change cross-section,

respectively, as per Fig. 3.9d): (a) sub-region (I); (b) sub-region (I1); (c) sub-region (I11); (d) sub-region
(IV). “C theory” refers to the advection-diffusion model for the air bubbles (Chanson, 1997), where Crean

was estimated from Takahashi and Ohtsu (2012), for a similar sloping chute.
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Figure 4.7 The reach under the influence of 50°-18.6° slope change configuration, highlighted in red (-

o).

The reaches not affected by the slope change include steps -09 to -03 on the 50°
upstream slope, +12 to +15 on the 18.6°donwstream slope, and +21 to +23 on the 30°
downstream slope (Figs. 4.5a, d and 4.6a, d). Along these regions, the air concentration
distribution exhibits a S-shape profile similarly as obtained in other experimental studies on
quasi-uniform or gradually varied flow on constant chute slopes, as well as described by the
advection-diffusion model for the air bubbles (e.g., Chanson, 1997; Chanson and Toombes,
2002).

The comparison of such model with the experimental data seem to strengthen the
conclusion that quasi-uniform flow was attained upstream of the slope change, whereas uniform
flow conditions were not reached near the downstream end of the chute, particularly on the
flatter one (Figs. 4.5d and 4.6d). In fact, markedly different values of the air concentration were
obtained close to the pseudo-bottom.

Overall, a similar development of the air concentration profiles occur on the 50°-18.6°
and 50°-30° slope changes, as shown in Figs. 4.5 and 4.6. However, the influence of the slope
change is slightly more pronounced in the former situation, leading to reduced values of the air
concentration close to the pseudo-bottom, in the vicinity of the slope change (e.g., steps -01,
+01).

The above conclusions, drawn for dc./h = 4.6, can also be extended for a broad range of
relative critical depths, as illustrated in Fig. 4.8, for d./h ranging between 2.6 and 9.2 on the
50°-18.6° slope change configuration. With the exception of the profiles obtained for d./h = 2.6,
a quite similar development of the air concentration distribution occurs on all sub-regions,

irrespective of the relative critical depth.
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For all discharges, a significant modification in the air concentration profiles occurs in
the vicinity of the slope change (steps -01 and +01), with a significant decrease of the air
concentration in the lower flow region (i.e., for y/Yq < 0.5-0.6). The evolvement from a S-shape
distribution towards a more stretched, linear profile, occurs on sub-region (1), for y/Yg < 0.9
(step +05); in sub-region (111), the profiles tend to regain their original S-shape form (step +10);
finally the consolidation of the S-shape profile takes place in sub-region (1V) (step +15).
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Figure 4.8 Air concentration distribution on typical cross-sections along the 50°-18.6° slope change
configuration, for various relative critical depths (‘- and “+” signs represent the steps upstream and

downstream of the slope change cross-section, respectively, as per Fig. 3.9b); the plotted curves (-), (-),
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(-) refer to the advection-diffusion model for the air bubbles (Chanson, 1997), for values of Crmean

equal to those obtained experimentally in the present study for dc./h = 2.6, 4.6, and 9.2, respectively.

4.4. Pseudo-bottom air concentration

The streamwise development of the air concentration close to the pseudo-bottom (at
about 0.005 m from the step edges) follows a trend similar to that observed for the mean air
concentration (section 4.2, Fig. 4.1), as illustrated in Fig. 4.9. It decreases in the vicinity of the
slope change cross-section, exhibits a significant increase shortly downstream, reaching a
maximum (at X = 5), and subsequently decreases (up to X = 9), until an almost constant value
is reached.

Slightly smaller values of the pseudo-bottom air concentration were measured for the
flatter chute, as a result of the increased de-aeration. However, for both slope changes, the
minimum value of the pseudo-bottom air concentration is larger than 10%, which is judged to
be high enough to assure safety against cavitation damage on the step surfaces (e.g., Peterka,
1953, Matos et al., 2000, Boes and Minor, 2000). In Frizell et al. (2013; 2015), it is shown that
cavitation damage might occur on high velocity flow over stepped chutes, in the absence of
flow aeration, whereas relevant successful prototype experience has been reported for high
velocity flows with significant flow aeration (e.g., Guo et al., 2003; Chanson, 2015). It was
found that with increasing the slope change magnitude from 46=20° to 16=31.4", de-aeration

increased 28%.
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Figure 4.9 Streamwise development of the pseudo-bottom air concentration: a) 50°-18.6°; b) 50°-30°.
(-) global trend line for 2.6 < dc/h <9.2.
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4.5. Air-phase frequency

The dimensionless air-phase frequency fd./V. can be expressed as a function of y/Yg,
where f is the average number of detected air bubbles per second, d. the critical flow depth and
V.= \/E the critical flow velocity. Felder and Chanson (2009b; 2011a) and Pfister and Hager
(2011) showed that on constant sloping stepped spillways, the number of entrained air bubbles
increases in the streamwise direction, for a given y/Yq. In Pfister and Hager (2011) it is also
shown that close to the inception point of air entrainment, the maximum value of fd./V; is
located near the flow surface, while it is located close to the pseudo-bottom far downstream of
the inception point. Also maximum air-phase frequency was observed in the intermediate flow
region for void fractions between 35% and 65% (Felder and Chanson, 2011a). According to
Chanson (2002), the relationship between local air concentration and dimensionless air-phase
frequency presents some self-similarity, see Eq. (2.3).

In Figs. 4.10 and 4.11, dimensionless air-phase frequency distributions fd./V. are
presented at various cross-sections along the 50°-30° and 50°-18.6° chute configurations as a
function of y/Ye, for dc/h = 4.6. The sub-regions previously referred for the mean air
concentration and air concentration profiles (sections 4.2 and 4.3) may also be applied to the
dimensionless air-phase frequency distribution.

Sufficiently upstream of slope change (steps -09 and -05 of Figs. 4.10a and 4.11a), the
shape of the fd./V. profiles are similar to those found in quasi-uniform flow on 50° steeply
sloping chutes, namely by Pfister and Hager (2011), where the maximum cross-sectional value
of fd./V. is located near the pseudo-bottom (y/Yg = 0.2-0.3).

In the vicinity of the slope change cross-section (e.g., steps -01 and +01, Figs. 4.10a, b
and 4.11a, b), a significant change occurs in the fdc/V. profiles; the maximum cross-sectional
value of fd./V. increases and its location moves towards the free surface (y/Yq ~ 0.6-0.7).
Shortly downstream of the slope change, in sub-region (I1), the shape of the profiles tend to that
observed far upstream of slope change, and the maximum cross-sectional value of fd./V.
decreases and its location moves towards the pseudo-bottom (y/Ye =~ 0.2) (Figs. 4.10b and
4.11b).

Subsequently, in sub-region (I11) (Figs. 4.10c and 4.11c) the fd./V. profiles continue to
readjust until their shape approach that corresponding to the gradually or quasi-uniform flow
on the downstream flatter slope (Figs. 4.10d and 4.11d). Therein, the maximum cross-sectional
value of fd¢/Vcis located at y/Yqo = 0.7, on the 18.6° slope, and at y/Yq = 0.5, on the 30° slope.
In the reaches not affected by the slope change, hence in gradually varied or quasi-uniform
flow, the dimensionless air-phase frequency distribution seems to be influenced by the chute

slope.
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Figure 4.11 Dimensionless air-phase frequency distribution along the 50°-30° slope change

configuration, for dc/h = 4.6 (“-” and “+” signs represent the steps upstream and downstream of the slope
change cross-section, respectively, as per Fig. 3.9d): (a) sub-region (1I); (b) sub-region (11); (c) sub-region
(111); (d) sub-region (1V).

Overall, the magnitude of the slope change has a relatively small but non-negligible
influence on the development of the dimensionless air-phase frequency distribution along the
reach under the influence of the slope change. In fact, smaller values of the dimensionless air-
phase frequency can be observed closer to the pseudo-bottom on the 18.6° than on the 30°
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sloping chute, namely in sub-regions (I1) (e.g., steps +01 to +03 of Figs. 4.10b and 4.11b) and
(1) (Figs. 4.10c and 4.11c).

The above conclusions, drawn for d¢/h = 4.6, may also apply for a broad range relative
critical depths, as shown in Fig. 4.12, for dc/h ranging between 2.6 and 9.2 on the 50°-18.6 slope
change configuration. A similar development of the air dimensionless air-phase frequency
distribution occurs on all sub-regions, irrespective of the relative critical depth.

For all discharges, a significant modification in the dimensionless air-phase frequency
occurs in the vicinity of the slope change (steps -01 and +01), with a significant increase in the
location of the maximum cross-sectional value of fdo/V. varying from y/Yg = 0.2, on step -09,
to y/Ygo =~ 0.6-0.8 on steps -01 to +01.

Downstream of the slope change, near the peak value of the mean air concentration, the
location of the maximum cross-sectional value of fd./V. moves towards the pseudo-bottom
(y/Yge =~ 0.1-0.3, on step +05). Further downstream, in sub-region (lIl), the location of the
maximum dimensionless air-phase frequency distribution varies between y/Yq =~ 0.3 and 0.6
(step +10), depending on the relative critical depth. The influence of dc/h on the location of the
maximum cross-sectional value of fd./V. becomes small on sub-region (IV), not affected by the

slope change, where y/Yq = 0.6-07 (step +15).
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Figure 4. 12 Dimensionless air-phase frequency distribution on typical cross-sections along the 50°-

18.6° slope change configuration, for various relative critical depths (“-”” and “+” signs represent the steps

upstream and downstream of the slope change cross-section, respectively, as per Fig. 3.9b).

In Figs. 4.13 and 4.14, dimensionless air-phase frequency distributions fd./V. are

presented for various cross-sections along the 50°-30° and 50°-18.6° chute configurations as a

function of the local air concentration, for d./h = 4.6. The present data indicate that the

maximum air-phase frequency occurs approximately for C equal to 30-40%, regardless of the
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slope change. Slighter sharper profiles are noticeable for the 50° sloping chute, when compared
to those found on the 18.6° and 30° slopes. The data fdc/Vc versus C show a skewed distribution
as has been reported in the literature rather than an agreement with Eq. (2.3).

The results are within the range of those previously reported on skimming flow over
stepped spillways: Toombes (2002) observed that the maximum dimensionless air-phase
frequency occurs for an air concentration slightly lower than 50%; Bung (2011) found
maximum dimensionless air-phase frequency for Crean = 45% and 43%, for 18.4° and 26.6°
sloping chutes, respectively; and the results of Felder and Chanson (2011a), on a 26.6° sloping
chute, indicated a maximum dimensionless air-phase frequency for air concentrations between
35% and 65%.
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4.6. Characteristic flow and equivalent clear water depths

Figures 4.15, 4.16, and 4.17, show the streamwise development of the characteristic
flow depths Ygo Yos, Yoo along the 50°-30° and 50°-18.6° sloping chutes. A typical air
concentration contour plot is included in Fig. 4.18.

In contrast with the results found for the mean air concentration, the dimensionless
characteristic flow depths Yoo, Yos. Yoo remain practically constant in sub-region (I), when
approaching the slope change cross-section, irrespective of the relative critical depth (e.g., yso/dc
~ 0.5 as per Fig. 4.15). A decrease in such characteristic flow depths occur in a very limited
reach immediately downstream of the slope change cross-section (i.e., between steps -01 and
+01), followed by a considerable increase until a maximum value is reached, at the downstream
end of sub-region (11); further downstream the characteristic flow depths decrease until a quasi-
constant value is reached, at the downstream end of sub-region (l11). Even though the data
collapse reasonably well in a single curve for Yo, the characteristic flow depths Ygs and Ygg are
considerably larger on the 18.6° sloping chute for the lowest relative critical depth (d./h = 2.6);
for such conditions, the effect of the slope change becomes more pronounced on Yos and Y.

Empirical formulae have been fitted to the experimental data for sub-regions (11) and
(1) (Eqg. 4.2 and Table 4.2); the curves are also plotted in Figs. 4.15 to 4.17, along with the
experimental data. In general, the curve fit is judged satisfactory for predicting the characteristic

flow depths along the downstream reach under the influence of the slope change.
2
— = ae_( ¢ ) (4.2)

where X=(x-Xsc)/d: and X is the distance of the slope change cross-section to the jetbox,

measured along the chute.
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Air entrainment and flow bulking

Table 4.2 Coefficients of Eq. (4.2) for Yeo/dc, Yes/dc and Yeo/dc in sub-regions (I1) and (I11)

Test No. | Slope configuration dc/h a b c R?
1to5 50°-18.6° 2.6t09.2 |0.65 (499 |6.12 |0.71

¥, (y = 90)
6to9 50°-30.0° 26t09.2 |0.53 | 544 |8.02 |0.80
2.6 111 | 553 |4.78 |0.95
1to5 50°-18.6° 3.8t09.2 |0.81 |511 |540 |0.80

Yy (y=95)
6t09 50°-30.0° 2.6t09.2 |0.67 |542 |6.63 |0.85
2.6 169 |6.70 |541 |0.94
1t05 500-18.6° 381092 |1.06 |526 |4.91 |0.93

Yy (v =99)
6t09 50°-30.0° 2.6t09.2 |0.87 |556 |6.05 |0.88

.09 -05 -03 -02 -01

401 +02 +03 +04 +05 +06 +07 +08 +09 +10 +11  +12 +13  +14  +15
Step Number

Figure 4.18 Typical air concentration contour plot: a) upstream the slope change; b) downstream of the
slope change; test number 3, as per Table 3.1 (61=50° O = 18.6° dc/h = 4.6; R. = 4.6x10°).

In Fig. 4.19, the maximum dimensionless characteristic flow depths are presented as a
function of the relative critical depth, for all experimental tests (Table 3.1). For 3.8 < dc/h <
9.2, they are practically independent of the dc/h; the maximum bulked flow depth attained in
sub-region (I11) is in general lower than or approximately equal to the critical depth, but for d¢/h
= 2.6, on the 50°-18.6° slope change configuration, where considerable larger values were
obtained, Yoomax/dc =~ 1.6. It was found that with increasing the slope change magnitude from
A46=20° to 46=31.4°, the maximum flow depth Ygomax /dc increased 25%.

62



Chapter 4

2.00 —

T
—o- Yy, 50°18.6°
oY, 50°30.0°
-8-Y,g,, 50°-18.6°
-m-Y,, 50°30.0°
=Y g, 50°18.6°
Y g, 50°30.0°

1.50 —

2.6 3.8 4.6 7.6 9.2
d/nh

Figure 419 Maximum dimensionless characteristic flow depths obtained on the reach under the

influence of the slope change, versus the relative critical depth.

The streamwise development of the dimensionless equivalent clear water depth (dw/dc)
is illustrated in Fig. 4.20, along with horizontal lines representing the mean value of dw/dc in
the reaches not influenced by the slope change (dw/dc = 0.23, 0.23 and 0.29 for 50°, 30° and
18.6° sloping chutes, respectively), as well as du/d. obtained from Boes and Hager (2003a), for
uniform skimming flow over stepped chutes (dw/dc = 0.23, 0.27 and 0.31 for 50°, 30° and 18.6°
sloping chutes, respectively).

A quite good agreement was obtained using the formula of Boes and Hager (2003a) for
the 50° sloping chute, whereas in sub-region (IV), downstream of the slope change, it
overestimates the mean value calculated from the respective experimental data, namely for 30°
and 18.6° sloping chutes. These results may be expected considering that quasi-uniform flow
conditions were attained mostly on the 50° sloping chute, upstream of the slope change.

A noticeable increase of dw/dc is observed in the vicinity of the slope change cross-
section, in sub-region (1), which is judged to be due to the flow curvature initiated slightly
upstream of the slope change cross-section (Fig. 4.18), leading to an increased pressure close
to the pseudo-bottom. However, dw/d: does not vary significantly along sub-regions (I1) to (111),
for a given relative critical depth.

In the sub-regions influenced by the slope change, dw was estimated from Eq. (2.5),
where Eq. (4.1) (along with Table 4.1) and Eq. (4.2) (along with Table 4.2) were applied for
estimating Cmean and Yoo, respectively. The application of the above formulae was found to
provide a reasonable estimate of the increasing and subsequently guasi-constant trends of dw/d.

along the reach under the influence of the slope change.
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Chapter 4

4.7. Conclusions

The effect of an abrupt slope change on the air entrainment and flow bulking in skimming flow

on stepped chutes is analysed in the present chapter. Experimental tests were conducted at

various cross-sections on a relatively large scale model of 50°-30° and 50°-18.6° abrupt slope

changes, assembled at the Laboratory of Hydraulic Constructions (LCH) of EPFL. Several sets

of experiments were carried out for different step heights, approach flow depths and Froude

numbers. Empirical equations were developed for estimating the mean air concentration and

characteristic flow depths along the reach under the influence of the slope change for 2.6 < Z//

< 9.2. The tests were conducted in skimming flow, so that all observations described herein

strictly apply to this regime. The following results and conclusions may be drawn:

Abrupt slope change on stepped chutes have a major effect on the air entrainment and
flow bulking in the vicinity of the slope change. The magnitude of the tested slope
change has a relatively small but non-negligible influence on the air-water flow

properties along the reach under the influence of the slope change.

In general, the reach of influence of the slope change is initiated shortly upstream of its
cross-section (X=(x-Xsc)/dc = -0.5), and extends further downstream to X =~ 9, for
practically all studied range of slope changes and relative critical depths. Hence, for
practical purposes, the total length of the chute under the influence of the slope change
can be taken as L;~ 9.5d..

Four main local sub-regions have been found to describe the typical air-water flow
patterns in the vicinity and further downstream of the slope change cross-section,
namely with regard to the mean (depth-averaged) air concentration, air concentration
distribution, pseudo-bottom air concentration, air-phase frequency and characteristic

flow depths.

In general, both the mean (depth-averaged) air concentration and the local air
concentration (for identical distance to the pseudo-bottom), decrease when approaching
the slope change cross-section, in sub-region (1), whereas they increase shortly
downstream, in sub-region (11). A peak in the mean air concentration is reached for X
~ 5, followed by its decrease until an approximately constant value is reached, at the
downstream end of sub-region (I11) (X = 9). Within the reach under the influence of the
slope change, the air concentration distribution evolves from a S-shape distribution
towards a more stretched profile. Despite de-aeration in vicinity of slope change for the

tested range of upstream and downstream slopes, the air concentration close to the
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pseudo-bottom remains larger than 10%, which is expected to assure protection of the

step surfaces against cavitation damage.

In the vicinity of the slope change, a significant modification occurs in dimensionless
air-phase frequency (fd./V.) profiles, and the maximum cross-sectional value of fd./V.
increases and its location moves towards the free surface (y/Yq =~ 0.6-0.8). Shortly
downstream of the slope change, the maximum cross-sectional value of fd./V. decreases
and its location moves towards the pseudo-bottom (y/Ye =~ 0.1-0.3). Further
downstream, the fdo/V. profiles continue to readjust until their shape approach that
corresponding to the gradually or quasi-uniform flow on the flatter slope.

In the reaches not affected by the slope change, hence in gradually varied or quasi-
uniform flow, the location of the maximum dimensionless air-phase frequency seems
to be influenced by the chute slope (y/Yq =~ 0.2 and 0.7 for 50° and 18.6° chute slopes,
respectively).

Maximum air-phase frequency occurs approximately for C equal to 30-40%, regardless
of the slope change configuration. Slight sharper profiles were observed for the 50°

sloping chute, when compared to those for the 18.6° and 30° slopes.

The characteristic flow depths (i.e., Yoo, Yos, Yog) remain practically constant upstream
of the slope change cross-section, whereas a significant increase is noticeable further
downstream, followed by a decrease until an approximately constant value is reached.
In general, peak values are obtained for X ~ 5 which has to be considered for designing
the side walls. In contrast, the streamwise development of the equivalent clear water

depth is not significantly influenced by the slope change, except in its vicinity.

The maximum bulked flow depth Ygomax is in general lower than or approximately equal
to the critical depth, but on the 50°-18.6° slope change configuration, for d./h = 2.6,

considerable larger values were obtained (Yogmax/dc = 1.6).

Minimum discharges in the lower skimming flow regime or even the transition flow
regime could perform differently, as the tests with de/h>2.6 suggest. Such flows would
generate higher local Cmean and Cp values, related to a more pronounced spray

occurrence.

The tested slope change was abrupt. A gradual change would certainly reduce the flow
bulking and the de-aeration up to a certain degree, as the pressure gradient is distributed

on longer flow distance.
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Velocity distribution and energy dissipation

5.1. Introduction

In the last 3 decades, numerous stepped spillways have been designed and constructed,
particularly with the application of the roller compacted concrete (RCC), as a cheaper, quicker
and easier technique of construction (Chanson, 2002; Felder and Chanson, 2011b). Thus a
significant number of hydraulic physical modelling research has been conducted to investigate
the flow features on stepped spillways.

Most of the design and associated physical modelling studies were conducted on a
constant sloping stepped chute (e.g., Sorenson, 1985; Chamani and Rajaratnam, 1999; Matos
et al., 1999; Boes, 2000a,b; Matos, 2000; Sanchez-Juny et al., 2000, 2007; Chanson and
Toombes, 2002; Boes and Hager, 2003a; André et al., 2004; Takahashi et al., 2005; Pfister et
al., 2006a,b; Gonzalez and Chanson, 2008; Kavianpour and Masoumi, 2008; Amador et al.,
2009; Schleiss, 2009; Bung and Schlenkhoff, 2010; Meireles et al., 2012; Zare and Doering,
2012a,b; Felder, 2013; Frizell, et al., 2013; Hunt and Kadavy, 2013; Matos and Meireles, 2014;
Felder and Chanson, 2015). Only a few prototypes such as the Upper Stillwater dam in Utah,
USA (Houston, 1987) and lower Siah-Bishe dam in northern Iran (Baumann et al., 2006)
incorporated the stepped spillway with an abrupt slope change. However there is presently
insufficient information available on the flow behaviour on an abrupt slope change on stepped
spillways.

In the present study, the effect of an abrupt slope change on flow properties over the
stepped spillway is tested systematically with a uniform step height for a wide range of
discharges. It is the aim of this chapter to assess the effect of different abrupt slope change

configuration, with the upstream chute slope of 50° (1V:0.84H) and downstream chute slope of
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30° (1V:1.7H), or 18.6° (1V:3H), particularly on the velocity profile and energy dissipation

evolution.

5.2. Velocity distribution

5.2.1. Quasi-uniform flow region

5.2.1.1. Definition

Quasi-uniform flow conditions are generally attained if the local time-averaged air
concentration C and the flow velocity v remain practically constant in the flow direction (Bung
2011). It was revealed that the development of quasi-uniform flow requires a flow distance of
around 2 to 3 times the inception point length (Pfister & Hager 2011, Bung 2011).

Due to the jet-box, quasi-uniform conditions related to air concentration and velocity
were achieved shortly upstream of the slope change (near the end of the upper module) as well
as downstream of the slope change (near the end of the lower module), see also section 4.2.
Figure 5.1 shows air concentration and velocity profiles measured on the last three consecutive
steps in the quasi-uniform flow region at the end of the 50°, 30°, and 18.6° modules for d./h=4.6
(test runs 3 and 8, see Table 3.1).

5.2.1.2. Air concentration profile

The air concentration profiles are compared with the S-shape associated to the
advection-diffusion model proposed by Chanson (1997). The latter is a function of the mean
(depth-averaged) air concentration Cmean per profile, obtained herein from the last three
consecutive steps per module in quasi-uniform flow. As shown in Fig. 5.1, the last three profiles
are similar to each other. Further, the prediction of Chanson fits well with the present profiles.
The bottom air concentration is slightly overestimated herein. The measured values are
Cb=0.28, 0.21 and 0.16 at the end of the 50°, 30°, and 18.6° modules for d./h=4.6. The results
also show that the bottom air concentration decreases with decreasing chute slope, which is in
consistency with other studies on constant sloping stepped chutes. Boes & Hager (2003b)
observed 0.05< C, < 0.1 on 30° chute, whereas Bung (2011) obtained C,=0.05 and

0.01respectively on 26.6° and 18.4° chutes (with h=0.06 m). Boes & Hager (2003b) and Pfister
and Hager (2011) give C,~ 0.20 for 50° chute respectively for h=0.06 and h=0.093 m.
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Figure 5.1 Air concentration C and dimensionless velocity v/Vy profiles indicating quasi-uniform flow
at the end of a module, (a) 6:=50°, (b) 6,=30°, and (c) ©.=18.6°. All for d./h=4.6.

5.2.1.3. Velacity profile

The dimensionless time-averaged velocity v/Vg profile on stepped chutes is
approximated by a power function, as Eq. (2.13), (Chanson, 1994; Felder and Chanson, 2015).
As shown in Fig. 5.1, the measured velocity profiles collapse with the power function. Note
that the exponent N increases with decreasing chute angle. Further, N may vary from one step
to the consecutive one, due to some interference between adjacent shear layers and cavity flows
(Felder & Chanson 2009a, b; 2011a; 2015). However, relatively homogenous velocity profiles
were measured on the last three consecutive steps, indicating quasi-uniform flow conditions for
dc/h=4.6, (Fig. 5.1).

The above conclusions can be extended to smaller relative discharges comprising
2.6 <d¢/h < 4.6 and to both investigated slope configurations on 6,=50°, 62=30° and 18.6° (Fig.
5.2). This suggests that quasi-uniform flow conditions were achieved in the model. Besides, it
indicates that the slope change does not affect the velocity profile anymore after a certain flow
distance. Finally, the relative discharge has no effect on the dimensionless velocity profiles, as
noted by Bung (2011).
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Figure 5.2 Dimensionless velocity profiles for quasi-uniform flow, at modules ends, for the a) 50°, b)
30 ° and c¢) 18.6° chute slope.

Figure 5.3 compares the dimensionless velocity profiles of the three tested slopes with
Eqg. (2.13). Despite of a small scatter, Eq. (2.13) fits with the data independent of the
dimensionless discharge if N=5.6, 6.2 and 8.2 according to ©6,=50°, 62=30° and 18.6° (2.6 <d./h
< 4.6). The upper and lower limits of shadowed area corresponds to N=4.1 and N=13,
respectively as the minimum and maximum values obtained in the present work on the steps in

the quasi-uniform flow region.
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Figure 5.3 Dimensionless velocity profile on the last 3 steps in quasi-uniform flow region on a) 50°, b)
30°and c) 18.6° sloping chute, for 2.6 < d./h < 4.6, compared with the fitted power law curves (dashed
blue lines). Shadowed area is formed by power law curves with the exponent equals to N=4.1 and N=13,

respectively as the minimum and maximum values obtained on the steps in quasi-uniform flow region.

Figure 5.4 compares the exponents N resulting from the present experimental velocity
profiles with those defined by Eq. (2.14). Generally, a reasonable agreement is observed. The
link between N and the values Vimean and Voo Seems thus appropriate to describe the velocity

profile.
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Figure 5.4 Exponents N from present experimental velocity profiles versus the values provided by Eq.
(2.14) (Bung 2011).
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The exponents N from the present velocity profiles are compared in Fig. 5.5 with those
predicted by Egs. (2.16) and (2.17). The data of the 18.6° and 30° chute angle follow the trend
of Eq. (2.16), while the individual data of the 50° chute angle agree better with Eq. (2.17). Note
that the applicability of Eqg. (2.16), proposed by Bung (2011), is limited to the chute slope
ranging between 18.4°1t0 26.6 °.
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Figure 5.5 Exponents N from present experimental velocity profiles versus values predicted by Egs.
(2.15) and (2.16) (Bung 2011, Takahshi & Ohtsu 2012).

5.2.2. Slope change region

The mean velocity Vimean (EQ. 2.15) is normalized with the critical flow velocity being
ve=(gdc)®®. The streamwise development of this normalized velocity is shown in Fig. 5.6. The
dimensionless streamwise coordinate is defined as X=(x—Xsx)/dc, with x as streamwise
coordinate starting at the jet-box and xsc as location of the slope change. By using X the origin
is set at the slope change and the distance is normalized with the critical flow depth d..

The normalized velocity tends to increases slightly upstream of the slope change (at

~-0.5 in Fig. 5.6) for both slope change configurations, even though with a considerable data
scatter. Shortly downstream of the slope change, the velocity tends to decrease until an almost
constant trend is observed on the downstream flat module. The latter is achieved at latest at X~9
(Fig. 5.6). The slope change thus generates a flow compression and deviation, inducing a local
acceleration. The observed tendency of slight increase of the mean velocity upstream of the
slope change is not fully consistent with the previously noticed increase of the equivalent clear
water depth on identical reach. Such a result may be due to the inaccuracy of estimating the

mean velocity in the vicinity of the slope change, where the flow curvature is not negligible.
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The influence reach of the slope change includes some —0.5< X = (x—xsc)/dc < 9, being
independent of the slope change configuration (50°-18.6° and 50°-30°) as well as of the relative
discharge (dc/h). This observation is confirmed by the development of the air concentration

profiles and flow depths (see Chapter 4, section 4.2).
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Figure 5.6 Streamwise development of the normalized mean velocity on 50°-18.6° and 50°-30°, where
the critical flow velocity is V, = \/gd., and x, is the distance between the jetbox and the slope change

cross-section, measured along the chute.

Velocity profiles were acquired in skimming flow upstream and downstream of the
slope change, on both 50°-30° and 50°-18.6° configurations, for various flow rates (test runs 1
to 3 and 6 to 8; Table 3.1). In Figs. 5.7 and 5.8, dimensionless velocity distributions are plotted
for various cross-sections, for d./h = 2.6. Figures 5.7a and 5.8a show that for steps -09 and -05,
the velocity distribution follows the before-mentioned power law function as expected for
quasi-uniform flow on a similar sloping chute. The velocity generally increases shortly
downstream of the slope change (steps +01 to +06 on 50°-18.6°, and steps +01 to +09 on 50°-
30°, Figs. 5.7b and 5.8b), evolving towards those profiles which do not follow the power law
distribution. This is judged to be due to the strong flow curvature reversal and higher pressure
in the vicinity of the slope change (Ostad Mirza et al., 2015a,b), (Fig. 3.9b,d). Further
downstream, the velocity generally tends to decrease along the chute (Figs. 5.7¢c, 5.8c), until an
approximately constant profile with the power law distribution is reached, typical of a gradually

varied flow on similar sloping chute (Figs. 5.7d, 5.8d).
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Figure 5.7 Velocity distribution along the 50°-18.6° slope change configuration, for d¢/h = 2.6 (“-” and

“+” signs represent the steps upstream and downstream of the slope change cross-section, respectively,

as per Fig. 3.9b).
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Figure 5.8 Velocity distribution along the 50°-30° slope change configuration, for dc/h = 2.6 (“-” and

“+” signs represent the steps upstream and downstream of the slope change cross-section, respectively,

as per Fig. 3.9d).

According to the previous chapter (section 4.2) and section 5.2.1 of present chapter, the

reaches not affected by the slope change include steps -09 to -03 on the 50° upstream slope (X
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<-0.5), +12 to +15, and +21 to +23 respectively on the 18.6° and 30.0° downstream slope (9 <
X), (Figs. 5.7a, d and 5.8a, d). Along these regions, the dimensionless velocity exhibits the
power law distribution similarly as obtained in other experimental studies in quasi-uniform or
gradually varied flow on constant chute slopes (e.g., Bung, 2011; Felder and Chanson, 2011a).
The achieved experimental data gathered on 3 consecutive step edges along these regions,
which are fairly similar, strengthens the conclusion that gradually varied or quasi-uniform flow
was attained. Overall, a similar development of the velocity profiles occurs on the 50°-18.6°
and 50°-30° slope changes, as shown in Figs. 5.7 and 5.8. However, the influence of the slope
change is more pronounced in the 50°-18.6° configuration, comparing the modifications
observed on the velocity profiles, particularly in the vicinity of the slope change (e.g., +01).

5.3. Energy dissipation

The energy dissipation on stepped chutes with an abrupt slope change may be caused
not only by the momentum exchange between the mainstream and the step niche vortices, but
furthermore by flow deflection and re-attachment. Therefore, an abrupt slope change on
stepped spillways is an interesting issue with regards to the probable effect on the energy
dissipation rate as a basic parameter to be considered for the design of stepped spillways. Based
on the air concentration and velocity profiles, local kinetic energy correction coefficient (o)
(obtained from Eq. 2.19) and specific energy (E) (obtained from Eq. 2.18) values were
computed along the stepped chute, upstream and downstream of the slope change.

The streamwise development of the kinetic energy correction coefficient o is shown in
Fig. 5.9, with horizontal lines representing the mean value of a in quasi-uniform flow. A local
peak of a is observed at the slope change due to flow curvature generating a non-hydrostatic
pressure distribution, affecting also the typical velocity profile (Figs. 5.7a and 5.8a, steps -2 to
+1). However, along not affected reaches (outside of —0.5 < X < 9) « remains practically

constant with ¢=1.06 upstream and «=1.03 far downstream of the slope change, (Fig. 5.9).
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Figure 5.9 Streamwise development of the kinetic energy correction coefficient on 50°-18.6° and 50°-
30° slope change configurations, where x,,. is the distance between the jetbox and the slope change cross-

section, measured along the chute.

Figure 5.10 shows the streamwise development of the dimensionless specific energy
E/d.. The latter tends to increase immediately upstream of the slope change, which is mainly
due to the slight increase in the mean velocity and considerable increase in the kinetic energy
correction coefficient. It should also be noticed that the estimation of the mean velocity and the
kinetic energy correction coefficient, and consequently the specific energy, is expected to be
inaccurate in the vicinity of the slope change.

Immediately after the slope change and up to roughly X=6, the dimensionless specific
energy decreases, indicating an over-proportional energy dissipation, as typical for diverging
streamlines. Downstream of roughly X > 9 an almost constant value is reached under gradually
varied or quasi-uniform flow conditions. The dimensionless specific energies of d./h=3.8 and

4.6 overlap, but a higher dimensionless energy is observed for d./h=2.6.
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Figure 5.10 Streamwise development of the dimensionless specific energy on 50°-18.6° and 50°-30°
slope change configurations, where x,, is the distance between the jetbox and the slope change cross-

section, measured along the chute.

Considering Hus the total head obtained immediately (at the first step) upstream of the
reach under the influence of slope change (X = —0.5), above the datum cross-section defined by
the downstream end of the region influenced by the slope change (X = 9), then Husc=Eysc+AZsc
,Where Eysc is the specific energy immediately upstream of the reach under the influence of
slope change and AZs is the elevation above the datum cross-section. The head loss on the
region influenced by the slope change is given as:

AHg. = Hyge — Hgse (5.1)

where H ;. is the total head at the downstream end of the region influenced by the slope change
(X=9). Thus, the relative head loss corresponding to the reach under the influence of the slope
change, can be expressed as:

AHSC Husc - Hdsc

= (5.2)
H‘U.SC H‘U,SC

Figure 5.11 shows the relative head loss on the 50°-30° and 50°-18.6° slope change
regions. The relative head loss tends to decrease with increasing relative critical depths and
varied roughly between 38% to 51%, depending on the relative critical depth and slope change

configuration. The following simple equation was found to fit roughly to the data:
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Figure 5. 11 Relative head loss caused under the influence of slope change, on 50°-18.6° and 50°-30°
slope change configurations; measurements at the first step edge upstream and downstream of the reach

under the influence of slope change.

5.4. Conclusions

A significant number of physical model studies were conducted on the hydraulics of
skimming flow over constant sloping stepped spillways. Although some prototype of stepped
spillways with an abrupt slope change have been built and operated for a long period, there is
a lack of understanding of its influence on the flow characteristics. This chapter discussed the
effect of an abrupt slope change on the velocity distribution and energy dissipation in skimming
flow on stepped chutes. Six sets of experiments were carried out for a range of flow rates (2.6 <
d./h < 4.6), on arelatively large scale model of 50°-30.0° and 50°-18.6° abrupt slope change.

The basic results demonstrated that along the reaches not influenced by the slope
change, the dimensionless velocity distribution is a function of the chute slope and follows the
power law distribution, corresponding to the gradually or quasi-uniform flow. The power law
exponent (N) decreases with increasing chute slope. Accordingly, typical N exponent observed
on 50°, 30° and 18.6° sloping chutes were respectively equal to 5.6, 6.2, 8.2. Within the reach
under the influence of the slope change, a significant modification occurs in dimensionless
velocity distribution and profiles do not follow the power law distribution. Downstream of the
reach under the influence of slope change, the profiles readjust their shape to the power law

distribution.
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The development of the Vimean/Ve, @, and E/d. along the chute showed an increase
upstream of the slope change cross-section (X=-0.5), whereas it decreased shortly downstream
of slope change cross-section to reach to the values corresponding to the flatter sloping chute
(X=~9). However, the results obtained in the vicinity of the slope change are expected to be
inexact, due to the considerable flow curvature in such reach.

The results also indicated that the head loss in the region influenced by the slope change
tends to decrease with increasing relative critical depth, varying roughly between 38% to 51%
for the tested relative critical depths and slope change configurations.
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Distribution of dynamic pressures at slope

changes

6.1. Introduction

The hydrodynamic pressure distribution and its prediction play an important role in
structural analysis of smooth and stepped chutes. They were investigated extensively over a
constant sloping stepped chutes (e.g., Matos et al., 2000; Sanchez-Juny et al., 2000, 2007, 2008;
André, 2004; Sanchez-Juny and Dolz, 2005; André and Schleiss, 2008; Amador et al., 2009;
Zhang et al., 2012; Frizell et al., 2013, 2015; Chanson, 2015).

Nevertheless, an abrupt slope change of the chute may change the dynamic pressure
pattern in the flow either over smooth or stepped spillways. To date, there are a limited number
of numerical and experimental studies evaluating the dynamic pressure development in the flow
over a sudden slope change on smooth chutes (e.g. Zarrati et al., 2004). According to Zarrati et
al. (2004), a sudden change in pressure and velocity distribution occurs as the flow passes over
a sudden change in smooth sloping chutes. They indicated that the slope change of A©G=15°
may lead to an increase in the pressure in vicinity (up and downstream) of the slope change
cross-section up to 25 times the hydrostatic pressure. However, except a few model studies of
stepped chute prototypes incorporating a slope change (e.g. Houston, 1987 on Upper Stillwater
dam in Utah, USA and Baumann et al., 2006 on Lower Siah-Bishe dam in northern Iran), there
is no detailed information regarding pressure development in skimming flows over stepped
spillways with an abrupt slope change (Ostad Mirza et al., 2015a). The purpose of the present
chapter is to highlight the effect of an abrupt slope change on the distribution of the dynamic

pressure across the slope changes. Dynamic pressure measurements were gathered in four
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model test runs (number 3 and 6 to 8, see Table 3.1) for slope change configurations of 50°-
18.6° (A6=31.4°) and 50°-30° (A©=20°).

6.2. Results and analysis

6.2.1. Measurement methodology

As explained in Chapter 3 (see section 3.2.2.), the pressure measurements were
collected by piezoresistive pressure transmitters (Keller-druck PR-23/8465.2). The pressure
transducers arrangement is shown in Fig. 3.13. Therein the values of z/h are equal to 0.30, 0.55
and 0.70, irrespective of the chute slope (z is the distance from the step edge, along the vertical
face, and h is the step height: h=0.06 m). x/I values for different sloping chute are presented in
Table 3.2, where x is the distance from the step edge, along the horizontal face, and | is the step
length.

To understand the influence of the slope change on dynamic pressure development and
to compare with earlier findings on conventional constant sloping stepped spillways, the results
have been presented along the horizontal and vertical face of steps in vicinity (under the
influence) and far upstream and downstream (not being influenced) of the slope change cross-
section. According to Chapter 4 (see section 4.2), the steps which are not influenced by the
slope change are defined as step number -3 (upstream of slope change cross-section, on the
steeper sloping chute of 50°), and steps number +31, and +20 (far downstream of slope change

cross-section, on the flatter sloping chutes of 30° and 18.6° respectively).

6.2.2. Dynamic pressure distribution on the horizontal step faces

Figures 6.1 and 6.2, indicate the mean, 95" and 5™ percentiles of the dimensionless
dynamic pressures (p/y/h) obtained on the horizontal step faces in the vicinity and far
downstream of 50°-18.6° and 50°-30° slope changes, for d./h=4.6, where p is the measured
dynamic pressure, y is water specific weight and h is step height. Both the mean and the 95%
percentile tend to increase in the direction of the outer step edge, essentially due to the influence
of the impact of the flow on the horizontal step faces, (Figs. 6.1 and 6.2). As it can be seen, the
minimum pressure values are observed along the upstream portion of the horizontal step faces,
(x/I > 0.5), whereas the maximum values are observed along the portion closer to the step edges
(x/I < 0.5). The highest pressure was recorded at 0.15 < x/I < 0.35, for d./h=4.6. The above
findings are consistent with other studies on constant sloping stepped chutes from 30° to 51.2°
(S&nchez-Juny et al., 2000, 2007, 2008; André, 2004; André and Schleiss, 2008; Amador et al.,

2009), stating that the outer step edge is under the influence of the flow impact and the inner
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step edge is under the influence of flow recirculation, and the highest absolute pressures occurs
at the flow separation in between these two regions (x/l = 0.2). S-shape pressure distribution on
horizontal step faces, observed for instance by Sanchez-Juny et al. (2007) and Zhang et al.
(2012), is more evident at step number +20 (on 18.6° sloping chute), possibly due to covering

a larger portion of the step by the higher number of the measuring pressure taps (Fig. 6.1c).
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Figure 6.1 Mean (-), 95" (- -) and 5% (- .) percentiles of the dimensionless pressure on the horizontal
step faces, in vicinity and far downstream of the 50°-18.6° slope change, for do/h =4.6; | is the step length

and x is the distance from the step edge, along the horizontal face (see Fig. 3.13a).
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Figure 6.2 Mean (-), 95" (- -) and 5™ (- .) percentiles of the dimensionless pressure on the horizontal
step faces, in vicinity and far downstream of the 50°-30° slope change, for d./h =4.6; | is the step length

and x is the distance from the step edge, along the horizontal face (see Fig. 3.13b).
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The pressure starts to increase by approaching the slope change (step number -2 and -
1, Figs. 6.1a and 6.2a). Immediately downstream of the slope change cross-section,
considerably larger values of the mean, 5" and 95" pressure percentiles were found (step
number +1 and +2, Figs. 6.1b and 6.2b). Similar trends have been observed on earlier studies
on an abrupt slope change on smooth (Zarrati et al., 2004) and stepped (Houston, 1987) sloping
chutes. Zarrati et al., (2004), observed that the modification in pressure and velocity initiates
slightly upstream of slope change, despite of supercritical flow. The later is judged to be due to
the back internal pressure waves, corresponding to the non-hydrostatic pressure distribution
upstream of the slope change, which leads to influence the flow properties upstream of the slope
change, even in the supercritical flows.

A higher magnitude of the slope change resulted in =16% higher 95" percentile
pressure values in vicinity of 50°-18.6° cross-section, in comparison with the results obtained
in vicinity of 50°-30° slope change cross-section. At the downstream end of the flatter sloping
chute the pressure values are almost of the same order of magnitude as those upstream of the
slope change cross-section on the steeper sloping chute, in particular for the 50°-30° slope
change configuration (Figs. 6.1c and 6.2¢).

The above findings for d./h = 4.6, are also observed for a broad range of relative critical
depths (2.6 < d./h < 4.6), as shown on the 50°-30° slope change configuration (Fig. 6.3). It
is also evident that the greater the discharge, the greater the pressure values were observed for
mean, 95" and 5" percentiles.

Sanchez-Juny et al. (2007) and André (2004) observed maximum pressures
respectively up to =7 and 5.5 time the step height on horizontal step faces of 51.2° and 30°
sloping stepped chutes for d./h=2.25 and 2.65. This is in fair agreement with the present results
on the horizontal face of steps not influenced by the slope change along the 50°-30° slope
change configuration (step numbers -3 and +31, Fig. 6.3a), where the maximum pressure was
found to be =7.5 times the step height for dc/h=2.6.
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Figure 6.3 Mean, 95" and 5™ percentiles of the dimensionless pressure obtained on the horizontal step

faces, in vicinity and far downstream of the 50°-30° slope change, for d./h = 2.6 (- .), 3.8 (-), and 4.6 (- -

).
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6.2.2.1. Streamwise development of maximum pressures

The streamwise development of the maximum measured mean, 95" and 5™ percentiles
of the dynamic pressure on horizontal step faces (obtained at x/I =0.35, 0.17 and 0.3 respectively
on 50°, 30° and 18.6° sloping chute steps) are shown in Figs. 6.4 and 6.5 respectively for 50°-
18.6° and 50°-30° configurations. The influence of the slope change, as explained before, start
slightly upstream of the slope change cross-section and a significant increase occurs
approximately from step -2 to step +2. Further downstream, the pressure decreases
significantly, and the values at the downstream end of the flatter sloping chute are of the same
order of magnitude as those upstream of the slope change cross-section.
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Figure 6.4 Streamwise development of the mean, 95" and 5™ percentiles of the dimensionless pressure
on the horizontal step faces in vicinity and far downstream of 50°-18.6° slope change, at x/I= 0.35 on 50°

sloping chute and x/I= 0.3 on 18.6° sloping chute, for d./h =4.6.
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Figure 6.5 Streamwise development of the mean, 95" and 5" percentiles of the dimensionless pressure

on the horizontal step faces in vicinity and far downstream of 50°-30° slope change, at x/I= 0.35 on 50°

sloping chute and x/I= 0.17 on 30° sloping chute, for d./h =4.6.
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6.2.2.2. Streamwise development of the equivalent clear water depth and

maximum mean pressures in vicinity of the slope change

The streamwise development of the dimensionless equivalent clear water depth (dw/h)
in the vicinity of 50°-18.6° and 50°-30° slope changes is illustrated in Fig. 6.6. The clear water
depth shows a considerable increase when approaching the slope change, followed by a sudden
decrease shortly downstream of that cross-section. On the flatter sloping chute, the values are
slightly smaller but of the same order of magnitude as upstream of the slope change (on steeper
sloping chute). As expected, the higher the discharge, the higher clear water depths were

observed.
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Figure 6.6 Streamwise development of dimensionless equivalent clear water depth (dw) in the vicinity

of 50°-18.6° and 50°-30° slope changes cross-section.

In order to show the significant modification of the pressure development on horizontal
step faces in vicinity of slope change, P/(yd,, ,,cos6) was introduced, where d,, ., is the
equivalent clear water depth upstream of, but not influenced by, the slope change (obtained at
step -3). The collected results over 50°-18.6° (A©=31.4°) and 50°-30° (A©=20°) slope change
configurations are plotted in Fig. 6.7 (mean pressures obtained at x/I =0.35, 0.17 and 0.3
respectively on 50°, 30° and 18.6° sloping chute steps). As it can be seen, when approaching the
slope change, the pressure ratio increases noticeably. Short downstream of the slope change
(step numbers +1 and +2), mean pressures between 13 to 21 times the equivalent clear water
depths were observed on the horizontal step faces for the range of tested relative flow rates
(2.6 <d./h <4.6). A similar trend has been observed also on earlier studies on an abrupt
slope change (A©=15° on a smooth sloping chute (Zarrati et al., 2004). They observed

pressures up to 25 times the hydrostatic pressure near the slope change cross-section.
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Figure 6.7 Ratio of the mean pressure over equivalent clear water depth in vicinity of 50°-18.6° and 50°-
30° slope changes cross-section, (pressures obtained at x/I =0.35, 0.17 and 0.3 respectively on 50°, 30°

and 18.6° sloping chute steps).

It was found that with increasing the slope change magnitude from 46=20° to
46=31.4°, maximum dimensionless mean pressures (p/y /h) and maximum P/(yd,, ,c0s0)

increased 29% and 32% respectively .

6.2.2.3. Spectral contents of the pressure signals

The power spectral density (PSD) content of the pressure fluctuations at a given
frequency in turbulent flows is the mean energy in that frequency and may provide information
about the flow features and how the eddies of different sizes exchange energy with each other
(Tennekes and Lumley, 1972). Therefore, to study the influence of the slope change, Welch's
power spectral density of the pressure fluctuations (Px) was estimated by means of 2'® recorded
signals on each sensor (by Hamming windowing with 25% overlapping).

The results showed that the dominant frequencies of skimming flows are between 5 to
20 Hz, which is in fair agreement with those obtained in aerated and non-aerated flows by
Amador (2005), Gomes (2006) and S&nchez-Juny et al. (2007). Figure 6.8 indicates the PSD of
the pressure fluctuations on the horizontal faces of the steps which were not influenced by the
slope change on 50°, 30° and 18.6° sloping chutes, for d./h=4.6. As can be noticed, the signals
obtained from the pressure sensors which are located closer to the outer step edge (downstream
portion of the horizontal step faces) contain higher spectral energy. They are clearly
distinguishable from the spectral energy graphs obtained from the pressure sensors located
closer to the inner step edge (upstream portion of the horizontal step face). This is in agreement

with earlier findings on constant sloping stepped chutes. Therein it is shown that the
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downstream portion of the horizontal step face is subject to the jet impact, whereas the upstream
portion involves a boundary layer separation due to step vorticity and recirculating internal
eddies (Sanchez-Juny et al., 2000, 2007; André and Schleiss, 2008). It can be shown that for a
given chute slope, the initiation of the decay is shifted to the higher frequency with decreasing

x/1.
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Figure 6.8 PSD of the dynamic pressure fluctuations obtained on the horizontal face of the steps not
influenced by slope change for dc/h =4.6: a) step number -3 (on the 50° sloping chute), b) step number
+31 (on the 30° sloping chute), and c) step number +20 (on the 18.6° sloping chute). The typical turbulent
slope decay of -5/3 is shown as well.

For better understanding the effect of the slope change, power spectrums were

computed also on the steps in vicinity of the slope change and were compared with the spectral
density curves obtained on the steps not influenced by the slope change. Figure 6.9 exemplary

compares the spectral contents obtained near the outer edge on the horizontal step face (at x/I
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=0.35, 0.17 and 0.3 respectively on 50°, 30° and 18.6° sloping chute) in vicinity and downstream
of the slope change cross-sections, for d/h=4.6. As it can be seen, when approaching the slope
change, a higher spectral energy is produced, while further downstream the energy content
reduces and reaches to lower values corresponding to the steps not influenced by slope change
on the flatter sloping chute. Hence, a slope change may lead to higher spectral energy content,

as observed on the tested slope change configurations.
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Figure 6.9 PSD of the dynamic pressure fluctuations obtained on the horizontal step faces in vicinity
and far downstream of a) 50°-18.6° slope change configuration, at x/I= 0.35 (on 50° sloping chute) and
x/1= 0.3 (on 18.6° sloping chute), and b) 50°-30° slope change configuration, at x/I= 0.35 (on 50° sloping
chute) and x/I= 0.17 (on 30° sloping chute), for d./h =4.6.

6.2.2.4. Probability distribution of the dynamic pressures

Probability distribution of dynamic pressures on the horizontal faces of the steps not
influenced by the slope change are compared with the Normal (Gaussian) distribution (straight
dashed line) on 50°, 30° and 18.6° sloping chutes for d./h=4.6 in Figs. 6.10, 6.11 and 6.12
respectively. Skewness (Sx) and kurtosis (k) values are also given. The results indicate that the
Normal probability plots obtained along the upstream portion of the horizontal step faces are
(x/1>0.5) different from those obtained along the downstream portion (x/1<0.5), irrespective of
the sloping chute. For x/I<0.5, a higher and positive skewness was found, showing that large
negative pressure values are not as frequent as large positive values (Tennekes and Lumley,

1972), hence a Gaussian model will underestimate the maximum pressures on the step edges
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(Amador et. al., 2009). Close to the outer step edge, negative pressures with very low

probability were found.
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Figure 6.10 Normal probability plots of dimensionless pressure on the horizontal face of step number -

3 (on 50° sloping chute): a) x/1=0.64 and b) x/1=0.35, for d./h =4.6.
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Figure 6.11 Normal probability plots of dimensionless pressure on the horizontal face of step number
+31 (on 30° sloping chute): a) x/1=0.84, b) x/1=0.50 and c) x/1=0.17, for d./h =4.6.
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Figure 6.12 Normal probability plots of dimensionless pressure on the horizontal face of step number
+20 (on 18.6° sloping chute): a) x/1=0.88, b) x/1=0.70, ¢) x/1=0.50, d) x/1=0.30 and e) x/I=0.10, for d./h
=4.6.

For x/1>0.5, smaller pressure fluctuations were found compared with the downstream
portion of the steps (x/1<0.5) and negative skewness was observed on some recorded signals
(e.g. at x/I=0.70 and 0.88 on 18.6° sloping chute, Fig. 6.12a,b). The minimum pressure of larger
magnitude was observed near to the step inner edges (x/1=0.64, 0.84, and 0.88 respectively on
50°, 30° and 18.6° sloping chute steps). Along the inner region of the steps, the pressure

distribution was found to be more in agreement with the Gaussian distribution, if compared to
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that at the downstream portion of steps. In all cases, the kurtosis greater than 3 was observed.

The above-mentioned conclusions are consistent with the findings of Amador et al. (2009).

6.2.3. Dynamic pressure distribution on the vertical step faces

Figures 6.13 and 6.14, indicate the mean, 95" and 5" percentiles of the dimensionless
pressure (p/y/h) obtained on vertical step faces in the vicinity and far downstream of 50°-18.6°
and 50°-30° slope changes, for d¢/h=4.6, where p is the measured dynamic pressure , y is water
specific weight and h is step height. The results indicate a small influence of the location of the
pressure sensors, for z/h ranging from 0.3 to 0.7.

When approaching the slope change cross-section, a general trend of increase trend is
observed for the mean, 95" and 5™ percentiles of the dynamic pressure on the vertical step face,
as were observed on horizontal step faces (see section 6.2.1), but with less pronounced maxima.
Immediately downstream, the pressure decrease considerably. Minimum negative values of the
5% percentile of the pressure were found on step number +3 (p/y/h = -4) but not low enough to
lead to cavitation, similarly as found in Houston (1987). Regardless of the step number, lower
pressures were observed on the vertical step faces in comparison with those on the horizontal
step faces, which is consistent with earlier studies on constant sloping stepped chutes (e.qg.
Sanchez-Juny et al., 2000, 2007, 2008; André, 2004; Amador, 2009; Zhang et al., 2012).
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Figure 6.13 Mean (-), 95" (- -) and 5™ (- .) percentiles of the dimensionless pressure on the vertical step
faces, in the vicinity and far downstream of the 50°-18.6° slope change, for d./h =4.6; h is the step height
and z is the distance from the step edge, along the vertical face (see Fig. 3.13a).
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Figure 6.14 Mean (-), 95" (- -) and 5% (- .) percentiles of the dimensionless pressure on the vertical step
faces, in the vicinity and far downstream of the 50°-30° slope changes, for d./h =4.6; h is the step height
and z is the distance from the step edge, along the vertical face (see Fig. 3.13b).

The above findings for dc/h = 4.6, are also observed for a broad range of relative critical
depths (2.6 < d./h < 4.6), as shown in Fig. 6.15, on the 50°-30° slope change configuration.

The results show that the higher the discharge, the greater the pressure values observed for the
mean, 95" and 5" percentiles.
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Figure 6.15 Mean, 95" and 5™ percentiles of the dimensionless pressure obtained on the vertical

step faces, in the vicinity and far downstream of the 50°-30° slope change, for d./h = 2.6 (- .), 3.8 (-

)and 4.6 (- -).
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6.2.3.1. Spectral contents of the pressure signhals

Figure 6.16 compares the spectral energy contents obtained near the outer edge of
vertical step face (z/h =0.3) in vicinity and downstream of slope change cross-sections, for
d./h=4.6. The energy content on the vertical step faces increases when approaching the
slope change. Near the downstream end of the flatter slopes, lower energy content of flow
can be observed which may be expected due to the reduction of the flow velocity with
decreasing slope, irrespective of the slope change configuration. Generally, lower energy
contents were observed on the vertical step faces in comparison with the PSD curves

obtained on the horizontal step faces (see section 6.2.1, Fig. 6.9).
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Figure 6.16 PSD of the dynamic pressure fluctuations obtained on the vertical step faces in the

vicinity and far downstream of a) 50°-18.6°, and b) 50°-30° slope change, at z/h= 0.3, for d¢/h =4.6.

6.2.3.2. Probability distribution of the dynamic pressures

The probability plot of dynamic pressures on the vertical faces of the steps which were
not influenced by the slope change are shown in Figs. 6.17, 6.18 and 6.19 respectively
corresponding to 50°, 30°, 18.6° sloping chutes, for d./h=4.6. The obtained plots are different
from those observed on the horizontal step faces. In the direction of the outer step edge, the
skewness decrease and negative values were found for instance at z/h= 0.3 on 50° and 30°
sloping chute steps, which indicates that large negative values are more frequent than large

positive values (Tennekes and Lumley, 1972). In this case, a Gaussian model underestimates
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the extreme minimum pressures, expected to occur close to the step edge on the vertical step
faces (Amador et. al., 2009). The pressure sensors located closer to the outer step edge (z/h=0.3)

present slightly higher negative pressures, but not low enough to cause cavitation.

| T d T
I, L
I
0.9999 0.9999 0.9999 ¢ ¥
0.999 0.999 | 0.999
0.99 ] 0.99 0.99
0.95 095 r 095 r
0.9 09 r 09 ¢
< 0.75 < 0.79 < 0.75
é 0.5 é 0.5 é 0.5
L 025 1w 025 ¢t 1 I 025
0.1 01 + 01 +
0.05 0.05 0.05 r z/h=0.70
Sk=0A05
k =3.27
u
0.0001 § 0.0001 0.0001
&
! A .
-10 0 10 20 -10 20 -10 10 20
p/Ah p/~h
(a) (b) (c)

Figure 6. 17 Normal probability plots of dimensionless pressure on the vertical face of step number -2
(on 50° sloping chute): a) 2/h=0.30, b) z/h=0.55 and c) z/h=0.70, for d./h =4.6.
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Figure 6.18 Normal probability plots of dimensionless pressure on the vertical face of step number +31
(on 30° sloping chute): a) z2/h=0.30, b) z/h=0.55 and c) z/h=0.70, for d./h =4.6.
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Figure 6.19 Normal probability plots of dimensionless pressure on the vertical face of step number +20
(on 18.6° sloping chute): a) z2/h=0.30, b) z/h=0.55 and c) z/h=0.70, for d./h =4.6.

6.3. Conclusions

Even though few prototypes of stepped spillways with abrupt slope changes have been
built and operated well to date, there is a lack of understanding on the dynamic pressure field
in the vicinity of a slope change. A systematic experimental study was carried out to assess the
influence of an abrupt slope change on the dynamic pressure distribution in skimming flow on
stepped spillways. Four model test runs were performed on 50°-18.6° (A©=31.4°) and 50°-30°
(A6=20°) slope change configurations, for a range of dimensionless flow rates (2.6 < d./h <
4.6). Dynamic pressures were measured on horizontal and vertical step faces in vicinity and far
downstream of the slope change cross-section. Time averaged pressures, extreme pressure
values, pressure probability distribution and spectral energy content of the pressure fluctuations
were analysed.

The basic results showed a significant influence on the pressure development pattern
in vicinity of the slope change, in comparison with the typical results on constant sloping
stepped spillway flows. A notable increase of the mean, 95" and 5" percentiles of the dynamic
pressure and spectral content of pressure signals was observed on the horizontal step faces in
the vicinity of the tested slope changes. Mean pressures up to =21 times the equivalent clear

water depth (=13 times the step height) were obtained. A similar increasing trend was seen on
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the vertical step faces near the slope change, but with less pronounced maxima. Negative values
of the 5" percentile of the pressure were found on the vertical step faces, particularly in the
vicinity of the slope change. However, they were not found to be severe enough to lead to
cavitation. Lower pressure and energy content were observed on vertical step faces in
comparison with the horizontal steps faces. Further downstream of the slope change, the
pressure and spectral energy content decrease considerably and reach lower values which
correspond to the steps not influenced by the slope change, on the flatter sloping chute.

The largest dynamic pressures and associated spectral energy occur on the horizontal
step faces near their outer edge, where pressures are influenced by the flow impact, similarly
to the results obtained on constant sloping chutes. On the vertical step faces, the pressure sensor
location does not have a major influence on the measured pressure values for z/h ranging
between 0.3 and 0.7, irrespective of the chute slope.

Along the steps which were not influenced by the slope change, the probability plots
obtained on the horizontal step faces differ from those observed on the vertical step faces. On
both horizontal and vertical step faces, the pressure distribution does not follow a Gaussian
distribution. The dynamic pressures measured near the outer step edge were governed by a
higher and positive skewness on the horizontal faces, whereas a lower and even negative

skewed distribution was observed near the outer step edge on the vertical step faces.
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Conclusions and recommendations

7.1. General remarks

A significant number of physical model studies were conducted on the hydraulics of
skimming flow over constant sloping stepped spillways. Although some stepped spillways with
an abrupt slope change have been built and operated for a considerable period, there is a lack
of understanding of its influence on the flow characteristics.

Flow bulking and dynamic pressure development in the vicinity of an abrupt slope
change was a particular focus in a few previous experimental and numerical studies (e.g.
Houston, 1987; Montes, 1994; 1997; Zarrati et al., 2004). Chanson (2002) and Pfister (2009)
addressed the risk of unsatisfactory flow condition on abrupt slope changes, such as jet
deflection (on steep to mild slope changes), or a free jet generation (on mild to steep slope
changes).

This research investigated the effect of an abrupt slope change on the flow properties
in skimming flow on stepped chutes. Nine sets of experiments were carried out including
different step heights and discharges on a relatively large scale model of 50°-18.6° (A©6=31.4°)
and 50°-30° (A©=20°) abrupt slope changes, assembled at the Laboratory of Hydraulic
Constructions (LCH) of EPFL. With the results of the present research project, a better
understanding of the effect of an abrupt slope change (steep to mild) on the flow features could
be acquired and limited previous findings on flow behaviour over an abrupt slope change on
stepped spillways are now more completed. For example, the mean air concentration,
characteristic flow depth and consequently equivalent clear water depth development along the
influence reach of the slope change can now be estimated by proposed empirical equations for

2.6 <dd/h <9.2. The tests were conducted in skimming flow, so that all observation described
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herein strictly apply to this regime. The following results and conclusions on air entrainment,

flow bulking, velocity and pressure distribution as well energy dissipation may be drawn:

7.2. Air entrainment and flow bulking

In this research study, air concentration and air-phase frequency were measured in each
of the nine experimental sets. The influence of the tested slope changes on the air entrainment

and flow bulking can be summarized in the following conclusions:

e Abrupt slope changes on stepped chutes have a major effect on the air entrainment and
flow bulking in the vicinity of the slope change. The magnitude of the tested slope
change has a relatively small but non-negligible influence on the air-water flow
properties along the reach under the influence of the slope change.

o In general, the reach of influence of the slope change is initiated shortly upstream of its
cross-section (X=(x-Xsc)/dc = -0.5), and extends further downstream to X =~ 9, for
practically all studied range of slope changes and relative critical depths. Hence, for
practical purposes, the total length of the chute under the influence of the slope change
can be taken as L;~ 9.5d..

e Four main local sub-regions have been found to describe the typical air-water flow
patterns in the vicinity and further downstream of the slope change cross-section,
namely with regard to the mean (depth-averaged) air concentration, air concentration
distribution, pseudo-bottom air concentration, air-phase frequency and characteristic

flow depths.

e In general, both the mean (depth-averaged) air concentration and the local air
concentration (for identical distance to the pseudo-bottom), decrease when approaching
the slope change cross-section, in sub-region (1), whereas they increase shortly
downstream, in sub-region (11). A peak in the mean air concentration is reached for X
~ b, followed by its decrease until an approximately constant value is reached, at the
downstream end of sub-region (I11) (X = 9). Within the reach under the influence of the
slope change, the air concentration distribution evolves from a S-shape distribution
towards a more stretched profile. Despite the de-aeration in vicinity of slope change
for the tested range of upstream and downstream slopes, the air concentration close to
the pseudo-bottom remains larger than 10%, which is expected to assure protection of
the step surfaces against cavitation damage.

e It was found that with increasing the slope change magnitude from 46=20" to
46=31.4", de-aeration increased 28%.
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In the vicinity of the slope change, a significant modification occurs in the
dimensionless air-phase frequency (fd./Vc) profiles, the maximum cross-sectional value
of fdc/V. increases and its location moves towards the free surface (y/Yq ~ 0.6-0.8).
Shortly downstream of the slope change, the maximum cross-sectional value of fd./V
decreases and its location moves towards the pseudo-bottom (y/Yg ~ 0.1-0.3). Further
downstream, the fd¢/V. profiles continue to readjust until their shape approach that
corresponding to the gradually or quasi-uniform flow on the flatter slope.

In the reaches not affected by the slope change, hence in gradually varied or quasi-
uniform flow, the location of the maximum dimensionless air-phase frequency seems
to be influenced by the chute slope (y/Yq =~ 0.2 and 0.7 for 50° and 18.6° chute slopes,
respectively).

Maximum air-phase frequency occurs approximately for C equal to 30-40%, regardless
of the slope change configuration. Slight sharper profiles were observed for the 50°
sloping chute, when compared to those for the 18.6° and 30° slopes.

The characteristic flow depths (i.e., Yao, Yos, Yog) remain practically constant upstream
of the slope change cross-section, whereas a significant increase is noticeable further
downstream, followed by a decrease until an approximately constant value is reached.
In general, peak values are obtained for X = 5 which has to be considered for designing
the side walls. In contrast, the streamwise development of the equivalent clear water

depth is not significantly influenced by the slope change, except in its vicinity.

It was found that with increasing the slope change magnitude from 46=20° to
A6=31.4", the maximum flow depth Yggmax /dc increased 25%.

The maximum bulked flow depth Ygomax is in general lower than or approximately equal
to the critical depth, but on the 50°-18.6° slope change configuration, for d./h = 2.6,

considerable larger values were obtained (Yogmax/dc =~ 1.6).

Minimum discharges in the lower skimming flow regime or even the transition flow
regime could perform differently, as the tests with dc./h>2.6 suggest. Such flows would
generate higher local Cmean and Cp values, related to a more pronounced spray

occurrence.

The tested slope change was abrupt. A gradual change would certainly reduce the flow
bulking and the de-aeration up to a certain degree, as the pressure gradient is distributed

on longer flow distance.

105



Chapter 7

7.3. Velocity distribution and energy dissipation

Velocity distribution and energy dissipation were analysed on six test runs with a step

height of 0.06 m. The results showed that both the velocity distribution and specific energy are

highly influenced by the slope change. The main conclusions are listed below:

The results demonstrated that along the reaches not influenced by the slope change, the
distribution of the dimensionless flow velocity is a function of the chute slope and
follows the power law distribution, typical of the gradually or quasi-uniform flow on
stepped chutes.

The power law exponent (N) decreases with increasing chute slope. Accordingly,
typical N exponent observed on 50°, 30° and 18.6° sloping chutes were respectively
equal to 5.6, 6.2, and 8.2.

Within the reach under the influence of the slope change, a significant modification
occurs in the dimensionless velocity distribution and the respective profiles do not
follow the power law distribution.

Downstream of the reach under the influence of slope change, the velocity profiles
readjust their shape to the power law distribution.

The streamwise development of Viean/Ve, o, and E/d. along the chute was found to
increase upstream of the slope change cross-section (X = -0.5), whereas it decreases
shortly downstream of slope change cross-section, reaching the values corresponding
to the flatter sloping chute (X = 9). The results obtained in the vicinity of the slope
change should however be taken with caution, because of the considerable flow
curvature in such region.

The relative head loss on the slope change region varied roughly between 38% to 51%
for the tested relative critical depths and slope change configurations.

The relative head loss was found to decrease with the increase of the relative critical
depth.

7.4. Dynamic pressure distribution

The influence of the slope change on the dynamic pressures was analysed on horizontal

and vertical step faces in vicinity and far downstream of the slope change cross-section. Time

averaged pressures, extreme pressure values, pressure probability distribution and spectral

energy content of the pressure fluctuations were also analysed by means of the results of four

test runs with step height of 0.06 m. Based on the results of these experiments; the following

conclusions can be drawn:
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Basic results showed a significant influence of the pressure development pattern in
vicinity of the slope change, in comparison with the typical results on constant sloping
stepped spillway flows.

A notable increase of the mean, 95" and 5" percentiles of the dynamic pressure and
spectral content of pressure signals was observed on the horizontal step faces in the
vicinity of the tested slope changes.

Mean pressures up to =21 times the equivalent clear water depth (=13 times the step
height) were obtained. A similar increasing trend was seen on the vertical step faces
near the slope change, but with less pronounced maxima. Negative values of the 5
percentile of the pressure were found on the vertical step faces, particularly in the
vicinity of the slope change. However, they were not expected to be severe enough to
produce cavitation.

It was found that with increasing the slope change magnitude from 46=20° to
A460=31.4°, maximum dimensionless mean pressures (p/y/h) and maximum

P/(yd,, wpcosB) increased 29% and 32% respectively .

Lower pressures and energy content were observed on the vertical step faces in
comparison with the horizontal steps faces. Further downstream of the slope change,
the pressure and spectral energy content decrease considerably and reach the lower
values which correspond to the steps not influenced by the slope change, on the flatter
sloping chute.

The largest dynamic pressures and associated spectral energy occur on the horizontal
step faces near their outer edge, where pressures are influenced by the flow impact,
similarly to the results obtained on constant sloping chutes.

On the vertical step faces, the pressure sensor location does not have a major influence
on the pressure values for z/h ranging between 0.3 and 0.7, irrespective of the chute
slope.

Along the steps not influenced by slope change, the probability plots obtained on the
horizontal step faces differ from those observed on the vertical step faces, both being
considerably different from a Gaussian distribution.

The dynamic pressures measured near the outer step edge were governed by a higher
and positive skewness on the horizontal faces, whereas a lower and even negative

skewed distribution was observed near the outer step edge on the vertical step faces.
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7.5. Recommendations for future work

The following issues could be addressed in future research investigations to improve

the knowledge on the flow behaviour over abrupt slope changes on stepped chutes:

As introduced in Chapter 3, the present study investigated only two slope change
configurations, with a fixed upstream chute slope of 50°. Future studies could examine
additional configurations of slope changes, particularly with distinct upstream chute
slope, as well as additional flow regimes and conditions upstream of the slope change,
such as transition flow regime or non-uniform skimming flow (not fully developed).
Further, the present study focused on the pressure distribution only in vicinity of the
slope change, namely in sub-regions (1) and (1), (-0.5 < X <5). However, it would be
interesting to investigate the pressure development along sub-region (111), where the
flow impacts on the pseudo-bottom (5 < X <9).

Prototype measurements on existing stepped spillways with an abrupt slope change
(e.g. Lower Siah-Bishe dam stepped spillway) would be also attractive in order to
provide results exempted from scale effects, especially regarding dynamic pressures.
In addition to the experimental model or prototype measurements, the numerical
simulation of air-water flow over slope changes could be conducted in future research.
Possible solutions to prevent or minimize the flow disturbance (e.g. flow bulking, high
pressure impact, and de-aeration) could be also tested by implementing gradual change
(transitional steps) in the vicinity of the slope change.

The study of the flow properties on mild to steep abrupt slope changes on stepped

spillways may also be of interest.

Altogether, these investigations may provide a solid ground for the hydraulic design criteria

of stepped spillways with slope changes.
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Appendix A

Air-water flow measurement with RBI

A.1. Influence of acquisition time

Figures Al and A2 show the air concentration C and velocity V profiles respectively

obtained on step number +01, +06 and +15 in test run 3. These 3 steps are chosen, as a

representative of the areas of slope change, high and low splash zone respectively. Very low

scatter and fairly high accordance of all profiles, particularly air concentration, strengthen the

conclusion that time acquisition between 20s and 60 seconds does not have major influence on

data. Therefore, 25s has been defined for air-water flow measurements in present study.
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Figure A.1 Influence of the acquisition time tacq On air concentration profiles for different cross-sections

of test run number 3, with q,,=0.47, at step numbers +1, +6 and +15 on 18.6° sloping chute.
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Air-water flow measurement results
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Figure A.2 Influence of the acquisition time tacq On velocity profiles for different cross-sections of test

run number 3, with gw=0.47, at step numbers +1, +6 and +15 on 18.6° sloping chute.

The scatter in the upper region in velocity profiles measured at step number +01, is

judged to be caused under the influence of slope change, however it is very negligible.

A.2. Experimental results

This section presents the air concentration, air-phase frequency and velocity results
upstream and downstream of the slope change, for the 9 test runs (see Table 3.1). The latter is
also available on request at the Laboratory of Hydraulic Constructions of the Ecole

Polytechnique Fédérale de Lausanne (LCH-EPFL).



Appendix A

A.2.1 Test run number 1

Table A.1 Air concentration, air-phase frequency and velocity distribution on 50°-18.6°, dc/h=2.6 (test number 1).
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Air-water flow measurement results

A.2.2. Test run number 2

Table A.2 Air concentration, air-phase frequency and velocity distribution on 50°-18.6°, dc/h=3.8 (test number 2).
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Appendix A

A.2.3. Test run number 3

Table A.3 Air concentration, air-phase frequency and velocity distribution on 50°-18.6°, dc/h=4.6 (test number 3).
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Air-water flow measurement results

A.2.4. Test run number 4

Table A.4 Air concentration, air-phase frequency and velocity distribution on 50°-18.6°, dc/h=7.6 (test number 4).
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Appendix A

A.2.5. Test run number 5

Table A.5 Air concentration, air-phase frequency and velocity distribution on 50°-18.6°, dc/h=9.2 (test number 5).
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Air-water flow measurement results

A.2.6. Test run number 6

Table A.6 Air concentration, air-phase frequency and velocity distribution on 50°-30°, dc/h=2.6 (test number 6).
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Appendix A

A.2.7. Test run number 7

Table A.7 Air concentration, air-phase frequency and velocity distribution on 50°-30°, dc/h=3.8 (test number 7).
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Air-water flow measurement results

A.2.8. Test run number 8

Table A.8 Air concentration, air-phase frequency and velocity distribution on 50°-30°, dc/h=4.6 (test number 8).
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Appendix A

A.2.9. Test run number 9

Table A.9 Air concentration, air-phase frequency and velocity distribution on 50°-30°, dc/h=9.2 (test number 9).
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Appendix B

Dynamic pressure measurements

B.1. Experimental results

This section presents the time averaged pressures, extreme pressure values, and spectral
energy content of the pressure fluctuations results on horizontal and vertical step faces in
vicinity and far downstream of the slope change cross-section in four model test runs (number
3and 6to 8, see Table 3.1). The latter is also available on request at the Laboratory of Hydraulic
Constructions of the Ecole Polytechnique Fédérale de Lausanne (LCH-EPFL).
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Dynamic pressure measurement results

B.1.1.Test run number 3

Horizontal step faces

Table B.2 Dynamic pressure distribution and PSD on horizontal step faces of 50°-18.6°, dc/h=4.6 (test number 3).
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Appendix B

Vertical step faces

Table B.3 Dynamic pressure distribution and PSD on vertical step faces of 50°-18.6°, dc/h=4.6 (test number 3).

0.0 " " " 0.0 ‘ " ; 0.0 . : ;
o Step Number:-2 o Step Number:+1
0.1F| © Step Number:-1 1 0.1F| © Step Number:+2 1 0.1r
¢ Step Number:+3
0.2+ : 0.2¢ 1 0.2¢
0.3¢ 9 7 0.3 7 ¢ 03F 999
! I ! [ | i |
0.4} i i {04t B ! 04F 1|
1 ! I [ i
= ! I - ! | [ | - i |
N0.57 5 I 1 ]051 b L1 R05 i
b ; _ 49 b 90
06/ & : O R R A 061 ||
0.7t 6 . 1 07té b s 0.7+ ba b
0.8+ 1 0.8} 1 0.8+
0.9+ ; 0.9r¢ 1 0.9¢
1.0 : 1.0 ‘ : 5 1.0 : : :
-5 0 5 10 15 -5 0 5 10 15 -5 0 5 10 15
P/~/h P/4/h P/~/h
10° ——Step Number:-2
- - -Step Number:-1
——Step Number:+1 _5/3
oll™" -Step Number:+2
107 | —-—- Step Number:+3 1
——Step Number:+20

B-3



Dynamic pressure measurement results

B.1.2.Test run number 6

Horizontal step faces

Table B.4 Dynamic pressure distribution and PSD on horizontal step faces of 50°-18.6°, dc/h=2.6 (test number 6).
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Appendix B

Vertical step faces

Table B.5 Dynamic pressure distribution and PSD on vertical step faces of 50°-30°, dc/h=2.6 (test number 6).
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Dynamic pressure measurement results

B.1.3.Test run number 7

Horizontal step faces

Table B.6 Dynamic pressure distribution and PSD on horizontal step faces of 50°-18.6°, dc/h=3.8 (test number 7).
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Appendix B

Vertical step faces

Table B.7 Dynamic pressure distribution and PSD on vertical step faces of 50°-30°, dc/h=3.8 (test number 7).
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Dynamic pressure measurement results

B.1.4.Test run number 8

Horizontal step faces

Table B.8 Dynamic pressure distribution and PSD on horizontal step faces of 50°-30°, dc/h=4.6 (test number 8).
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Appendix B

Vertical step faces

Table B.9 Dynamic pressure distribution and PSD on vertical step faces of 50°-18.6°, dc/h=4.6 (test number 8).
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