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by My research works focus on the physical and numerical modeling of river floods, in the case of streamwise non-uniform overbank flows in compound open channels. These flows are characterized by longitudinal changes in flow depth and by a lateral time-averaged discharge between the main channel of the river and the adjacent floodplains.

The longitudinal non-uniformity of flow is mostly caused by the changes in topography and land occupation of floodplains. Non-uniformity can also be related to the influence of the boundary conditions associated with the reach under consideration. These various sources of non-uniformity have been investigated throughout this work.

The physical processes induced by flow non-uniformity have been studied in laboratory flumes. The analysis is carried out at the reach scale, but also at a smaller scale, with a three dimensional description of the mean flow and turbulent quantities, especially in the mixing layer developing at the junction between the main channel and the floodplains.

The numerical modeling work is focused on the approaches 1D, 2D and 1D+ (development of a new method). In particular, we assess their ability to take into account the physical processes that are specific to non-uniforms flows, and eventually, to predict the flow depth and velocity in the floodplains. This is done for small overbank flows, but also for very high flows associated with extreme flood events. *** Mes travaux de recherche portent sur la modélisation physique et numérique du débordement des rivières en régime non-uniforme. Ce régime est caractérisé par des variations longitudinales de hauteur d'eau, et par un débit d'échange latéral entre le lit mineur de la rivière et les plaines d'inondations adjacentes.

La non-uniformité de l'écoulement est principalement due aux variations de topographie et d'occupation du sol des plaines d'inondation, mais également à l'influence des conditions limites du bief de rivière considéré. Ces différentes sources de non-uniformité ont été explorées tout au long de ces travaux.

Les processus physiques induits par la non-uniformité de l'écoulement ont été étudiés dans des canaux de laboratoire. L'analyse est faite à l'échelle du bief, mais également à une échelle plus fine (description tridimensionnelle du champ de vitesse moyenne et des quantités turbulentes, notamment dans la couche de mélange entre lit mineur et lit majeur).

Le travail de modélisation numérique porte sur les approches numériques 1D, 2D et 1D+ (développement d'une nouvelle méthode). En particulier, on évalue leurs capacités à prendre en compte les phénomènes physiques spécifiques aux écoulements non-uniformes, et in fine, à simuler hauteur et vitesse de l'écoulement en plaine d'inondation, pour des faibles débordements, comme pour des crues extrêmes.
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Introduction

This report is a synthesis of my research and teaching activities since 1996, mostly focusing on the works carried out at the research unit 'Hydrology-Hydraulics' of Irstea-Lyon from 2000 to 2015. These works deal with the physical and numerical modeling of river floods, in the case of steady non-uniform overbank flows in compound open-channels. In the English literature, a compound open-channel is defined as a 2-stage geometry consisting of a main channel (MC) and one or two adjacent floodplains (FP). This geometry is opposed here to a single open-channel, which does not feature marked lateral changes in the bed level.

Unlike in-bank flows in the MC of a river that can be uniform or quasi-uniform at the reach scale, overbank flows are, in the vast majority of cases, non-uniform with respect to the longitudinal direction. This is often due to changes in topography or/and land occupation of the FP (Figure 1.1), or due to the influence of the boundary conditions associated with the reach under consideration. Figure 1.2 (Right) shows the influence of: (1) a downstream boundary condition in terms of flow depth (backwater effects upstream from the dam); and (2) an upstream boundary condition in terms of cross-sectional distribution of velocity (the velocity distribution immediately downstream from the dam is likely to be out of equilibrium with respect to uniform flow conditions). The effects on compound channel flows of:

• changes in topography, especially in the width of FPs

• changes in land occupation of FPs

• the upstream boundary condition, and more generally, upstream flow history were investigated throughout my research work. The effect of the downstream boundary condition is being investigated in a flume located at Irstea-Lyon, France. • gradually varied flows with a longitudinal flow depth gradient of the order of magnitude of the river bed slope

• rapidly varied flows featuring a gradient significantly higher than bed slope, and in some cases, recirculating flow areas When dealing with uniform compound channel flows, the main scientific challenges are: [START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF] the accurate description of the lateral distribution of streamwise mean velocity, turbulent quantities, secondary currents, and bed shear stresses (see e.g. [START_REF] Knight | Boundary shear in symmetrical compound channels[END_REF][START_REF] Knight | Turbulence measurements in a shear layer region of a compound channel[END_REF][START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF][START_REF] Fernandes | Compound channel uniform and non-uniform flows with and without vegetation in the floodplain[END_REF]; and (2) the prediction of these parameters (see e.g. [START_REF] Shiono | Turbulent open channel flows with variable depth across the channel[END_REF][START_REF] Prooijen | Momentum exchange in straight uniform compound channel flow[END_REF][START_REF] Fernandes | Improvement of the Lateral Distribution Method based on the mixing layer theory[END_REF]. Though the lateral description of the non-uniform flows was considered in my research work, both experimentally and numerically, a significant part of my research has been focusing on what varies in the longitudinal direction.

It is also important to notice that we were essentially interested in overbank flows with an actual streamflow onto the FPs, namely with a streamwise mean velocity of a few tens of centimeters per second 1 , as observed on the Rhône River near Lyon in 2006 (Figure 1.3). The FPs used as storage locations are therefore out of the scope of the present work.

The main body of this manuscript is divided into four parts. In part I, we answer the basic issue 'Why study non-uniform overbank flows?', relying on (i) the overall context of river floods, (ii) the various stakes related to the assessment of flood hazard and flood risk, and (iii) the main scientific challenges in terms of physical and numerical modeling of non-uniform flows.

Part II is dedicated to the understanding of the physical processes induced by flow non-uniformity. First, we show under which conditions the mean flow and the Shear-Layer Turbulence (SLT) are weakly or strongly dependent on the upstream boundary condition and on the upstream flow history. Second, we investigate the different types of mean velocity profiles and of associated SLT when the flow is gradually varied. The various factors that control mean flow and turbulence, and their combined effects are also explored. Third, we analyze the influence on physical processes of continuous or sudden longitudinal changes in flow width, caused by narrowing FP, enlarging FP, or by a transverse levee or embankment settled on the FP. Fourth, we present experimental results on longitudinal roughness transitions over the FP, namely from highly-submerged dense meadow to emergent rigid tree models. The experiments are performed with a single or a compound channel, to highlight the effect of the MC on flow structure. Are also presented results related to fields measurements across the River Rhône (flood event shown in Figure 1.3) with mature emergent trees over the FP. Lastly, the characteristics specific to non-uniform flows are synthesized.

Part III presents various numerical investigations, essentially based on 1D, 1D+ and 2D approaches. The final objective is to answer the following question: which type of modeling can be used according to flow conditions? First, we analyze the hypotheses of classical 1D approaches for uniform and gradually varied flows. Second, we present a 1D+ model, named the Independent Sub-sections Method (ISM), which is a coupled system of four ordinary differential equations, one mass conservation and three momentum equations (one in each sub-section: MC, right-hand and left-hand FPs). The ISM was developed in order to accurately compute both the flow depth and average velocity over the FP. Third, errors using 1D and 1D+ modelings are compared in the case of uniform and gradually varied flows. Fourth, 2D depth-averaged numerical simulations are compared with experimental data for uniform, gradually and rapidly varied flows. Similarly to field practitioners, we used simple 0th order turbulence closures. The errors on water level, mean velocity, mixing layer width, and depth-averaged Reynolds stress are estimated. Last, we draw conclusions on the ability of each tool to predict flow structure according to flow conditions.

The mid-term perspectives of my research work are eventually exposed in part IV. The scientific challenges on which I intend to work are detailed by separating the physical and numerical investigations. Some of them are related to the ongoing research project FlowRes (for Flow Resistance), of which I am coordinator from Jan. 2015 to Dec. 2018. This project is funded by the National Research Agency (ANR) under grant No. ANR-14-CE03-0010 and is entitled Predicting the flows in the floodplains with evolving land occupations during extreme flood events. The other challenges are related to urban floods (a new PhD will start at the end of 2015), to unsteady overbank flows (in particular try to relate spatial non-uniformity under steady flow conditions to unsteady flows), and to sediment transport issues under non-uniform flow conditions (bed-load transport in the MC, and transfer of fine sediments onto the FP).

The appendix A contains some information on my career (CV, research and teaching activities, publications). My initial research work (Master of Science) on the physical and mathematical modeling of debris flows in mountain streams is described in appendix B. Some analogies can be found with non-uniform overbank flows in compound channels, since the muddy debris flows overflow on the alluvial fan, and cannot be uniform along the longitudinal direction (Coussot and Proust, 1996) [A1]. The FlowRes ANR project is presented in appendix C.

Part I

Why study non-uniform overbank flows?

Chapter 2

Overall context and main stakes

Floods from overflowing rivers

Floods are mostly caused by (i) coastal storm surges, (ii) overflowing rivers, (iii) water tables with very high stages, (iv) urban runoff, (v) agricultural runoff, and (vi) overflowing sewerage systems. A first question arises: why focus on river floods in this research work? One of the reasons is that, amid the 6 various types of floods, flooding from overflowing river is the most frequent and also the flood type that affects more people.

France is particularly exposed to river flood risk, since river floods affect 17.1 million permanent residents (twenty five percent of people) and 9 million jobs -France hexagonale without overseas regions -, according to the Evaluation Préliminaire des Risques d'Inondation 2011 (MEDDE, 2012). For comparison, floods from the sea only affect 1.4 million residents and 0.85 million jobs (last major event in 2010 with the Xynthia storm). The last major river floods occurred in the upstream part of the Garonne River basin (May 2013), in Brittany (2013-2014), along the Gaves Rivers in January 2014, and in Languedoc during Autumn 2014 (Hérault, Lez, Berre, and Agly Rivers).

In Europe, the great inundation of 2002 (at the origin of EU Flood Directive I) caused by the overflowing Danube River was surpassed in June 2013, especially in Germany. In may 2014, southeast Europe was affected, with heavy rainfall in Serbia, Bosnia and Croatia, resulted in high flood flows and debris flows (see Figure 2.1 Left). The rain was the heaviest in 120 years of recorded weather measurements. In terms of damage, injuries and killed people, the major river floods usually occur in Asia (see data from the Centre for Research on the Epidemiology of Disasters), because of the number of residents living along the rivers. It may be recalled that the 1887 Yellow River flood was one of the deadliest natural disasters ever recorded, with 900,000 people killed.

It is also important to recall that the potential adverse impacts related to flood events have increased worldwide during the last 45 years according to SwissRe, 2015, as shown in Figure 2.1 (Right). In the case of river floods, it is due to the increasing human settlements over the FPs. What is observed is both an increase in the assets exposure and an increase in the assets value according to [START_REF] Bourguignon | Événements et territoires-le coût des inondations en France Analyses spatio-temporelles des dommages assurés[END_REF][START_REF] Boudou | Caractérisation de neuf évènements remarquables d'inondations en France (de 1910 à nos jours): apport d'une étude rétrospective d'évènements passés pour une gestion prospective du risque d'inondation[END_REF]. One french case is very representative of this tendency, namely the 100-year return period flood of the River Seine in Paris. This flood caused 1 billion euros of damages in 1910, while the damages cost is expected to exceed 30 billion euros if this event happens again, according to the EPRI 2011 (MEDDE, 2012).

Sources of longitudinal non-uniformity

From here, a second question arises: why focus on non-uniform overbank flows? As previously said, while uniform flow conditions are quite common in the field for inbank flows in the MC, the hypothesis of the longitudinal uniformity of flow is more hazardous when considering overbank flows in compound channels. In most cases, the FPs feature large variations in topography and land occupation, and therefore in flow resistance, as previously shown in Figure 1.1 for Rivers Missouri and Moselle. An other example is shown in Figure 2.2, for a compound reach along the River Rhône (April 2006 flood). Even in the case of a fairly straight compound river reach (see Figure 2.2(a) between longitudinal stations PK = 7.1 and 7.7 km), the assumption of flow uniformity is erroneous. Indeed, the changes in topography and riparian vegetation along the river bank, see , promote variation in the direction and magnitude of mean velocity along the FP/MC interface.

The lateral non-uniformity of flow is caused by the 2-stage geometry, by the topographic changes within each sub-subsection (FP and MC) and by the transverse variation in hydraulic roughness (related to changes in land occupation when going away from the river bed). With regards to the longitudinal non-uniformity of flow, six important sources can be listed:

• the longitudinal changes in geometry and topography of MC and/or FPs • the longitudinal changes in land occupation of FPs, i.e. in the hydraulic roughness elements (low vegetation, bushes, shrubs, trees, houses, natural levees, artificial dikes...)

• the upstream boundary condition (velocity distribution across the river)

• the downstream boundary condition (water levels)

• sediment transport processes

• unsteady processes Given this context, it can thus be concluded that: (i) uniform compound channel flows are ideal and theoretical reference flows; [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] the study of non-uniform overbank flows seems legitimate.

Flood hazard assessment

The present research work focuses on the flood hazard assessment in the FPs, where the vulnerability of goods and people is located. Unlike the EPRI 2011 (MEDDE, 2012) that gives priority to the estimate of flow depths (or water levels), we were interested in the assessment of both flow depth and velocity in agreement with the European Flood Directive 2007. As shown in Figure 2.3, the assessment of velocity is explicitly mentioned in Article 6. This must be done in the areas with potential significant flood risks for each range of likely return period.

The assessment of both flow depth and velocity is also consistent with the objectives of the first national flood risk management strategy (Stratégie Nationale de Gestion des Risques d'Inondation -SNGRI) that was adopted on October 7, 2014. The SNGRI is part of the strengthening of the national flood risk management policy initiated in the framework of the Flood Directive 2007. The national strategy sets three main objectives:

• increase the security of populations

• reduce the cost of damage

• greatly shorten the time to return to normal of the affected territories.

For the two first objectives, the estimate of flow velocity is a mandatory step, as shown for instance in Figure 2.4 for the security of populations. The limits of motion in water of an adult practicing (or not) sport and of a child are plotted as a function of flow depth (vertical axis) and velocity (horizontal axis). For instance, with a flow depth of 50 cm, an adult cannot move into water when velocity exceeds 1 m/s. The human instability in flood flows was analyzed in detail by [START_REF] Jonkman | Human instability in flood flows[END_REF][START_REF] Jonkman | Human instability in flood flows[END_REF]Xia et al., 2014. FIGURE 2.5: Flooding of a nuclear power plant from the Missouri river, at Fort Calhoun, Nebraska, U.S.A., June 6, 2011

Floods with a medium or a low probability

The study of non-uniform overbank flows is also legitimate for another reason than those previously mentioned. Floods with a medium probability (likely return period T ≥ 100-year) and extreme event scenarios (T ≥ 1000-year) are by their rare and dangerous nature characterized by a lack of field data. Flood marks are scarce, velocity measurements are often non-existent, and the available stage-discharge relationships are not reliable in these ranges [START_REF] Lang | Extrapolation of rating curves by hydraulic modelling, with application to flood frequency analysis[END_REF]. Assuming that these high flows are non-uniform, their physical modeling appears to be of primary importance:

• to get insight into the complex physical processes related to [START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF] the increasing inhomogeneity of the land occupation with a rising return period T ; and [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] the variation in the flow confinement of the roughness elements with T

• to validate the numerical simulations of such flood events, which are based on calibrations carried out for the highest observed events, roughly T ≈ 100year in the best case.

The stakes are high in the areas with significant potential risk, see e.g. Figure 2.5. For instance, in France, besides the 17 million people living along rivers, one can find: (a) 126 basic nuclear power plants; (b) 600 industrial 'SEVESO' plants (activities or substances featuring a major risk for environment); and (c) 6000 industrial or agricultural firms subjected to the directive IPPC -Integrated Pollution Prevention and Control -(data from MEDDE, 2012). In all these areas, an accurate prediction of the flood hazard is required, both in terms of flow depth and velocity, for likely return periods up to 10000-year in the case of basic nuclear power plants, according to the report n • 13 of the French Nuclear Safety Authority (ASN) on the protection of nuclear installations against flooding (ASN, 2013).

With regards to the effect of climate change on extreme flood events, and especially on the likely change in the return period of a river discharge of given magnitude, it is still the subject of debate. In France, the analysis of high flows by [START_REF] Giuntoli | Floods in France[END_REF] highlighted a clear difference between the north and the south of France, with 'negative trend detections in the south and some or no positive detections in the north'. On a global scale, according to [START_REF] Hirabayashi | Global flood risk under climate change[END_REF], an increase or a decrease in flood frequency is projected in the next decades depending on the areas of the world. In addition, for a fixed population, the number of people exposed to floods with a return period higher than 100-year is also expected to increase, irrespective of the climate models and scenarios. In this context, the study of the physical processes related to high flows, and the assessment of the existing modeling practices for river floods with T ≥ 100-year become major issues.

Chapter 3

Main scientific challenges

Head, head loss and velocity distribution

To understand the first challenge related to flow non-uniformity, we shall use a simple one-dimensional approach. According to [START_REF] French | Open Channel Hydraulics[END_REF], the hydraulics of 1D gradually varied flows in a single open-channel is based on several assumptions including the following two:

1. The velocity distribution across the channel is fixed 2. The head loss for a specific reach is equal to the head loss in the reach for a uniform flow having the same hydraulic radius and average velocity, or in terms of Manning's equation:

S H (varied f low, Q, R) = S H (unif orm f low, Q, R) = S f = n 2 U 2 Q R 4/3 (3.1)
where Q is the flow rate, R is the hydraulic radius, n is the Manning roughness, S H is the head loss gradient, S f is the friction-slope, U Q = Q/A is the mean velocity averaged on the total cross-section A.

The assumption ( 2) is of primary importance since it enables the 1D Saint-Venant or Bernoulli equations to be solved by using friction laws established under uniform flow conditions. In most cases, the assumption ( 1) is associated with an other assumption: the momentum correction factor, β, and the kinetic energy correction factor, α, defined as

β = A(x) U 2 dA/(U 2 Q A) and α = A(x) U 3 dA/(U 3 Q A)
are assumed to be equal to 1, where U is the local mean streamwise velocity.

When dealing with gradually varied flows in a compound open-channel, the longitudinal variations in velocity distribution, and subsequently in coefficients β and α, can be large, and

S H (varied f low, Q, R) = -dH/dx = S H (unif orm f low, Q, R) (3.2)
where the total head H = Z + αU 2 Q /(2g), and Z is the water surface level.

In addition, the values of β and α can markedly differ from 1. French, 1985 states that α can reach 2, which was confirmed by our own measurements (up to 1.7 in the case of enlarging FPs, see Chapter 6).

The inequality in Eq. 3.2 stems from the fact that in a cross-section where the wet area A and the flow rate Q are both fixed, one can observe variations in the averaged-sub-section discharges Q m and Q f . The observed discharges Q m and 

Lateral depth-averaged mean flow across a 2-stage geometry

The non-uniform overbank flows are characterized by a lateral depth-averaged mean flow across a 2-stage geometry, which is illustrated in Figure 3.1 by a lateral discharge per unit distance, q, at the junction MC/FP. This lateral discharge and the associated momentum flux will interact with the other physical processes induced by the two stage-geometry, namely (i) the shear-layer turbulence caused by the shear U m -U f , (ii) the secondary currents, especially in the MC, and (iii) the friction on solid walls.

In case where the FP is occupied by emergent or weakly submerged macroroughness elements (e.g. trees and houses), 4 different sources of lateral flux of streamwise momentum can be distinguished:

• the lateral depth-averaged mean flow

• the shear-layer turbulence

• the secondary current cells

• the wakes generated by the macro-roughness elements over the FPs Understanding the interaction between these processes according to flood magnitude, boundary conditions, and to the land occupation of the FPs, is the second important scientific challenge related to flow-non-uniformity.

For instance, the reported experiments will show that the lateral flow can alter the streamwise mean velocity profiles and the structure (2D or 3D) of the associated shear-layer-turbulence depending on both the magnitude and direction of lateral flow.

The third important challenge, which is strongly linked to the previous one, is the assessment of the errors on FP flow depth and velocity when using numerical approaches that neglect one or several processes associated with flow non-uniformity.

Flow non-uniformity and high hydraulic roughness over the floodplains

When the flow is uniform and the FP is covered by a bed-roughness, e.g. in the case of highly-submerged meadows, the interaction between the MC flow and the FP flow decreases with an increasing relative flow depth, D r = h f /h m (see e.g. Fernandes, 2013). For very high flows, the shear U m -U f tends to zero, and shear-layer turbulence (SLT) vanishes. By contrast, when the FP is covered by macro-roughness elements, e.g. emergent trees, the shear U m -U f can be enhanced by an increase in D r (U m rises with D r , but U f is nearly constant owing to the increasing drag forces caused by trees). This will also result in very high values of transverse momentum flux by the lateral depth-averaged mean flow, which is proportional to q(U m -U f ).

The fourth important scientific challenge is to investigate this combination of flow non-uniformity with high values of shear U m -U f , and subsequently, of high transverse momentum flux due to both shear-layer turbulence and lateral mean flow between MC and FP. A related issue is the estimate of river conveyance when the flow is non-uniform and the FPs are covered by emergent macro-roughness elements. Under uniform flow conditions, [START_REF] Wormleaton | An improved method of the calculation for steady uniform flow in prismatic main channel/flood plain sections[END_REF] experimentally showed that rigid emergent vegetation over the FPs could dramatically reduce river conveyance, in comparison with smooth floodplains, as shown in Figure 3.2. We can additionally expect that conveyance is modified by the flux q(U m -U f ) in a non-uniform flow context.

Evolving land occupation / hydraulic roughness

In the case of medium or extreme flood events, the flows in the FP are mainly controlled by the FP land occupations, i.e. by all the hydraulic roughness elements. Two types of hydraulic roughness can be distinguished: bed-induced roughness (e.g. highly submerged meadows) and macro-roughness elements (e.g. emergent trees or houses). In this context, the total flow resistance is affected by The last important scientific challenge is to examine the effects on flow structure of various types of evolving land occupation over the FP, which are common in the field, for a wide range of flow rate magnitude.

•
We firstly chose to investigate a longitudinal roughness transition from bedroughness to emergent macro-roughness elements, or vice versa. The experiments are carried out both in single and compound channels to isolate the effect of MC. Then, a lateral transition from bed-roughness to emergent or weakly immersed macro-roughness will be examined. Longitudinal and lateral roughness transitions will eventually be combined. Additionally, when discharge magnitude is varied, a particular attention will be paid to the vertical transition from emergent to weakly immersed macro-roughness elements.

Part II

Physical processes

Chapter 4

Upstream boundary condition and upstream flow history

Introduction

The investigation into the effects of the upstream boundary condition on compound channel flows was motivated by the two following observations. First, when using a classical inlet for compound channel flumes, common for the main channel (MC) and the floodplain (FP) as shown in Figure 4.1, an excess in FP inflow with respect to uniform flow conditions was observed. This results in a mass transfer towards the MC that can occur over longitudinal distances higher than the actual length of some flumes of the literature. Second, when defining the upstream boundary of a compound river reach as the location of a change in crosssectional shape, bottom slope and/or roughness, the upstream velocity distribution across the section is necessarily out of equilibrium. This will promote an advective transport of mass and momentum by the mean flow, for both prismatic1 and nonprismatic reaches. As a result, the upstream boundary condition should always be accounted for when dealing with overbank flows.

In the early 2000s, the effect of the upstream boundary condition on compound channel flows, and especially on uniform flows, was not documented in the literature. The vast majority of flumes were equipped with a single upstream inlet tank to supply both the MC and the FP, such as the Flood Channel Facility located at HR Wallingford (see e.g. [START_REF] Shiono | Turbulent open channel flows with variable depth across the channel[END_REF] or the flume used by [START_REF] Sellin | A laboratory investigation into the interaction between the flow in the channel of a river and that over its flood plain[END_REF] (2000)(2001)(2002)(2003)(2004)(2005). The results are reported in [START_REF] Proust | Velocity measurements in a concrete experimental channel representing a flood plain[END_REF][START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF], and Bousmar et al., 2005. In this last paper, we experimentally investigate the length required for a uniform flow condition to be achieved, L u . Depending on flow conditions, the length L u can exceed the actual length L of some experimental flumes reported in the literature. This was confirmed by [START_REF] Terrier | Investigations on the establishment of uniform flow in compound channel flumes[END_REF], who compared experimental data with the length L u computed with a 3D model developed by Loughborough University, with Telemac 2D (EDF) and a 1D+ model, the ISM (presented in Chapter 9). The results show that as the relative depth D r increases, the length required for uniform flow condition increases: for instance, in the UCL flume, L u /L ≈ 0.5 for relative depth D r ≈ 0.2, while L u /L ≈ 2 for D r ≈ 0.4. Note that all these investigations mostly focused on the development of mean flow, and especially of the average discharges in the MC and the FP, Q m and Q f , respectively.

The effect of an unbalanced upstream discharge distribution on the development of mean flow and Shear-Layer Turbulence (SLT), was investigated during the Pessoa project. Putting aside the effects of changes in geometry, non-uniform flows in two straight compound channel flumes were studied. Preliminary results are reported in [START_REF] Proust | Effect of different inlet flow conditions on turbulence in a straight compound open channel[END_REF]. A detailed analysis of the effect of the lateral flow on streamwise mean flow and SLT is presented in [START_REF] Proust | Turbulent non-uniform flows in straight compound openchannels[END_REF], for flow cases with a fixed flow confinement, namely a relative depth D r = h f /h m ≈ 0.3. [START_REF] Proust | Uniform and gradually varied flows in compound channel versus free mixing layers[END_REF][START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF] investigate the combined effects on mean flow and SLT of: (i) a variable upstream dimensionless shear λ = (U d2 -U d1 )/(U d2 + U d1 ) (where U d2 and U d1 are the two ambient streams velocities outside the mixing layers); (ii) a variable vertical confinement of flow; (iii) a lateral depth-averaged mean flow of variable magnitude and direction.

The effect of the upstream discharge distribution on mean flow and turbulent quantities in a non-prismatic geometry was studied by V. Dupuis in the case of a compound channel with a longitudinal roughness transition over the FP (Dupuis et al., 2017b).

With regards to the effect of the upstream flow history on mean flow and SLT, two different works were carried out. First, in [START_REF] Bousmar | Experiments on the flow in a enlarging compound channel[END_REF] comparison between 3 various upstream flow histories is made by focusing on the mean flow in a cross-section where the total area, A, is fixed: flow in a compound channel with (1) narrowing FP, (2) enlarging FP, or (3) straight FP. Second, in [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF], the influence of the upstream flow history on SLT is assessed in a section where the total area, A, and the dimensionless shear, λ, are both constant.

Flow development towards uniformity in laboratory flume

In the literature of compound channel flows, attention was paid to the development of the vertical boundary layer, and the measuring section was located in the second half of the flume length, see e.g. [START_REF] Sellin | A laboratory investigation into the interaction between the flow in the channel of a river and that over its flood plain[END_REF][START_REF] Rajaratnam | Interaction between main channel and floodplain flows[END_REF][START_REF] Knight | Floodplain and main channel flow interaction[END_REF][START_REF] Smart | Stage-discharge discontinuity in composite flood channels[END_REF]. By contrast, to the author's knowledge, no special precautions were taken concerning the inlet flow conditions between MC and FP.

Classical inlet

The effect of a common inlet for the MC and the FP on flow development was highlighted during the early experiments of my PhD thesis in 2001, which were performed at the CNR laboratory, Lyon, France. It was found that, using a single upstream inlet tank to supply both the FP and the MC was not suitable to achieve uniform flow conditions over short distances. Irrespective of the total flow rate Q, an excess in FP inflow Q f (x = 0) was observed at the entrance of the compound channel flume, resulting in a mass exchange from the FP to the MC along the entire channel (13m-long, 3m-wide), as shown by the lateral profiles of depth-averaged streamwise velocity, U d , in Changing the level of the downstream tailgates had little influence on the lateral mass transfer in the upper part of the flume. Hence, in this region, an upstream weir was used in front of the FP to limit the inflow over the FP, see Proust, 2005, p88, Fig 3.3. However, for each height of the weir, a complete measurement of the velocity field across the compound channel at various downstream distances x was required to control whether the uniform flow condition was achieved or not (a very tedious work). Hence, we used surface seeding (saw dust particles) to roughly estimate the magnitude of the lateral flow, and to reduce it by adjusting the weir height. For the lower flow rate, 150 L/s (relative depth D r ≈ 0.2), the flow was closed to equilibrium in the last measuring section (comparison with the discharge distribution calculated with the Debord Formula according to [START_REF] Nicollet | Ecoulements permanents à surface libre en lit composés[END_REF]. For the higher flow rate, 260 L/s (relative depth D r ≈ 0.33), no equilibrium was reached at the downstream end of the flume.

To estimate the discrepancy with uniform flow conditions, the computation of the sub-section-averaged heads, H m and H f can be of good help, see Figure 4 in [START_REF] Proust | Energy losses in compound open channels[END_REF] for the various cases investigated. Two flow cases are reported in Figure 4.3. In the case of the CNR flume with Q = 150 L/s and of an upstream imbalance in FP inflow dQ f = +119%2 , the head loss gradients dH m /dx and dH f /dx are equal to the bed slope at the far end of the flume, an other definition of the uniform flow condition. Note that the lateral mass transfer occurs with very small variation in the flow depth, as shown in Figure 4.2 (Right). From x = 3 m to 11.2 m, a -2.5% decrease in the MC flow depth is observed. In the LMFA flume, Figure 4.3 (Right) shows that, with dQ f = +32% and a relative depth of 0.4, no equilibrium is reached.

The main physical processes induced by a common inlet for MC and FP are synthesized in Bousmar et al., 2005, and sketched in Figure 4.4. 'As the total head in the upstream tank is the same for both MC and FP, the velocity in the upstream section is also the same in both subsections. The floodplain discharge is therefore too large and a mass 

Separate inlets

The previous results led us to build separate inlets for the MC and FP, with one independent pump and one electromagnetic flow-meter for each sub-section, to get uniform flow conditions even in short flumes. The upstream discharge distribution between MC and FP to be injected is calculated with Debord Formula according to [START_REF] Nicollet | Ecoulements permanents à surface libre en lit composés[END_REF] In the 8 m long flume at LMFA, 1 m downstream from the inlet tanks, equilibrium in the ratio Q f /Q is reached for D r = 0.2, 0.3 and 0.4 (see Fig 6.5 p 163, in Proust, 2005). Then, the constant value of Q f /Q can be re-injected upstream. This method was also used in the flume located at LNEC, resulting in a constant discharge distribution along the whole measuring domain, as shown by the uniform flow case in Figure 4.5 (Left). Note that, at LMFA, LNEC and Irstea-Lyon, independent downstream tailgates for the MC and FP were also used, to reduce the lateral mass transfer when approaching the downstream end of the flume.

Uniformity?

Using independent inlets for the MC and FP is required to rapidly achieve an equilibrium in the discharges Q m and Q f , in the streamwise depth-averaged velocity, U d , and subsequently in the mixing layer width, δ, see Peltier, 2011. Unfortunately, the distributions of local mean velocity and turbulent quantities across the section can evolve over higher longitudinal distances than velocity U d . It was observed in the LNEC flume, see [START_REF] Fernandes | Compound channel uniform and non-uniform flows with and without vegetation in the floodplain[END_REF], and in the Irstea flume by Dupuis, 2016, who found that velocity U d was fully developed 9 m downstream from the inlet section, As a result, a question immediately arises regarding the numerous experiments carried out on uniform compound channel flows in the literature, since the pioneering work of [START_REF] Sellin | A laboratory investigation into the interaction between the flow in the channel of a river and that over its flood plain[END_REF]: what is the reliability of the data of mean flow and turbulent quantities measured at mid length of some flumes reported in the literature, and especially for high values of relative depth D r and small values of ratio L/B f ?

(Q f -Q u f )/Q u f (x = 0) = -19%, +19%, +38%, and +53%. (Right) Ratio (Q f -Q u f )/Q u f against x/B f

Unbalanced upstream boundary condition

Non-uniform flows in prismatic geometry

With separated inlet tanks upstream, the subsection discharges Q m and Q f can be varied, keeping the total flow rate constant, Q (to obtain similar relative flow depths, D r ). The aim is to model various inflow conditions that can be found in the field at the entrance of a river reach, as shown in Figure 4.7. The flow conditions firstly studied are reported in [START_REF] Bousmar | Upstream discharge distribution in compound-channel flumes[END_REF]chapter 6 of Proust, 2005. +38%, +19% and -19%, where Q u f is the FP discharge for a uniform flow condition.

(Q f -Q u f )/Q u f (x = 0) = +53%,
The non-uniform flows of Pessoa project are gradually varied flows, with longitudinal flow depth gradients of the order of magnitude of the bottom slope. The mean gradient of FP flow depth, dh f /dx, is in the range -1/1000 to 0.4/1000 for the 25 test cases studied, see Proust et al., 2017. Figure 4.8 (Left) shows the profiles of (a) relative depth D r and (b) velocity difference between sub-sections relative to uniform flow conditions, N = (U m -U f )/(U u m -U u f ), for runs with D r ≈ 0.3 in the two flumes. Typical lateral distributions of lateral depth-averaged velocity, V d , are shown in Figure 4. 8 (Right).

This figure highlights three important results, which will have consequences on both the streamwise mean flow profiles and Shear-Layer Turbulence (SLT) that will be studied in Chapter 5.

• The development towards uniformity is much slower for mean velocity than for flow depth.

• Even for small upstream imbalances in FP inflow, mass transfer between MC and FP can occur over large distances.

• The highest values of depth-averaged velocity, V d , are observed near the junction FP/MC. This will result in a strong interaction between lateral flow and SLT in this region. The effect of a change in the upstream discharge distribution on flows in nonprismatic geometry is being investigated by the PhD student V. Dupuis in the case of a compound channel with a longitudinal roughness transition over the FP, as shown in Figure 4.9 (Right). From downstream distance x = 0 to x = 9.8 m, emergent rigid stems are installed on artificial plastic grass; from x = 9.8 m to 18 m, the FP are covered by grass only. Figure 4.10 shows the profiles of relative flow depth, D r , throughout the non-prismatic geometry, varying the FP inflow Q f (x = 0) while keeping the total flow rate, Q, constant.

Flows in non-prismatic geometry

The results show that the upstream discharge distribution mostly influences the reach upstream from the transition (from x = 0 m to 9.8 m). There is one exception, the flow with a dramatic deficit in FP inflow (Q f (x = 0) = 6 L/s, i.e. Q f /Q(x = 0) = 3.7 %), which will have to be further investigated from the velocity field (not yet measured). Leaving aside this test case, the most upstream water level measured at x = 1.05 m increases with Q f (x = 0), while the water level at the transition is fairly constant, resulting in an increasing gradient dD r /dx in the upper reach. Assuming that this gradient is related to the magnitude of the mass transfers between MC and FP, these preliminary results suggest that the high flow resistance caused by the emergent macro-roughness acts as a forcing of mass transfers. Mass transfers occur more rapidly along the upper reach. The measurements of the velocity field at x = 9.8 m where the wet area is rather constant, will enable the effect of the upstream boundary condition on the SLT in a non-prismatic geometry to be assessed.

Effect of the upstream flow history

To illustrate the effect of the upstream flow history on mean flow and Shear-Layer Turbulence (SLT), we firstly present results on mean flow in non-prismatic geometry, and secondly, on SLT in prismatic geometry.

Streamwise mean flow

The results presented here are taken from [START_REF] Bousmar | Experiments on the flow in a enlarging compound channel[END_REF]. The reported experiments investigate the effect of symmetrically enlarging FPs in a compound channel flume located at UCL, Belgium (experiments performed during my PhD thesis, see Proust, 2005, Chap. 7). These flows are compared to flows in prismatic geometry or in non-prismatic geometry with symmetrically narrowing FPs, investigated by Bousmar et al., 2004, as shown in Figure 4.11 (Left). The geometries and flow conditions are reported in Table 4.2, where Q is the total flow rate, and H * is the relative flow depth measured in the cross-section located at mid length of the diverging/converging reach, or at mid length of the flume for the prismatic case.

In this section, the width is constant for the three types of geometry. In addition, the downstream tailgates are set for non-prismatic cases to obtain comparable relative depth H * with the prismatic case, and eventually, similar wet area, A, in this section.

The effect of the upstream flow history on the mean flow in this 'mid-length' section is highlighted in Figure 4.11 (Right) and in Figure 4.12. The notations are the following: for instance, 'Pri/02' denotes a prismatic geometry with a relative depth H * = 0.2; 'Cv2/02/10' denotes a 2m long converging reach, with H * = 0.2 and Q = 10 L/s. Figure 4.11 (Right) shows that the lateral distribution of depth-averaged streamwise velocity, U d , scaled by total flow rate, Q, highly differs from one geometry type to another (Nb: U d /Q = U d /(AU Q ) with A = constant). The conveyance capacity in the FP regularly increases from diverging, to prismatic, and to converging geometry, with the same cross-section total area. When analyzing the longitudinal evolution of flow (not shown here), it is observed that, in the case of a diverging FP with mass and momentum transfer from MC towards FP, 'the flow expends on the FP with a significant shift in the downstream direction', leading to a deficit in FP flow with respect to uniform flow. By contrast, the flow in converging reach features an excess in FP flow.

These results are confirmed by the measurement of the FP discharge as a ratio of total discharge, Q f /Q × 100, in the 'mid-length' section, see Figure 4.12. The general tendency is a higher ratio Q f /Q in a converging reach than in a diverging reach for the same total wet area, A. In the 'mid-length' section, the discharge distribution between MC and FP, the momentum and kinetic coefficients β and α, and therefore the total head, are found to vary with the upstream flow history.

Dimensionless shear-layer turbulence

Among the 25 flow cases studied during the Pessoa project (uniform and nonuniform flows in straight geometry with a lateral flow of variable magnitude and direction), five cases are of particular interest, namely the flows at LNEC with relative depth D r ≈ 0.2. Indeed, in the most downstream measuring section, they feature same flow depth (h = h u , the uniform flow depth) and comparable values Proust, and Zech, 2006 FIGURE 4.12: Discharge distribution: FP discharge Q f as a ratio of total discharge Q (%), at mid-length of the converging/diverging reaches. Taken from [START_REF] Bousmar | Experiments on the flow in a enlarging compound channel[END_REF] of the dimensionless shear λ (0.31 -0.38), while the upstream flow history differs from one test case to another. Figure 4.13 (Left) shows the longitudinal development of the cross-stream distributions of dimensionless Reynolds-stress -< uv > /U 2 s and of the dimensionless depth-averaged values, -< uv > | d /U 2 s , for the uniform flow. Reynolds-stress is scaled by U 2 s similarly to free mixing layers, with U s = U d2 -U d1 , U d2 and U d1 being the two ambient stream velocities outside the mixing layer. The distributions of both -< uv > /U 2 s and -< uv > | d /U 2 s are quite similar at downstream positions x = 5 and 7.5 m, indicating that they are reasonably well developed in the last measuring section. In this section, Figure 4.13 (Right) shows the same parameters for the varied flow cases.

The effect of the upstream flow history on the Dimensionless Shear-Layer Turbulence (DSLT) is highlighted. The distributions of scaled Reynolds-stress for the varied flow cases all differ from those of the uniform flow. In particular, with runs +19% and +38%, even though both flow depth and λ-parameter have reached the uniform flow values (see [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF], the DSLT is poorly developed and very different from that observed for the uniform flow. The DSLT is also found to be more altered by a lateral flow from FP to MC than by a lateral flow in the opposite direction. This is very clear when comparing the cases -19% and +19%, and particularly, the peak values of the depth-averaged scaled Reynoldsstress in Figure 4. 13 (Right,b), while the values of λ are comparable (0.38 and 0.34, respectively) and the flow depth is the same at x = 7.5 m.

These results show that, in a section where the wet area is fixed, the levels of DSLT are not merely related to the local dimensionless shear, λ. The DSLT is also highly dependent upon the upstream flow history.

Synthesis

In laboratory flumes, when using a single inlet tank to supply both the MC and FP, the required length for achieving uniform flow conditions, L u , can exceed the actual length of the flume, L. The ratio L u /L increases with the FP width, B f , and with the relative flow depth, D r . This was experimentally and numerically shown. This length L u is significantly reduced when using independent inlets for MC and FP, and independent downstream tailgates for both sub-sections.

In a prismatic geometry, the local mean velocity and turbulent quantities develop over larger distances than depth-averaged parameters. This observation reinforces the idea that, in the literature of uniform flows, some data of streamwise mean velocity, secondary currents, and turbulence might be (i) not fully developed, and additionally (ii) influenced by the upstream flow history, notably by a likely lateral flow from FP towards MC.

In a prismatic geometry, the mean flow and shear-layer turbulence far downstream were found to be highly altered by a change in the upstream velocity distribution. This is partly due to the slow development of mean velocity compared with the changes in flow depth. Even a small upstream imbalance can affect the flow structure over very large distances, and especially when a lateral flow occurs from the FP towards the MC. In this case, even for significant values of local dimensionless shear, λ, the levels of Shear-Layer turbulence (SLT) and Dimensionless Shear-Layer turbulence (DSLT) can be quite low.

In non-prismatic geometries, and in a section where the wet area is constant, the distribution of streamwise mean velocity across the channel was found to vary with the upstream flow history. An excess (resp. a deficit) in FP flow was observed in converging (resp. diverging) FP with respect to uniform flow conditions. The effect of the upstream boundary condition on SLT is being investigated by the PhD student V. Dupuis, in a section where the wet area is rather constant, in the case of a longitudinal roughness transition over the FP.

Chapter 5

Mixing layer under gradually varied flow conditions 

Introduction

The mixing layers studied in this chapter are associated with gradually varied flows in prismatic compound open-channel. The term 'gradually varied' is used in this manuscript when two conditions are fulfilled: (1) the water surface gradient is of the order of magnitude of the longitudinal bottom slope; [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] there is no recirculating flow across the compound section.

One the one hand, these 'gradually varied' mixing layers have common features with mixing layers observed in other contexts, such as free mixing layers, shallow mixing layers in single open-channel, and mixing layers at river confluences. For instance, similarly to free mixing layers (see e.g [START_REF] Winant | Vortex pairing : the mechanism of turbulent mixing-layer growth at moderate Reynolds number[END_REF][START_REF] Yule | Two dimensional self-preserving turbulent mixing layers at different free stream velocity ratios[END_REF][START_REF] Oster | The forced mixing layer between parallel streams[END_REF], they are subjected to an imposed initial dimensionless shear λ = (U d2 -U d1 )/(U d2 + U d1 ), where U d2 and U d1 are the depth-averaged streamwise velocities of the two ambient streams outside the mixing layer. They are also under the influence of flow confinement and bed-friction effects, as the shallow mixing layers in single open-channel investigated by [START_REF] Chu | Confinement and bed-friction effects in shallow turbulent mixing layers[END_REF][START_REF] Uijttewaal | Effects of shallowness on the development of free-surface mixing layers[END_REF][START_REF] Vermaas | Lateral transfer of streamwise momentum caused by a roughness transition across a shallow channel[END_REF] in single composite open-channel, i.e with a lateral transition in roughness.

On the other hand, they have very specific characteristics related to the topographical forcing by the 2-stage geometry. The investigation of this specificity was one of the objectives of the Pessoa project, and is being continued within the FlowRes project funded by ANR. The main results are exposed in the publications mentioned above, and summarized in this chapter.

The experiments were performed in two prismatic compound channel flumes with a rectangular or trapezoidal MC, located at LMFA, France, and at LNEC, Portugal, respectively. The gradually varied flows are induced by an unbalanced upstream discharge distribution between MC and FP, with respect to uniform flow conditions. The data set is composed of 25 test cases, with a relative depth D r ranging from 0.2 to 0.4. Varied flows with an excess or a deficit in FP flow were both investigated, resulting in a lateral depth-averaged mean flow from FP to MC, or MC to FP, respectively. These flows are compared with the uniform flow of same total flow rate, Q. The variation in FP inflow with respect to uniform flow conditions,

(Q f -Q u f )/Q u f (x = 0), is denoted ∆Q f /Q u f
, where superscript u refers to uniform flow. The same values of this parameter are investigated in the two flumes, +19%, +38%, +53%, corresponding to an excess in the FP inflow, and -19% standing for a deficit. Turbulence statistics are calculated from 18000 samples with an acquisition rate of 100 Hz, and the ADV data are despiked with the filter of [START_REF] Goring | Despiking acoustic Doppler velocimeter data[END_REF] The main scientific challenge was to examine the relative and combined effects on mean flow and Shear-Layer Turbulence (SLT) of: (i) the 2-stage geometry with a variable flow confinement, (ii) the dimensionless shear λ, and (iii) a lateral depthaveraged mean flow with variable direction and magnitude, and (iv) the bed-frictionnumbers S/S c according to [START_REF] Chu | Stability of turbulent shear flows in shallow open channels[END_REF]. Preliminary investigations into the effect of flow non-uniformity on secondary currents were also carried out.

Three types of mean velocity profile

Figure 5.1 shows the lateral distribution of the depth-averaged streamwise mean velocity, U d , for 25 test cases. Three different types of mean velocity profile can be observed within the mixing layer: (type 1) a profile with an easily observable Inflexion-Point (IP), see e.g. Figure 5.1a; (type 2) a convex profile with a mixing layer mostly located in the MC, see e.g. cases +38% and +53% in Figure 5.1b; (type 3) a profile with a valley near the junction MC/FP, see cases +19%, +38% and +53% in Figure 5.1c. As it will be shown in the next section, two factors primarily drive these velocity profiles: (i) the local dimensionless shear λ; and (ii) the direction and magnitude of lateral flow.

Factors controlling streamwise mean flow and shear-layerturbulence

Lateral depth-averaged mean flow

The first important effect of the lateral mean flow is its impact on the streamwise mean velocity profiles. With a significant lateral flow to the MC, the mixing layer is laterally displaced in the same direction, and the mean velocity profile inside the mixing layer is largely convex without inflectional instability, see the cases +38% and +53% in Figures 5. 1 (b,d,e). The convexity is related to the absence of 2D horizontal coherent structures along with a loss of momentum caused by the entering of slow water coming from the FP into the fast flow near the junction in the MC. By contrast, with (i) a small lateral flow towards the MC, (ii) a uniform flow, and (iii) a lateral flow towards the FP, the streamwise mean velocity profiles feature a marked inflectional instability, and the mixing layer can widely extend both in the MC and the FP.

What is observed on the streamwise mean velocity profile, is simultaneously observed on the shear-layer turbulence (SLT), as shown in Figure 5.2 for the 10 flow cases with a relative depth D r ≈ 0.3 investigated in [START_REF] Proust | Turbulent non-uniform flows in straight compound openchannels[END_REF]. The cross-sectional distribution of scaled Reynolds-stress, -< uv > /(U m -U f ) 2 , varies When focusing on the vertical junction MC/FP, it is interesting to notice that the interaction between lateral flow and SLT also varies over the flow depth. 

f /Q u f = (Q f -Q u f )/Q u f (x = 0) = -19%
= (U m -U f )/(U u m -U u f ))
, a strong increase in xy from bottom to water surface is observed. By contrast, with a mass transfer to the MC, xy can be highly reduced when approaching the water surface (see case N = 0.57). The interaction between lateral mean flow and SLT inside the mixing layer appears to be three-dimensional, even in the regions with small flow depth (21 to 26 mm for the 5 cases shown).
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U c = (U d1 + U d2 )/2
is the average velocity across the mixing layer, U s = U d2 -U d1 is the destabilizing shear, U d1 and U d2 being the velocities of the low and high speed streams outside the mixing layer, respectively. When the flow is uniform, similarly to free mixing layers without longitudinal static pressure gradient (see e.g. [START_REF] Yule | Two dimensional self-preserving turbulent mixing layers at different free stream velocity ratios[END_REF], a spatial delay between the developments of mean velocity and Reynolds-stress is observed (the profiles collapse from x ≥ 1.1 m and x ≥ 5m, respectively, and the inflection point (IP) is close to the center-line position, y.

From here, it is important to recall that the existence of an IP in the mean velocity profile is a necessary condition so that Kelvin-Helmholtz instabilities turn into ). However, for case -19%, the IP moves from y ≤ y to y ≥ y when going downstream, and no equilibrium is reached for the DSLT in the second half of the flume. With regards to cases +19% to +53% (lateral flow towards the MC), the profiles of scaled mean velocity or Reynolds-stress fairly collapse from x ≥ 3 m. Despite the presence of a static pressure gradient, dh/dx, both mean flow and DSLT are in an equilibrium state. From case +19% to +53%, the IP is increasingly displaced towards the low speed ambient stream with respect to the center-line position, y. And as shown in Figure 5.5 (comparison of the 5 flow cases in the most downstream measuring section), the existence of an IP for cases +38% and +53% is actually not obvious. What can be clearly stated is that the largely convex velocity profiles in the MC are associated with low levels of DSLT compared with the levels of the uniform flow and case -19%.

We can thus assume that the absence of a marked inflectional instability inside the mixing layer is partly responsible for the small development of DSLT throughout the whole measuring domain. This will be confirmed by the analysis of the change in turbulence structure hereafter.

Change in turbulence structure

When analyzing the power density spectra and auto-correlation function of velocity fluctuations inside the mixing layer, it was found that the existence of 2D structures is essentially related to a marked inflectional instability in the velocity profile, irrespective of vertical confinement of flow and bed-friction effects, quantified by the relative depth D r and the bed-friction-numbers-ratio S/S c , respectively. Figure 5.6 shows the power density spectra, S yy , and auto-correlation function, R yy , of lateral velocity fluctuation v at FP edge, for the flow cases at LNEC with D r ≈ 0.2. According to Kraichnan, 1967, 2D coherent structures are characterized by a forward cascade of enstrophy (half the square of vorticity) with a -3 slope on the high k-wavenumber side. For these five flow cases, only case -19% and the uniform flow feature 2D structures, whose coherence is highlighted in Figure 5.6 (Right).

The overall result for the 25 flow cases investigated is reported in Table 5.1 at the end of this chapter: (1) with a significant flow towards the MC, the interfacial turbulence is essential 3D, with very low levels of DSLT; [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] with a small lateral flow towards the MC, a uniform flow, and a lateral flow towards the FP, the turbulent exchange is mostly governed by the 2D strong coherent structures that develop at the junction MC/FP and widely extend both in the MC and the FP, with high levels of DSLT.

The link between (a) the longitudinal growing rate of the mixing layer width, dδ/dx, and (b) the lateral flow, the momentum exchange by mean flow, and the presence of 2D structures is further investigated in [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF]. The main result is the following: the growing rate dδ/dx can be positive and large for uniform flow or flows with a mass transfer towards the FP; dδ/dx is nil or negative with a mass transfer towards the MC. This figure shows that with case -19%, the production of SLT exceeds the dissipation caused by bed-frictions, resulting in a growth of the mixing layer width δ when going downstream. It is shown in [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF] that this is associated with an increase in the width of the 2D structures and of their coherence along the x-axis. By contrast, the two other cases appear to be in equilibrium state (dissipation = production) in the far-field region. In this context, we tested a simple model of eddy viscosity.

The model of depth-averaged eddy viscosity developed by Prooijen, Battjes, and Uijttewaal, 2005 was tested against LMFA data with D r ≈ 0.3, see 

xy | d = b xy | d + s xy | d = αh 1 8 f U d + h f + h m 2h β 2 δ 2 ∂U d ∂y (5.1)
Bed-induced turbulence is modeled by the Elder's model, with α ≈ 0.1 for wide open-channel flows according to [START_REF] Rodi | Turbulence models and their application in hydraulics : a state of the art review[END_REF], and f is the Darcy-Weisbach friction coefficient. The SLT is modeled by a Prandtl's mixing length model, β being a constant calibrated for the uniform flow (β = 0.026).

The results shown in Figure 5.7 (Right) are in agreement with the profiles of δ in Figure 5. 7 (left). Using a mixing length model that implicitly assumes a local equilibrium between turbulence production and dissipation (see e.g. [START_REF] Rodi | Turbulence models and their application in hydraulics : a state of the art review[END_REF], is not relevant in case where 2D coherent structures are developing all along the measuring domain.

Local dimensionless shear λ

Analyzing the longitudinal profiles of λ (not shown here, see [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF] highlights that the imposed initial λ-value partly determines the λ-values further downstream, as the development of mean velocity field is slow with respect to the changes in flow depth along the whole measuring domain.

Figure 5.8 shows the effect of local scaled shear λ on SLT in the far-field region (in the two last measuring sections of both flumes). The peak values of depthaveraged Reynolds-stress across the compound section, denoted Max[-ρ < uv > | d ], are plotted against the local λ-value. In each flume and for a fixed value of relative depth, D r , the peak levels of SLT globally increase with scaled shear λ. Data from LNEC with D r ≈ 0.2 or 0.3 and from LMFA with D r ≈ 0.3 additionally show that the effect of λ on SLT can be more important for highly sheared flows (λ > 0.25-0.3) than for weakly sheared flows. It is directly related to the presence of 2D structures, which can appear when the scaled shear λ is higher than 0.3. The effect of λ has a stronger impact on 2D coherent structures than on 3D turbulence (this will be clearly shown in the section 5.3.5). The same results are obtained when considering the peak values of local Reynolds-stress Max[-ρ < uv >] across the section, showing that the previous results are not related to the depth-averaging.

As a result, it can be concluded that imposing a high initial λ-value results in high levels of SLT in the whole measuring domain, irrespective of uniformity/nonuniformity of flow, and of the magnitude and direction of the lateral flow. Additionally, a sharp increase in the SLT can be observed when λ > 0.25-0.3 owing to the appearance of 2D structures. 

Two-stage geometry with a variable flow confinement

Unlike shallow mixing layers in single-open channel, the existence of 2D coherent structures was found to be independent on the vertical confinement of flow, and on bed-friction effects. By contrast, as shown in Figure 5.8, the peak levels of SLT rise with an increasing value of relative flow depth D r for a fixed λ-value in each flume. The inhibiting effect of flow confinement is also visible in Figure 5.9 for two highly sheared flows at LMFA (cases -19%). The lateral extent and the peak levels of DSLT (or SLT) are greater with D r ≈ 0.4 than with D r ≈ 0.3, while the scaled shear λ is higher in this last case. The effect of flow confinement is noticeable on the peak levels of SLT, but also on the vertical distribution of streamwise mean velocity U inside the mixing layer, as shown in Figure 5.10. Unlike the smaller flow, the higher flow (Q = 36.3 L/s, D r ≈ 0.4) features a profile of velocity U with a S-shape. In this last case, one can observed a velocity deficit near the bank full stage and high velocities in the near-surface layer, irrespective of the magnitude and direction of the lateral flow. 

Combined effects of forcings on shear-layer turbulence

The combined effects on SLT of lateral flow, scaled shear λ, relative flow depth D r , and of bed-friction-numbers-ratio S/S c , were analyzed by using the values of maximum scaled depth-averaged Reynolds-stress across the mixing layer, denoted Max 11a and 5.11b show this parameter as a function of scaled shear λ, at LMFA and LNEC, respectively (data in the two last measuring sections). When the DSLT is driven by 2D coherent structures, the flow cases are surrounded by an ellipse. The ratio S/S c and the framework in which it can be applied are exposed in [START_REF] Chu | Stability of turbulent shear flows in shallow open channels[END_REF]. For all the test cases shown, S/S c ≤ 1, except for the 5 cases at LMFA with D r ≈ 0.2 for which S exceeds the critical value, S c . Also shown in Figure 5.11b are the data for free mixing layers (from [START_REF] Oster | The forced mixing layer between parallel streams[END_REF][START_REF] Mehta | Effect of velocity ratio on plane mixing layer development: Influence of the splitter plate wake[END_REF][START_REF] Bell | Development of a two-stream mixing layer from tripped and untripped boundary layers[END_REF][START_REF] Yule | Two dimensional self-preserving turbulent mixing layers at different free stream velocity ratios[END_REF][START_REF] Loucks | Velocity and velocity gradient based properties of a turbulent plane mixing layer[END_REF] and data for mixing layers in single open-channel (from [START_REF] Uijttewaal | Effects of shallowness on the development of free-surface mixing layers[END_REF]. Data from Fernandes, Leal, and Cardoso, 2014 for uniform compound channel flows at LNEC with D r ≈ 0.1, 0.15, 0.25 and 0.38 are also reported in Figure 5.11b. They are associated with λ = 0.50, 0.44, 0.23 and 0.14, and 0.3 ≤ S/S c ≤1.

[-(u v ) d /U 2 s ]. Figures 5.
The main results are listed below:

• Case +19% with D r ≈ 0.4 at LMFA is in the wake-mode according to Constantinescu et al., 2011, with a marked valley in the velocity profile at the junction MC/FP (see Figure 5.1c) caused by the splitter-plate-wake [START_REF] Mehta | Effect of velocity ratio on plane mixing layer development: Influence of the splitter plate wake[END_REF]. The local deficit in velocity promotes high values of scaled Reynolds-stress with respect to the values observed in the Kelvin-Helmholtz mode ter and Wygnanski, 1982[START_REF] Mehta | Effect of velocity ratio on plane mixing layer development: Influence of the splitter plate wake[END_REF][START_REF] Bell | Development of a two-stream mixing layer from tripped and untripped boundary layers[END_REF][START_REF] Yule | Two dimensional self-preserving turbulent mixing layers at different free stream velocity ratios[END_REF][START_REF] Loucks | Velocity and velocity gradient based properties of a turbulent plane mixing layer[END_REF] • 2D horizontal structures can appear when dimensionless shear λ is higher than 0.25-0.3. These 2D structures always promote high peak values of scaled Reynolds-stress, irrespective of: (i) uniformity/non-uniformity of flow; (ii) relative flow depth; and (iii) bed-friction-numbers-ratio

• The effect of lateral flow on scaled Reynolds-stress is highlighted at LNEC for data with D r ≈ 0.2. The scaled Reynolds-stress drops when a lateral flow towards the MC occurs (compare cases +19% and +38% with the uniform flow and case -19%, while λ-values are comparable). This is due to a change in the turbulence structure from 2D to 3D, stemming from the change in the velocity profile (inflectional instability versus convex profile)

• In Figure 5.8, for data from LNEC with D r ≈ 0.2 and 0.3, and from LMFA with D r ≈ 0.3, it was observed that the effect of λ on SLT increases when λ > 0.25-0.3. Figure 5.11 confirms that this increase is essentially caused by the change in the turbulence structure. The scaled shear λ has more effect on 2D structures than on 3D turbulence.

• The effect of relative flow depth, D r , differs depending upon the magnitude of λ-values. This effect is significant when λ ≤ 0.25 -0.3. For highly sheared flows featuring 2D structures and S/S c ≤ 1, the highest values of scaled Reynolds-stress are obtained for the shallowest case, the uniform flow with D r ≈ 0.10 at LNEC. The very high shears U s can trigger the development of 2D coherent structures, without any interaction with bottom and water surface. As ratio S/S c ≤ 1 for all these flows with an IP velocity profile, we can state after Uijttewaal, 2014 that 3D bed-generated turbulence and 2D horizontal coherent structures do not interact for these flow cases. This leads to very high levels of scaled Reynolds-stresses that can be higher than the upper levels observed for free-mixing layers.

• The effect of bed-frictions-number S/S c on DSLT can be observed when comparing (1) the test cases with D r ≈ 0.2 at LMFA (S/S c ≥ 1, 2D structures) and ( 2) the uniform flow and case -19% with D r ≈ 0.2 at LNEC (S/S c ≤ 1, 2D structures). The relative depth is the same, the values of

λ are comparable, but Max [-(u v ) d /U 2 s ] is lower when S/S c ≥ 1.
The bed-frictions effect could also explain the absence of effect of λ on Max [-(u v ) d /U 2 s ] for the highly sheared flows with D r ≈ 0.2 at LMFA. As the sloping bank was also found to increase the SLT with respect to the vertical bank, both the bank slope and the bed-friction are likely to be responsible for lower values of peak scaled Reynolds-stress for the test cases with D r ≈ 0.2 at LMFA.

The preliminary results on the bed-friction effects are being completed by an investigation of varied flows in compound channel flume with rough FP (covered by dense meadows or/and emergent rigid stems), in the flume located at Irstea-Lyon.

Secondary currents and transverse momentum flux

Under non-uniform flow conditions, three distinct sources of transverse momentum flux have to be distinguished: the SLT, secondary currents, and the advective 

= (U m -U f )/(U u m -U u f )
transport of momentum by the depth-averaged mean flow. [START_REF] Proust | Turbulent non-uniform flows in straight compound openchannels[END_REF] investigated these three contributions using a depth-averaged approach and the notations below. The time-average of the depth-averaged lateral exchange of streamwise momentum reads:

1 h h 0 -ρuvdz = T xy + M xy (5.2)
with

T xy = 1 h h 0 -ρu v dz (5.3)
and

M xy = - 1 h h 0 ρu.vdz = -ρU d .V d - 1 h h 0 ρu(v -V d )dz (5.4)
where h is the local flow depth, ... the time-averaging operator, u and v are the instantaneous longitudinal and lateral velocities, u and v are the longitudinal and lateral mean velocities, u and v are the fluctuations of the velocity components about the mean values, U d and V d are the longitudinal and lateral depth-averaged mean velocities.

The three contributions to the transverse momentum flux are therefore:

• the depth-averaged Reynolds-stress, denoted T xy .

• the transport of momentum by the depth-averaged flow, -ρU d V d

• a dispersive term of spanwise mean velocity v over the depth, denoted ρu(v -

V d )| d in the following.
The sum of the two last contributions, M xy , is the transverse momentum exchange by the mean flow. Under uniform flow conditions, the velocity V d is nil, but the depth-averaged value of u.v can be different from zero due to secondary currents.

Figure 5.12 (Left) displays the vertical distributions of velocity v, flux -ρu.v and Reynolds-stress -ρu v at x = 4.5 m, near the FP edge in the MC at y/B f = 1.01, and near the centerline position in the MC at y/B f = 1.28. Figure 5.12 (Right) shows at these two lateral positions the three contributions to the transverse momentum flux.

Inside the shear-layer (y/B f = 1.01), the 3 fluxes can be of the same order of magnitude for the non-uniform flows. Outside the mixing layer (y/B f = 1.28), ρu(v -V d )| d is lower than -ρU d V d but of the same order of magnitude. In addition, the term related to secondary currents increases from N = 0.50 to 1.33, i.e. from case +53% to case -19%. This is consistent with the equation of vorticity along the x-direction (see [START_REF] Nezu | Turbulence in open-channel flows[END_REF], which relates the magnitude of secondary currents with the anisotropy of turbulence. As shown in Figure 5.2 (Left), this latter is the highest in the MC for the case -19%. Lastly, at the FP edge, it was found that the dispersive term was negligible (not shown here). The experimental investigation of mixing layers associated with gradually varied flows enabled the interaction between lateral flow and shear-layer turbulence (SLT) to be better understood. The relative and combined effects of the lateral flow, dimensionless shear λ, relative depth D r and bed-friction-numbers ratio S/S c were assessed; the detailed results are reported in Table 5.1. The four main results are the following [START_REF] Proust | Mixing layer and coherent structures in compound channel flows: effects of transverse flow, velocity ratio and vertical confinement[END_REF]):

Synthesis

• Shear-layer turbulence (SLT) increases ( 1) with local dimensionless shear λ for a fixed flow confinement, or (2) with a decreasing flow confinement for a fixed λ-value

• A local dimensionless shear λ higher than 0.3 is a necessary condition to trigger the development of 2D horizontal coherent structures, which promote a sharp increase in the levels of both SLT and dimensionless SLT (DSLT).

• Depending on the λ-value, the shear flows fall into three categories -When λ ≤ 0.3 (weakly sheared flows), SLT is mainly 3D and is mostly sensitive to the vertical confinement of flow -When 0.3 ≤ λ ≤ 0.4 (moderately sheared flows), SLT can feature 2D structures depending on the direction and magnitude of the lateral flow -When λ ≥ 0.4 (highly sheared flows), SLT features large and strong 2D structures mainly driven by λ, on which neither flow confinement nor lateral flow have an impact (this last result was confirmed by the measurements of [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF]).

An other important result is the following: the stability of both streamwise mean flow and SLT is greater in the case of a lateral flow towards the MC than with a lateral flow towards the FP. In addition the mixing layer width is far more important in the latter case, which makes easier the mixing between the two ambient streams. As a result, larger downstream distances will be required to reach for uniform flow conditions with a lateral flow to the MC than with a lateral flow to the FP.

This asymmetry according to the direction of lateral flow is also observed in the transverse momentum exchange at FP edge: (i) with a lateral flow to the FP, the shear-layer turbulence and the advection by the depth-averaged mean flow both contribute to the transport of momentum; (ii) with a lateral flow to the MC, the momentum flux is predominantly governed by advection.

With regards to the secondary currents, in the MC, they contribute to the transverse momentum flux, both inside and outside of mixing layers.

The investigation of the bed-friction effects on mean flow and SLT has been continued by the PhD student V. Dupuis in the Irstea flume with non-uniform flows over rough FP (covered by meadows and tree models), see Dupuis et al., 2017b. Chapter 6 (2003) [T7], Martinez (2005) [T6], Bourdat (2007) [T5]. PhD Theses: Peltier (2011) [T3], [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF] [T2].

Changes in flow width

Introduction

From the 1960s to the early 2000s, studies on compound channel flows focused on the momentum exchange between the flow in the MC and the flow in the FP, in case where the overall channel width was constant. The most explored configuration was the uniform flow in a straight geometry. Two flow configurations with a nonprismatic geometry but a constant overall channel width were also experimentally investigated: [START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF] flows in a straight compound channel with a meandering MC, see e.g Sellin, [START_REF] Sellin | Behaviour of meandering twostage channels[END_REF], Ervine et al., 1993[START_REF] Shiono | Complex flow mechanisms in compound meandering channels with overbank flow[END_REF](2) flows in two-stage channels with the MC skewed to the FP direction, see e.g. the PhD thesis of [START_REF] Jasem | Flow in two-stage channels with the main channel skewed to the floodplain direction[END_REF] the experiments in the Flood Channel Facility [START_REF] Elliot | SERC Flood channel facility : skewed flow experiments[END_REF][START_REF] Elliot | SERC Flood channel facility : skewed flow experiments[END_REF]Sellin, 1995). The configurations ( 1) and ( 2) highlighted the role of the additional head loss due to: (i) the large horizontal shearing located at the bank-full stage in the cross-over region of the upper flow and inbank flow in the MC; (ii) the induced secondary flows; and (iii) the exchange of mass and momentum by the mean flow between the upper and the inbank flows.

The skewed flow experiments and flows with a meandering MC have a common feature with the non-uniform flows in straight compound channels studied in Chapters 4 and 5. As the flow width is constant along the longitudinal direction, the transfers of mass and momentum are associated with small changes in the flow depth, of the order of the bed slope (dh/dx ≈ S o ). By contrast, the configurations with a change in flow width, as those depicted in Figure 6.1, may give rise to local gradients dh/dx ≈ 10 × S o . These strong gradients can be associated with recirculating flow areas especially in the case of an increase in flow width. The effects of variations in flow width were firstly investigated by D. Bousmar at UCL, Belgium, during his PhD thesis [START_REF] Bousmar | Flow modelling in compound channels / Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF]. In particular, he experimentally investigated compound channels flows with symmetrically narrowing FPs, see Figure 4.11(a-b). The results are reported in [START_REF] Bousmar | Overbank flow in symmetricaly narrowing floodplains[END_REF]. The FP flow entering the MC promotes helical secondary currents. The transverse exchange of streamwise momentum by the mean flow between MC and FP is found significant with respect to the frictional losses. The head loss related to this exchange increases with water depth, converging angle (3.8 • to 11.2 • ), and discharge, but its ratio to friction losses is independent of discharge, and is essentially driven by channel geometry.

The experiments with symmetrically enlarging FPs, see Figure 6.1 (Left), were then conducted in the UCL flume during my doctorate. The results are reported in [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF]Bousmar, Proust, andZech, 2006. Flows in a compound channel with an abrupt contraction of the FP, see Figure 6.1 (Middle), were studied in a small-scale model located at the CNR laboratory (see [START_REF] Proust | [END_REF]. In the same lab, preliminary experiments with a transverse embankment installed over the FP, see Figure 6.1 (Middle), were also carried out (Proust, 2005, Chapter 9). They were followed by the experiments of Bergez, Pontal, and[START_REF] Bergez | Influence de digues ou de remblais routiers sur des écoulements de crue[END_REF][START_REF] Martinez Monclus | Etude des longueurs des recirculations en lit simple et lit composé en utilisant la technique de velocimétrie par intercorrélation d'images de particules[END_REF] (Peltier, 2011), varying the discharge and the embankment length, investigating mean flow, turbulent quantities and boundary shear stress [START_REF] Peltier | Physical and numerical modeling of overbank flow with a groyne on the floodplain[END_REF][START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF], and momentum balances in the sub-sections [START_REF] Peltier | Measurement of momentum transfer caused by a groyne in a compound channel[END_REF]. Y. Peltier also used his velocity data to estimate the error on the mean velocity and on the Reynolds stress due to a misoriented ADV probe in the horizontal plane, see Peltier et al., 2013a. Figure 6.2 shows the water surfaces in the diverging geometries (Left) and with a transverse embankment over the FP (Right). For a given non-prismatic reach, both the longitudinal and lateral gradients of flow depth increase with the total flow rate, Q. This effect of Q is also felt with comparable downstream water levels, see e.g. the cases with relative depth h * = 0.3 in Dv6 and Div4, and see [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] in the case of a transverse embankment. Note that the high values of local flow depth gradients (dh/dx ≈ 10 × S o ) can be observed even with a gradual transition in flow width (opening semi-angle = 3.8 • and 5.7 • for Dv6 and Dv4, respectively).

Flow depth gradients and lateral mean flow

As expected, the lateral mean flow is significantly increased by sudden changes in flow width relative to gradual transitions. Figure 6.3 shows the profiles of lateral and streamwise depth-averaged velocity for Q = 150 L/s and d = 143 cm at CNR. The peak values of V d are of the same order of magnitude than the streamwise Along an enlarging reach, increasing the flow rate can have an effect that is specific to compound channel flows. It was shown in Figures 4.11 and 4.12, that in diverging reaches, 'the flow expends on the FP with a significant shift in the downstream direction, with the discharge on the FP significantly lower than their conveyance capacity in a prismatic compound channel with the same cross section' as stated in Bousmar, Proust, and Zech, 2006. Figure 6.4 (Left) shows that this effect increases with the total discharge for a given relative depth h * .

The deficit in FP flow is also associated with large lateral gradients of streamwise velocity U d from the junction MC/FP to the sidewall of the FP, as shown in Figure 6.4 (right), for one flow case. The gradients dU d /dy increase with Q for a fixed h * or decrease with increasing h * for a fixed value of Q, see [START_REF] Bousmar | Experiments on the flow in a enlarging compound channel[END_REF]. This results in the highest observed values of kinetic coefficient α in non-prismatic geometries, in the range 1.45 to 1.7 in Dv4, and 1.01 to 1.5 in Dv6.

Sub-section-averaged head loss gradients

Another feature of flows with variable width is related to the sub-section-averaged head loss gradients. Under uniform flow conditions, the head loss gradients in the MC and the FP, S Hm and S hf , are both equal to the bottom slope S 0 . When the flow is non-uniform, the head loss gradients can differ from one sub-section to another. This is observed with constant flow width, see Figure 4.3, and with variable flow width, see Figure 6.5 (Left). However, in this last case, the gradients can be additionally of different signs, e.g. along Dv4. Depending on flow conditions, S h f is negative, nil or positive, while S Hm is always positive. In terms of numerical modeling, this difference in the sub-section head loss gradients will be a key issue for the 1D numerical approaches. 

Jet behavior

Figure 6.5 (Right) shows the depth-averaged streamwise mean velocity field in Dv4 for various flow configurations Q/h * . When the discharge is large, instabilities appear and the flow in the MC behaves like a jet in an enlarging channel, with the maximum velocity filament oscillating from one MC bank side to the other, and with flow separations developing on the FP side-walls [START_REF] Bousmar | Experiments on the flow in a enlarging compound channel[END_REF]. This behavior was observed in a 2m-long diverging reach (Dv2 with a semiangle of 11.8 • ), but not in Dv6, highlighting the role of the opening angle in the appearance of flow separations.

The oscillating flow is more stable than a classical jet, as the maximum velocity filament is confined in the MC. The oscillations (see Dv4/16/03 and 20/03) and the asymmetry (see Dv4/20/05) of the flow were found to increase with the Froude number at the inlet of the diverging reach, which increases with increasing discharge Q and decreasing flow depth h * . The highest Froude number is obtained for Dv4/03/20, where the flow is supercritical in the MC but also in the FP (the highest velocities are combined with the smallest flow depths). Slight geometry unevenness might be responsible for the flow asymmetry observed e.g. with Dv4/20/05. Note that modifying the lateral inclination of the downstream tailgate by 0.5 • enabled to displace the maximum velocity towards the other bank.

Recirculating flow

In the presence of a transverse embankment, one small recirculating flow area was observed upstream from the obstacle near the FP side-wall, and another large one downstream from the obstacle, as shown in Figure 6.6 (Top left). Figure 6.6 (Bottom left) shows the recirculating flow regions measured with LSPIV by Peltier, 2011 for various flow configurations (relative flow depth H r = 0.2, 0.3 and 0.4, embankment length d = 20, 30 and 50 cm). One can observe that the length L of the downstream recirculating flow area is larger with a high value of H r and small value of d than in the opposite case. We were interested in the prediction of this length L based on mean flow and geometrical parameters. The analysis relies on the experiments of [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF] on shallow recirculating flows downstream from sudden enlargements of channel (increase in the width from B -d to B), and on their computation [START_REF] Babarutsi | Computation of shallow recirculating flow dominated by friction[END_REF]. In the LMFA flume, flows with an embankment in a single open channel, see Figure 6.6 (Top right) and in a compound channel, see Figure 6.6 (Bottom right), were analyzed by Rivière, Proust, andPaquier, 2004 and[START_REF] Martinez Monclus | Etude des longueurs des recirculations en lit simple et lit composé en utilisant la technique de velocimétrie par intercorrélation d'images de particules[END_REF] According to [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF], the shallow recirculating flow is driven by two physical processes: (1) a large-scale turbulence with vertical axis induced by the sudden enlargement, of length-scale d; (2) a small-scale bedinduced turbulence with horizontal axis of length-scale h/f , ratio of flow depth to the Darcy bed-friction coefficient. Defining a bed-friction number, S = (f d)/(8h), which is computed in the section of the sudden expansion (width B -d), they identified two asymptotic regimes:

• a shallow flow regime, when S ≥ 0.1, and the length of the recirculating flow area, L, is essentially related to h/f , namely L = 4.8h/f

• a deep flow regime, when S ≤ 0.05, and L = 8d. Their theory was tested with a sudden enlargement (Figure 6.7 Top) and with an embankment (Figure 6.7 Bottom), both in single and compound open-channels, see [START_REF] Rivière | Recirculating flow behind groynes for compound-channel geometries[END_REF]. In a compound channel, the bed-friction number is computed with the mean flow depth and velocity over the FP, h f and U f , in the section of the discontinuity (expansion / embankment). The experiments of Martinez Monclus, 2005 will complete the previous results for flows with an embankment in single and compound channels, with more cases in a compound channel, and by using PIV to accurately localize the reattachment point of flow. His results are shown in Figure 6.8. The main results of these various studies are listed below:

• Sudden expansion in a single open-channel: the laws and the 2 asymptotic regimes defined by [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF] are confirmed by the present data.

• Embankment in a single open-channel: the deep flow and shallow flow regimes are also observed. Because of the flow contraction upstream from the embankment, the lengths L are larger than with a sudden expansion in both regimes: L = 10 -12d with a deep flow , L = 5.44h/f with a shallow flow.

• Sudden expansion and embankment in a compound channel: the influence of relative flow depth H r was shown for deep flows: It is important to point out that the two asymptotic regimes identified by [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF] are observed for a constant aspect ratio (B -d)/B. Rivière et al., 2008 actually showed that L/d was dependent upon d/B in the case of a sudden enlargement. The same observation was made by [START_REF] Francis | Observations of flow patterns around some simplified groyne structures in channels[END_REF] for groyne-like structures in a single channel. Therefore, the use of the above formulas is not easy. A recent work, the PhD thesis of L. Han at LMFA [START_REF] Han | Recirculation à l'aval de l'élargissement brusque d'un écoulement à surface libre peu profond[END_REF] is a comprehensive work of the combined effects on flow structure of aspect ratio (B -d)/B, h/d (flow depth / expansion width) and bed-friction number S for shallow flows in a sudden enlargement. It is shown that L/d as a function of S has actually a shape of downward parabolic curve.

Lateral transition supercritical / subcritical flow

The combination of a two-stage geometry with a variation in width can also promote a lateral juxtaposition of a sub-critical flow with a super-critical flow across the channel, depending on the flow and geometrical parameters. This was observed downstream from a transverse embankment over the FP, see Figure 6.9 (Top), and at the downstream end of an abrupt FP contraction, see Figure 6.9 (Bottom left). In this last geometry, it is important to point out that a transverse hydraulic jump was observed between the supercritical flow in the FP and the subcritical flow in the MC for the two flow rates investigated, see the local increase in water level Z near the junction FP/MC for Q = 150 L/s in Figure 6.9 (Bottom right).

Local elevations of water surface at the junction MC/FP were also observed by [START_REF] Camenen | Formation of standing waves in a mountain river and its consequences on gravel bar morphodynamics[END_REF] in the Arc River in May 2008, see Figure 6.10. With a 10-year return period flood, the river overflows over the FP. During this event, 'large standing waves (approximately 1 to 2 meter high and 5 to 10 meter long) were observed at several locations in the river and for a given discharge range. These standing waves appeared to be unstable (lasted 15 to 30 min)'. The comparison with the lab results lead us to assume that 'the waves might result from an instability due to the juxtaposition of a supercritical flow in the FP and of a subcritical flow in the MC'.

This difference of flow regime between the MC and the FP, similarly to the different sub-section head loss gradients observed in Figure 6.5, highlights a certain degree of independence of the flows in the two channels.

Streamwise mean velocity profiles

Figure 6.11 shows the mean velocity profiles for flows in (a) skewed compound channels (data from [START_REF] Sellin | SERC Flood Channel Facility : experimental data -Phase A -Skewed Floodplain Boundaries[END_REF], (b) symmetrically narrowing FP (data from [START_REF] Bousmar | Flow modelling in compound channels / Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF], and (c) symmetrically enlarging FPs [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF]. See also Figure 5.1 for the non-uniform flows in a straight geometry. When comparing non-uniform flows with a constant width to non-uniform flows with a variable width, some similarities can be found between mean velocity profiles.

With a mass transfer from FP to MC, the mixing layer is mostly located in the MC. A loss of momentum in the MC near the junction FP/MC is also observed (highly visible in Figure 6.11a for the converging right-hand FP in a skewed compound channel). This gives rise to convex velocity profiles as observed for gradually varied flows in a straight geometry when the lateral flow is significant, see As a result, the effect of a lateral flow on streamwise mean velocity profiles is similar in these geometries with constant or variable flow width.

The displacement of the mixing layer by the lateral flow can also be observed in the presence of an embankment settled on the FP. Figure 6.12 shows the lateral profiles of scaled depth-averaged streamwise velocity (U d -U c )/U s (see the definitions of U c and U s in Chapter 5), for 4 flow cases studied by Peltier, 2011 in two In the downstream section, for all cases, the mixing layer widely extends on both MC and FP, with an inflection point in the velocity profile located near the junction MC/FP. The profiles are similar to those of cases -19% investigated in Chapter 5, featuring both a deficit in FP flow and a lateral flow towards the FP. By contrast, in the upstream section, even though the mixing layer is increasingly displaced towards the MC with an increasing lateral flow (e.g. compare d = 30 and 50 cm for D r ≈ 0.3), the inflectional instability is always observed at the junction MC/FP. This may be due to the fact that the FP flow is lower than the discharge under uniform flow conditions, resulting in a high shear U m -U f . This flow configuration was not observed for non-uniform flows in a straight geometry (Figure 5.1), namely a deficit in FP flow with a lateral flow towards the MC. The effect of changes in flow width on the mixing layer width was investigated by [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] for flows with a transverse embankment, see Figure 6.13. The general trend is a decrease in the mixing layer width δ upstream and downstream from the embankment with respect to uniform flow conditions of same flow rate Q. It is important to point out that a small value of δ does not imply a small shear U m -U f . The mixing layer width δ can tend to zero with a very sharp gradient of streamwise velocity dU d /dy at the junction MC/FP, as observed for the flow case with d = 50 cm and relative depth D r ≈ 0.3 at x = 3 m (see [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF]. Figure 6.12 (Bottom left) shows a profile for the same flow case at x = 6.5 m, also featuring a very sharp gradient at FP edge. These sharp gradients result in large values of depth-averaged Reynolds stress compared with the uniform flow of same flow rate.

Shear-layer turbulence

The SLT in the case of an embankment on the FP was investigated by [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] four 4 flow cases. The two main results are the following:

• 'The magnitude of peak depth-averaged Reynolds-stresses can be up to 5 times greater than the peak values under uniform flow conditions, while the lateral extent of the high shear region is 100% smaller.' From a practical point of view, given a flow rate Q, the presence of a transverse embankment should increase the magnitude of the interfacial vortices at the junction MC/FP, with respect to a uniform flow of same flow rate. Hence, it should enhance the erosion of the bank in the MC.

• With a lateral flow to the MC, a displacement of the peak levels of Reynoldsstress can be observed in the same direction. With a lateral flow to the FP, the peak values remain located at the junction MC/FP. The effect of lateral flow on the peak Reynolds stress is thus analogous to the effect observed for non-uniform flows in straight geometry.

Boundary-shear stress

The increase of the boundary shear stress in the vicinity of an embankment, which is responsible for scour especially at the tip of the embankment, is well known in a single channel, see e.g. [START_REF] Molinas | Shear stress around vertical wall abutments[END_REF]Baosheng, 1998, Rajaratnam and[START_REF] Rajaratnam | Flow near groin-like structures[END_REF] In the case of a compound channel, the experiments of Y. Peltier enabled the changes in the boundary shear stress distribution with relative depth D r and length d to be quantified. Figure 6.14 shows some of the results reported in [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF]. The embankment can induce boundary shear stresses up to 375% greater than those observed for uniform flow conditions. Depending on the flow configuration (discharge Q / length d), the peak values of boundary shear stress are observed in the embankment section (case 24.7 L/s / d = 0.3 m) or 2 m further downstream (cases 24.7 L/s / d = 0.5 m and 36.2 L/s /d = 0.3 m).

Advective transport of streamwise momentum

In the case of changes in the FP width, the advective transport by the depth-averaged mean flow is a predominant process. This can be shown by simple 1D momentum balances in each sub-section. According to Yen, 1984 or Bousmar and[START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF], with a lateral mean flow from FP to MC, a 1D momentum balance in the FP yields

ρ d(A f U 2 f ) dx + ρU out q out + ρgA f dh f dx -ρgA f S 0 + ρgA f S f f -n y τ xy h int = 0 (6.1)
where A f = FP wet area, U f = FP mean velocity, h int = h f = FP flow depth, S 0 = bottom slope, S f f = friction slope in the FP, τ xy = depth-averaged Reynolds-stress at the junction MC/FP, q out and U out are the lateral discharge and the streamwise depth-averaged velocity at the junction MC/FP, and n y = 1. Figure 6.15 (Top) shows this balance in the case of the abrupt FP contraction (mean angle = 22 • ) displayed in Figure 6.1 (Middle), for discharges Q = 150 L/s and 260 L/s. All the terms are calculated from experimental measurements, except the depth-averaged Reynolds-stress, which is the sum of the balance and includes uncertainties on measurements and calculations. The ratio of the advective transport of streamwise momentum to the bed friction term, q out U out /(gA f S f ) ranges from 2 to 7 depending on the x-position and discharge Q. In the MC (not shown here), q in U in /(gA m S f m ) ranges from 2 to 10. In addition, the ratio (dh/dx)/S 0 can reach 10, and at the junction MC/FP, the SLT appears to be negligible compared to the strong advective momentum exchange. These flows are therefore rapidly varied flows mostly governed by advection.

Figure 6.15 (Bottom) shows, for the skewed flows experiments of Sellin, 1993 (see the geometries in Figure 6.11a), the ratio advective momentum flux / friction losses: in the converging right-hand FP (Cv5 • or Cv9 • ); and in the diverging lefthand FP (Dv5 • or Dv9 • ). These ratios are compared with the values measured in the abrupt FP contraction. In the three geometries, the relative weight of the advective transport of streamwise momentum increases with: (i) relative depth h r and discharge Q. For the skewed flows, it also increases with the opening angle, from 5 • to 9 • , the increase being more significant with diverging FP. The same observation was done when comparing narrowing and enlarging FP in the UCL flume: for a fixed opening angle, the advective transport of momentum scaled by friction losses is higher with diverging FP. The comparison skewed flows with opening angle = 9 • / abrupt FP contraction also shows that the ratio advective momentum the ratio equals to U out .q out /(gA f .S f f ). Taken from [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF] flux / friction losses is comparable when the flow width is constant and variable, i.e. with or without longitudinal pressure gradients. This was also confirmed by [START_REF] Peltier | Measurement of momentum transfer caused by a groyne in a compound channel[END_REF], who calculated the values of this ratio for flows with a transverse embankment for various relative depths and embankment lengths.

Synthesis

Compound channel flows with a change in flow width have specific features that were not observed in case where flow width is constant:

• High gradients of flow depth (one order higher than bed slope) even in the case of gradual transitions, which increase with flow rate magnitude

• Lateral velocity component of the same order of magnitude than the streamwise component, in the case of sudden changes in flow width

• Pseudo-independence of the flows in the sub-sections, e.g. 

Introduction

The effect of vegetation in compound open-channels was mostly investigated under uniform flow conditions. Flow patterns for different types of vegetation (models of grass, shrub, and tree) were experimentally studied by [START_REF] Thornton | Calculating shear stress at channel-overbank interfaces in straight channels with vegetated floodplains[END_REF][START_REF] Sellin | An improved method for roughening floodplains on physical river models[END_REF][START_REF] Helmio | Flow resistance due to lateral momentum transfer in partially vegetated rivers[END_REF][START_REF] Yang | Flow patterns in Compound Channels with Vegetated Floodplains[END_REF]and Dupuis et al., 2017a. The influence of the type of vegetation on the distributions of secondary currents, turbulence intensities, and Reynolds-stresses was examined.

Fernandes, 2013 compared uniform flows with smooth or rough FPs (covered by plastic meadow). The development is accelerated by the vegetated FP, but the mixing layer width is smaller in this case, owing to the damping effect of SLT by the bed-induced turbulence over the FP. Dupuis et al., 2017a compared uniform flows with a bed-roughness over the FPs or with emergent macro-roughness elements installed on the bed roughness. [START_REF] Fernandes | Compound channel uniform and non-uniform flows with and without vegetation in the floodplain[END_REF]Dupuis et al., 2017a both studied the longitudinal development of the large-coherent structures forming at the MC/FP interface. The effect of riparian vegetation elements on flow structure and distributions of boundary shear stresses was investigated by [START_REF] Sun | Flow resistance of one-line emergent vegetation along the floodplain edge of a compound open channel[END_REF][START_REF] Terrier | Flow Characteristics in Straight Compound Channels with Vegetation along the Main Channel[END_REF], Terrier et al., 2011, and Fernandes, 2013. This last author also investigated the effect of the foliage on the flow structure. The effect of emergent rigid vegetation over the FP was studied by [START_REF] Pasche | Overbank flow with vegetabely roughened flood plains[END_REF]. The width of the vegetation zone, the vegetation density, the rods diameter, were all varied. They analyzed their influence on flow and boundary shear stress. This type of vegetation was also investigated in the Flood Channel Facility, see e.g. [START_REF] Wormleaton | An improved method of the calculation for steady uniform flow in prismatic main channel/flood plain sections[END_REF].

To the author's knowledge, non-uniform flows in compound channels with vegetated FPs were very few studied, with the exception of [START_REF] Jahra | Flow-vegetation interaction in a compound open channel with emergent vegetation[END_REF]. A laboratory experiment was carried out with 3 types of vegetation zones on one FP side of a straight compound channel, covering a 0.9 m to 2.7 m length of the FP, under emergent conditions. It was found that: (i) velocity difference between MC and FP, U m -U f , was drastically increased in the zones where the FP is covered by vegetation; (ii) significant lateral velocities are observed near the beginning of the vegetation zones, at the interface of the MC and the vegetation zone, causing Using emergent macro-roughness elements will enable to combine non-uniformity of flow with high velocity difference between MC and FP, U m -U f , in the case of high overbank flows. Owing to the increasing drag force with flow depth exerted by the rigid stems, the velocity difference U m -U f is expected to increase with the relative depth, D r , for a uniform flow. Under non-uniform flow conditions, this might be still valid, resulting in high levels of both shear layer turbulence and advective lateral momentum transfer, which is in proportion of q(U m -U f ).

Besides these lab investigations, we also present here field measurements collected in 2006 during a Rhône River flooding (see Figure 2.2), in collaboration with S. Françon from CNR, B. terrier and K. Shiono from LU. The focus is on the effect of mature emergent trees over the FP on the lateral distribution of streamwise depthaveraged velocity and boundary shear stress, see Terrier et al., 2008a. As shown in Chapter 2, the flow is non-uniform. The step change in roughness is located 9.8 m downstream from the flume inlets (independent inlets for the MC and each FP). The rigid stems (diameter D = 1 cm) are distributed in staggered arrays over the dense meadow, with a density N = 81 stems/m 2 . The size of the elementary pattern is 80 mm × 80 mm, see Figure 7.2 (Top right). Six flows were investigated under non-uniform flow conditions: three meadow/stems transitions with discharges Q = 7, 15 and 21 L/s and three stems/meadow transitions with discharges Q = 7, 15 and 50 L/s. Under uniform flow conditions, the flow depth ranges from 34 mm (7 L/s) to 146 mm (50 L/s) in the case of flows over meadow; it ranges from 55 mm (7 L/s) to 152 mm (21 L/s) in the case of flows through stems over meadow. Velocities were measured with a side-looking ADV probe (Vectrino Plus, Nortek) or by means of 2D/2C PIV (LaVision Laser system). The main results are reported in [START_REF] Dupuis | Open-channel flow over longitudinal roughness transition from highly-submerged to emergent vegetation[END_REF], Dupuis et al., 2016and Dupuis, 2016. Some are summarized hereafter.

• Flow depth profiles: As shown in Figure 7.3 (Top), the flow depth solely varies upstream from the roughness change, and the flume is too short to observe the uniform flow depth at the upstream end of the flume.

• Mean velocity and turbulent quantities profiles: In the region upstream from the roughness change, the vertical profiles of mean velocity (Figure 7.3 Bottom left), Reynolds stress and turbulent intensities are selfsimilar, when the mean streamwise velocity is normalized by the bulk velocity U Q = Q/A and the turbulent quantities by the shear velocity, U * = √ ghJ, where J is the head loss gradient under non-uniform flow conditions. Downstream from the roughness step change, the mean flow (Figure 7.3 Bottom right) and turbulent quantities are spatially evolving over longitudinal distances that are about 35 to 50 times the water depth.

• 1D momentum equation including a volume drag force: A 1D momentum equation including the volume drag force exerted by an array of stems [START_REF] Nepf | Drag, turbulence, and diffusion in flow through emergent vegetation[END_REF], see Eq. ( 7.1), was tested against the experimental data. The 1D equation was found to accurately predict the longitudinal profile of water depth through the two types of roughness transitions (meadow/stems and vice versa), as shown in Figure 7.3 (Top). The mean relative error is of 1% and the maximum relative error, of 4%. This equation was also used to calculate the distance upstream from the transition that is required to reach for uniform flow conditions. This distance scales with the uniform water depth of the upstream roughness, H up , and can be estimated at 2000×H up

S 0 - n 2 U 2 Q H 10/3 B 2 - aC D .Q 2 2gH 2 B 2 = 1 - Q 2 gB 2 H 3 ∂H ∂x (7.1)
where C D is the drag coefficient (equals to 1.2, assumption of an isolated stem), a the frontal area per volume unit, S 0 , the bottom slope, H the flow depth, B the width, n, the Manning roughness of meadow (calibrated for a uniform flow over meadow).

Combined effects of bed roughness and macro-roughness elements

V. Dupuis also investigated the combined effects of bed-induced roughness and emergent macro-roughness elements on flow structure, depending on flow rate magnitude, under uniform and non-uniform flow conditions [START_REF] Dupuis | Combined effects of bed friction and emergent cylinder drag in open channel flow[END_REF]. For instance, Figure 7.4 shows the vertical profile of mean streamwise velocity U upstream from a cylinder -spatial averaging between positions D and E shown in Figure 7.2 (Top right) -, for a uniform flow with stems over meadow. With an increasing discharge Q (from 7 to 21 L/s), the flow depth increases from 55 to 152 mm, while

• the bulk velocity U Q = Q/A is rather constant (12.7 to 13.8 cm/s)

• the vertical boundary layer that develops between 0 ≤ z ≤ 20 mm is unchanged • a peak value of velocity is observed at a constant elevation (z ≈ 20 mm)

• the computed ratio bed-friction / volume drag force, N = 2gn 2 /(aC D H 4/3 ), ranges from 25% to 6%

Free-surface oscillations in the presence of periodic cylinder arrays

Under uniform or non-uniform flow conditions, Dupuis et al., 2016 observed crossflow waves generated by the arrays of emergent cylinders. Already observed and analyzed by [START_REF] Zima | Wave generation in open channels by vortex shedding from channel obstructions[END_REF][START_REF] Defina | Vortex-induced cross-flow seiching in cylinder arrays[END_REF][START_REF] Zhao | Experimental study of free-surface fluctuations in open-channel flow in the presence of periodic cylinder arrays[END_REF], these oscillations are called seiching, and are generated by the vortex shedding behind each cylinder. Unlike harbor seiching (see [START_REF] Rabinovich | Seiches and harbor oscillations[END_REF], seiching inside arrays of cylinders is self-sustained. According to [START_REF] Zima | Wave generation in open channels by vortex shedding from channel obstructions[END_REF], when the vortex shedding frequency of the cylinders is close to the natural frequency of the transverse waves in the channel, the energy of these waves are amplified and a resonance occurs between the two oscillations.

The lateral velocity fluctuations are therefore caused by both the vortex-shedding and the transverse waves, resulting in a periodical lateral discharge. Note that the lateral confinement of the cylinder arrays is a necessary condition for observing seiching.

In the case of a uniform flow with discharge Q = 15 L/s, several hours are required to observe a permanent regime, as shown in Figure 7.5 (a). Figure 7.5 (b) shows two lateral distributions of the standard deviation of flow depth, downstream from an uneven row and an even row of stems, respectively (green lines indicate the lateral positions of cylinders). The intensity and form of the cross-stream oscillations are similar in the two rows, highlighting that seiching is a mostly transverse phenomenon. The distance between two anti-nodes (where the transverse discharge is nil, see [START_REF] Rabinovich | Seiches and harbor oscillations[END_REF] is about 330 mm. Since two anti-nodes are located on the sidewalls of the 1m wide flume, three wavelengths are observed across the channel, each wave length corresponding to nearly twice the lateral distance between two cylinders (320 mm). Though seiching is a transverse phenomena caused by vortex shedding in a laterally confined channel, [START_REF] Dupuis | Combined effects of bed friction and emergent cylinder drag in open channel flow[END_REF] observed a longitudinal variation in the standard deviation of free-surface elevation, as shown in Figure 7.5 (c). The comparison between uniform flow and non-uniform flow shows that seiching amplitude is dependent upon: (1) the two longitudinal boundary conditions; (2) the length of the cylinders array. In the literature dealing with seiching, neither the length of the cylinder array, nor the longitudinal position within the array are considered. This could explained a part of the variability of experimental data for similar flow conditions.

Longitudinal roughness transition in a compound openchannel

V. Dupuis investigated longitudinal roughness transitions over the FPs of a compound open-channel, in the case of a transition stems over meadow / meadow, as shown in Figure 7.2 (Bottom right). Similarly to flow with a transverse embankment over the FP, a change in the direction of lateral flow is observed within the measuring domain, see Figure 7.6 (Top left). When analyzing the magnitude of the dimensionless shear λ along the flume (Top right), the flow is very highly sheared from the flume inlet to the downstream end (compare with the values of λ in Figure 5.12). Therefore, both the levels of shear-layer turbulence and of advective transfer of streamwise momentum are expected to be significant at the junction MC/FP.

Preliminary measurements of local streamwise velocity, U are displayed in Figure 7.6 (Bottom). In the upstream section (x = -6.8 m), a significant deficit in velocity is observed near the junction MC/FP, especially above the bank full stage (115 mm). This may be due to the combined effects of high levels of SLT and of the entrance of slower water coming from the FP into the fast MC flow (the FP discharge Q f rapidly decreases in Figure 7.6 Top left). This deficit in velocity is no longer visible 13 m downstream, with a lateral flow in the opposite direction.

The final results on the roughness transition flows are presented in Dupuis et al., 2017b. These results also rely on the uniform flows studied in Dupuis et al., 2017a with both types of roughness over the FPs. 

Overbank flows on the River Rhône

In April 2006, measurements of instantaneous velocity were carried out by the CNR and Irstea-Lyon using Acoustic Doppler Current Profiler (ADCP) at two cross sections of the River Rhône, as previously shown in Figure 2.2, for two flood events of 1600 m 3 /s and 2380 m 3 /s. The study reach can be approximated as a straight trapezoidal compound channel, whose FP is vegetated with a relatively uniform density of mature trees. From the ADCP velocity data and bathymetry, the depth-averaged velocity was calculated and the bed shear stress was determined in the centre part of the main channel using the logarithmic law of the wall. The distributions of measured depth-averaged velocity for the two flood events are displayed in Figure 7.7. The bed shear stress distribution is shown in Figure 7.8 for the high flood event. The cross-section averaged bed shear stress values derived from the log-law are generally found to be in close agreement with the theoretical cross-section averaged values. The lateral variations of the bed shear stress can be significant, up to 0.5 to 1.2 times the mean bed shear stress for the high flood event.

The analysis of ADCP velocity data also enables to identify secondary flows using the vorticity equation. Higher secondary currents and vorticity values are observed near the banks, especially on the side slope, which is similar to laboratory experimental results of the compound channel with vegetation in the literature. By contrast, the secondary currents are found to be of higher magnitudes when compared to typical values corresponding to uniform flows in straight compound channels.

Since the river reach is relatively straight, a quasi-2D method developed by Shiono and [START_REF] Shiono | Turbulent open channel flows with variable depth across the channel[END_REF] for uniform flows, the Shiono and Knight Method (SKM), was applied to identify the significance of bed friction, weight component, transverse Reynolds stress and secondary flow in two flood events. The model includes drag force as an additional momentum sink term in the Navier-Stokes equation to account for the vegetation on the FP.

The modified version of the SKM incorporating the drag force reproduces well the depth-averaged velocity by using a Darcy-Weisbach friction factor calculated from the results of the data analysis. On the FP, the drag force increases during the high flood event, as its weight represents on average 7.5% and 17.9% of the gravity term during the low and high flow events respectively. The secondary current term in the SKM (Gamma) plays a more significant part in the side slope areas, which is where the secondary currents are the strongest. Despite a number of limitations in this study, including the absence of a more accurate device to measure flow velocity, the limited number of transects available per cross-section and the unknown bed load condition at the time of measurement, the analysis provides insight into flow patterns for overbank flow conditions in one of large rivers in France.

Synthesis

The combined and relative effects of the two types of hydraulic roughness (bedinduced roughness / macro-roughness elements) over the FPs were firstly analyzed in a single open-channel, under uniform and non-uniform flow conditions. The main results are presented in [START_REF] Dupuis | Open-channel flow over longitudinal roughness transition from highly-submerged to emergent vegetation[END_REF][START_REF] Dupuis | Combined effects of bed friction and emergent cylinder drag in open channel flow[END_REF] In particular, they deal with: the streamwise development of the mean flow and turbulent quantities; the vertical distribution over the depth of momentum and the interaction between bed-induced turbulence and wake-induced turbulence; and the seiching process induced by the vortex shedding in a laterally confined flow.

The combined and relative effects of the two types of roughness (bed-induced roughness / macro-roughness elements) over the FPs were secondly investigated in a compound channel. The main results are presented in Dupuis et al., 2017a andDupuis et al., 2017b, for uniform flow and non-uniform flow conditions, respectively. In particular, two-point ADV measurements enable large-scale coherent structures to be investigated.

Regarding the field measurements on the River Rhône, they enabled to show that the SKM including drag forces could be used to estimate the depth-averaged streamwise velocities for non-uniform flows in rather straight geometries, provided that the secondary current term Γ could be calibrated against field data.

Chapter 8. Summary of the characteristics of non-uniform flows in FP inflow with respect to a uniform flow condition prevents SLT from developing over the FP when going downstream. In non-prismatic geometry (longitudinal changes in width or in hydraulic roughness), the mean flow was also found dependent on the upstream velocity distribution.

• In prismatic and non-prismatic geometry, the sub-section-averaged head loss gradient in the MC, S H mc , always differs from the gradient in the FP, S H f p .

In non-prismatic geometry, the signs of S H f p and S H mc can be different, and one can observe a lateral juxtaposition of a sub-critical flow in the MC and of a super-critical flow in the FP. As a result, when considering sub-section averaged parameters, the flows in the MC and FP feature a certain independence.

• Non-uniform flows in prismatic geometries are always gradually varied (dh/dx ≈ S 0 ). In a given non-prismatic geometry, the flows can be either gradually or rapidly varied (dh/dx ≈ 10 × S 0 ) as the local gradients of flow depth increase with the flow rate magnitude and the local Froude numbers.

• Rapidly varied flows can be associated with flow separations and marked recirculating flow areas. For small overbank flows (D r ≈ 0.2), the physics of the recirculating flow is independent of the interaction between the flows in the MC and the FP. The two asymptotic regimes observed in a single channel are still present with the 2-stage geometry. By contrast, for high overbank flows (D r ≈ 0.4), these two regimes do not exist anymore, and the recirculating flow area is altered by the transport of mass and momentum coming from the MC.

• Rapidly varied flows can induce a small mixing layer width coupled with sharp lateral gradients of streamwise velocity, resulting in high levels of SLT (compared with the uniform flow of same flow rate).

Results dependent upon the direction of lateral flow

Lateral flow towards the MC, excess in FP flow with respect to uniform flow conditions

• The mixing layer, SLT and the peak levels of SLT are laterally displaced towards the MC.

• With a significant lateral flow, the mixing layer is essentially located in the MC. For weakly and moderately sheared flows (λ ≤ 0.4), with low levels of SLT, the interfacial momentum transfer is driven by the mean flow, the mean velocity profiles are convex, the turbulent structures are transversely stretched by the lateral plunging flow, and are essentially 3D, also resulting in low levels of DSLT.

• With a small lateral flow, similarly to uniform flows, an inflectional instability in the mean velocity profile gives rise to 2D structures, resulting in high levels of DSLT.

• The mean velocity profiles, SLT, the mixing layer width δ can be relatively stable along the longitudinal direction. Large longitudinal distances will thus be required to achieve uniform flow conditions (compared with a lateral flow in the opposite direction).

• The value of the streamwise velocity at the MC/FP interface, U int , is close to the average velocity in the FP, U f .

Lateral flow towards the MC, deficit in FP flow

• The mixing layer, the SLT and the peak levels of SLT are laterally displaced towards the MC.

• Owing to the high values of shear U m -U f or scaled shear λ caused by the deficit in FP flow, the mean velocity always feature a marked inflectional instability, with 2D interfacial coherent structures, and high levels of SLT. The effect of λ appears to be more important than the effect of lateral flow in this flow configuration.

Lateral flow towards the FP

• The mixing layer and the SLT widely extend both in the MC and on the FP, the peak levels of SLT are always located at the junction MC/FP.

• A marked inflectional instability in the mean velocity profiles gives rise to 2D large coherent structures and to high levels of DSLT. The interfacial momentum transfer is driven by both the SLT and advection

• The mean velocity profiles and SLT are unstable. The mixing layer width δ and the lateral extent of SLT increase with respect to the longitudinal direction.

• The value of the streamwise velocity at the interface MC/FP, U int , is close to the average velocity in the MC, U m

• Over the FP, a vertical increase of SLT is observed from the bottom to the water surface

Part III

Numerical modeling 9.1 Introduction

One-dimensional approaches are still widely used when studying long river reaches, when there is few field data for the calibration of models, and when the topography of FPs is not surveyed in detail.

When dealing with overbank flows, the classical 1D Saint-Venant and Bernoulli equations must be supplemented to account for the specific interaction between the MC and the FPs. The 1D codes can use different methods: the Divided Channel Method (DCM) of [START_REF] Lotter | Considerations on hydraulic design of channels with different roughness of walls[END_REF], empirical corrections of the DCM such as the Debord formula of [START_REF] Nicollet | Ecoulements permanents à surface libre en lit composés[END_REF], the formulas of Ackers, 1993, the formulas of [START_REF] Smart | Stage-discharge discontinuity in composite flood channels[END_REF] for small overbank flows, the mixing length models proposed by Bousmar andZech, 1999 or Huthoff et al., 2008, and By contrast, the ability of 1D approaches to model non-uniform flows was little investigated in the literature. Martin-Vide, Moreta, and Lopez-Querol, 2008 developed an improved 1D model to simulate flows in a compound channel with a meandering MC and vegetated FPs. [START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF] developed the Exchange Discharge Model (EDM) to account for the additional head loss caused by both the SLT and the advective transport of momentum between the MC and the FPs. This model was validated against field measurements (water levels for flood events on the Sambre River, see [START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF] and against lab measurements (flows in symmetrically narrowing FPs in the UCL flume, see [START_REF] Bousmar | Overbank flow in symmetricaly narrowing floodplains[END_REF].

During my PhD work, the results of three 1D approaches, the DCM, a corrected DCM -the Debord formula -, and the EDM, were compared with lab data (converging geometries, diverging geometries, abrupt FP contraction, uniform and non-uniform flows in straight geometries). The ability of these 1D approaches to predict both flow depth and mean velocity was assessed. The relative errors on flow depth were found to be quite significant (-20% to +20%) while those on FP velocity are very significant (-60% to +140%), see [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF][START_REF] Proust | [END_REF], Proust et al., 2006a.

The assumptions related to each 1D modeling and their implementation in a 1D code were analyzed in detail, and their consistency against the experimental data was assessed. Five constraining 1-D assumptions that are responsible for the errors mentioned above were identified:

• using a 1-D dynamic equation defined on the total cross-section to compute the surface profile

• assuming equal head loss gradients in the sub-sections (MC and FP) for the DCM, the corrected DCM (Debord formula), and the EDM

• assuming equal friction slopes in the sub-sections (MC and FP) for the DCM

• assuming that the discharge distribution between MC and FP was not influenced by the upstream flow history (DCM, Debord Formula), and was the same as the distribution for a uniform flow of same wet area

• assuming that the discharge distribution between MC and FP at the downstream boundary condition was equal to the discharge distribution under uniform flow conditions (DCM, corrected DCM, and EDM).

From here, relying on the works of [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF][START_REF] Yen | Significance of flood plains in backwater computation[END_REF], another type of 1D approach was developed to cope with the issues related to flow non-uniformity, the Independent Subsections Method (ISM), see [START_REF] Proust | Non-uniform flow in compound channel: a 1D-method for assessing water level and discharge distribution[END_REF][START_REF] Proust | Energy losses in compound open channels[END_REF] The ISM consists of a system of four coupled ordinary differential equations. Three momentum equations are solved -one in each sub-section, i.e. MC, left or right FP -instead of one classical 1D momentum equation on the total cross-section, and one equation of mass conservation. This 1D+ approach was found to predict both the mean velocity and flow depth in the FP with errors highly reduced compared with the DCM, corrected DCM and EDM, as illustrated in Figure 9.1 for flows in an abrupt FP contraction.

1D classical modelings with a dynamic equation on the total cross-section

The classical 1D models compute the water surface profile using either the 1Dmomentum equation of Saint-Venant or the 1D-energy equation of Bernoulli on the total cross-section area. Under steady flow conditions, without inflow or outflow, the 1D-momentum equation reads

1 gA dβAU 2 dx + dZ dx + S f = 0 (9.1)
with x = longitudinal direction; U = mean velocity on the total cross-section area A; β = momentum correction coefficient; Z = water level above a reference datum; S f = friction slope on the total cross-section; g = gravity acceleration.

Under the same conditions, the 1D-Energy equation yields

S H = - d Z + αU 2 /(2g) dx = S f + S a (9.2)
with S H = head loss gradient in the total cross-section, α = kinetic energy correction coefficient; S a = additional head loss gradient due to the interaction between the MC flow and the FP flow.

In 1D models, the compound section is divided into homogeneous sub-sections A i in terms of geometry and roughness, and the discrete forms of β and α yield

α = i Q 3 i /A 2 i Q 3 /A 2 (9.3)
and

β = i Q 2 i /A i Q 2 /A (9.4)
where subscript i is related to the ith sub-section, and Q i = flow rate in the sub-section A i .

A relevant computation of total friction slope S f requires an explicit computation of the discharges in the sub-sections Q i , see [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF] Recalling that the strength applied to the total wetted perimeter χ is the sum of the strengths applied to the wetted perimeters χ i of the sub-section areas A i , it gives

S f = 1 A     i Q 2 i A i R 4/3 i n 2 i     = f (Q i , Z) (9.5)
where n i is the Manning roughness in the subsection A i .

In the dynamic equations Eq. 9.1 and Eq. 9.2, the water level Z and the subsection discharges Q i are thus coupled through the momentum/kinetic correction factors, the total friction slope, and the additional head loss S a . Using subscripts f and m for the mean parameters in the FP and MC, respectively, the coupling terms read

• α = α(Z, Q f , Q m ) • β = β(Z, Q f , Q m ) • S f = S f (Z, Q f , Q m , n f , n m ) • S a = S a (Z, Q f , Q m )

DCM

The Divided Channel Method is e.g. implemented in the 1D code HEC-RAS (US army corps of Engineers) or in the 1D French code CRUE X from the CNR. The DCM only accounts for bed friction losses. The MC/FP interaction is neglected. In the 1D energy equation Eq. 9.2, the additional head loss, S a is thus equal to zero. In addition, three other assumptions are made, so that the 1D energy equation can be solved on the total cross-section.

First, the formula of total friction slope, S f , see Eq. 9.5, is simplified as follows

S f = S f i =   Q i 1 n i A i R 2/3 i   2 = f (Q, Z) (9.6) where 1/n i A i R 2/3 i = K i is the subsection conveyance in the subsection A i . Note that this formula is established by assuming that S f = S f i .
Therefore, the total friction slope, S f is merely a function of total discharge Q, water level Z, and Manning roughness n i . The friction slope is thus independent of the subsection discharges Q i .

In a similar way, DCM assumes a kinetic coefficient α independent of the

Q i α = i K i K 3 A A i 2 = f (Z) (9.7) 
where K = 1/nAR 2/3 is the total conveyance, R is the total hydraulic radius, and n is a composite roughness, function of subsection roughness n i . Several composition formulas were developed, they are reported in [START_REF] Yen | Hydraulic resistance in open channels[END_REF]. The same technique is used for β coefficient.

Coefficient α (or β) is therefore computed without explicit use of sub-section discharge Q i , i.e. α = f (Z) or β = f (Z).

Lastly, the DCM assumes that the head loss gradients in the sub-sections are equal to the subsection friction slopes, and that S Hm = S Hf .

The three foregoing assumptions, which are not in agreement with experimental data, see [START_REF] Proust | Non-uniform flow in compound channel: a 1D-method for assessing water level and discharge distribution[END_REF], enable the 1D-equation on the total cross-section friction slope to be computed, without explicitly calculating sub-section discharge Q i .

Corrected DCM: Debord formula

The Debord formula is presented in [START_REF] Nicollet | Ecoulements permanents à surface libre en lit composés[END_REF]. It accounts for friction losses and the interaction MC/FP due to SLT. The effect of the advective transport of momentum between sub-sections is not considered. The Debord formula is implemented in several 1D French codes, e.g. Mage and Rubarbe (Irstea-Lyon), Mascaret (EDF-LNHE). Similarly to the DCM, three strong assumptions are made so that the water surface profile can be computed on the total section:

• The Boussinesq coefficient β is a function of water level Z, of corrected conveyances K i , but is independent of total discharge Q and of subsections discharges Q i .

• The friction slope S f is independent of the subsections discharges Q i (only function of Q and K i ).

The assumptions of the corrected DCM are summarized in Table 9.1. It is important to point out that Debord formula is more reliable for medium and high overbank flows (D r ≥ 0.3) than for low flows (see the validation data in Nicollet and Uan, 1979, far more numerous for D r ≥ 0.3). 

EDM

The EDM is implemented in the 1D Belgium code Axeriv, developed by the UCL, see [START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF]. Axeriv solves the 1D energy equation (Eq. 9.2) on the total cross-section. The additional head loss S a accounts for both the SLT and the advective momentum transfer. An explicit computation of the subsection discharges is required to compute S a , see the detailed procedure of calculation of S a in [START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF] It is important to stress that the subsection head loss gradients are assumed to be equal from one subsection to another, and equal to the total head slope, i.e. S Hm = S H f = S H . This assumption is required to solve the water surface profile on the total section. The subsection head loss gradient in section A i reads

S H i = - dH i dx = S f i ± τ ij h int ρgA i + q in (U i -U in ) + q out (U out -U i ) gA i (9.8)
where τ ij = the depth-averaged Reynolds stress, lateral discharge q in and q out are considered positive and are mutually exclusive, U in and U out are the streamwise velocities associated with these two lateral discharges, respectively.

with the mass conservation in the subsection A i for steady flow

dA i U i dx = q in -q out (9.9)
The depth-averaged Reynolds stress τ ij , is calculated with a mixing length model reported in Table 9.1. Two other hypotheses are made in the EDM:

• the total friction slope, S f in Eq. 9.2 is computed with the Eq. 9.6 of the DCM.

• the discharge distribution at the downstream boundary is equal to that under uniform flow conditions.

Lastly, two calibration parameters are used: ψ t in the Reynolds stress, and ψ g in the lateral discharge q, see Table 9.1.

Comparison of the 1D approaches

Using the three previous models (DCM, corrected DCM and EDM), simulations of the flows in the abrupt FP contraction were carried out in [START_REF] Proust | [END_REF], as previously shown in Figure 9.1. This figure shows that DCM and corrected DCM cannot simultaneously predict the flow depth and the velocity in the FP with accuracy. For instance, with the DCM, velocity U f is underestimated by 60% at x = 4.5 m. With regards to the EDM, implicitly imposing a uniform flow condition in the downstream section results in an overestimation of the shear U m -U f , and subsequently in the head loss gradients S H i (Eq. 9.8). Hence, the water levels are overestimated when calculating back upstream.

Calibrating Manning roughness for small overbank flows

It is very common when handling field studies with river flooding, to calibrate the Manning roughness (in one or two sub-sections) for low flood events, namely for small relative flow depths, D r . The computation of the water surface profile is optimized by minimizing the discrepancies between numerical results and field water marks. Afterward, the calibrated roughness is used for prediction of medium and high flows, as field data are very rare for these flood events. Lilas, 2009 and[START_REF] Lilas | Analyse de la pertinence du calage du coefficient de manning pour des crues faiblement débordantes[END_REF] assessed this methodology by comparing 1D simulations with the lab data. We present here the results when using this methodology with the 1D Bernoulli equation coupled with the DCM.

Figure 9.2 shows the calibration of the Manning roughness in the FP, but keeping constant the MC roughness (previously calibrated in single section), in the case of the 6m long converging geometry Cv6 (see Chapter 6), Q = 10 L/s, relative depth h * = 0.2 at mid-length of the converging reach. The optimal value is lower but of the same order of magnitude than the actual value (n = 0.01 u.s.i. for coated plywood bottom). This value was then used to simulate higher flows. The notation EDM* means that the advective momentum transfer (∝ q(U m -U f )) is not accounted for, contrarily to the complete EDM. Taken from [START_REF] Lilas | Analyse de la pertinence du calage du coefficient de manning pour des crues faiblement débordantes[END_REF] This methodology was used for various geometries, see Figure 9.3, the calibration being always done for small overbank flows (h * = 0.2). The results are not satisfactory, with errors on flow depth in the range -20% to +35%, and on FP discharge between -80% and +80%. Even in straight geometry, this technique is hazardous. These results show that the DCM cannot be used for predicting medium or high flows.

In addition, Lilas, 2009 showed that the calibration of the FP roughness by optimizing the FP discharge provided different results from the ones obtained with optimized water surface profiles, highlighting that the physics was poorly modeled. When using the corrected DCM (accounting for the turbulent exchange), the results are improved, but the errors are still important, see [START_REF] Lilas | Analyse de la pertinence du calage du coefficient de manning pour des crues faiblement débordantes[END_REF] This methodology of calibration for small overbank flows was compared to a calibration for each flood event. The results of this latter is shown in Figure 9.4. The notation EDM* means that SLT is accounted for, but not the advective momentum transfer. In a given geometry, for a given 1D modeling, large variations in the calibrated Manning roughness are observed, confirming that 1D classical approaches cannot properly model the variation in the physical processes with an increasing discharge magnitude, without considering an explicit modeling of the lateral discharge q and of the associated momentum transfer (∝ q(U m -U f )).

Using the actual Manning Roughness

Figure 9.5 shows numerical results against experimental data for diverging and converging reaches, using the actual values of the Manning roughness (in the MC and FP). This figure clearly shows that the errors for small overbank flows are often higher than the errors for high overbank flows. As a corrected DCM (Debord formula) was used, this may be partly attributed to the absence of modeling of the advective transports of mass and momentum between MC and FP, this later being important for small overbank flow (in proportion of q(U m -U f )). 

Neglecting the upstream flow history

The 1D approaches like DCM and corrected DCM do not take into account the effect of the upstream flow history on the discharge distribution between MC and FPs, while it is a predominant process for non-uniform overbank flows, as shown in Chapter 4. Figure 9.6 shows results of 1D-Saint-Venant equation coupled with a corrected DCM against experimental measurements in the geometry Cv2 (2m long converging FP from x = 4 to 6 m). Both the flow depth and the FP discharge are significantly underestimated in the upstream prismatic part, because the mass transfer coming from upstream cannot be accounted for by the corrected DCM. This is a recurring problem with this type of approach, and the error can spread from one reach to another as depicted in Figure 9.7. 

A 1D+ model, the Independent Subsections Method

The ISM computes the water surface profile within each subsection. Solving one 1D dynamic equation in each subsection was firstly proposed by [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] This enables the water level and the subsection mean velocities to be simultaneously calculated, without priority to any variable. In addition, in opposition to the DCM, corrected DCM, and to the EDM, this method does not assume equal head loss gradients in all subsections, and it does not impose the downstream discharge distribution. The evolution of the subsection discharges is therefore less constrained.

Restricting the method to a straight compound channel geometry, [START_REF] Yen | Significance of flood plains in backwater computation[END_REF] proposed a backwater computation procedure. They applied the method to a virtual straight compound channel, with various boundary conditions, and compared the relative weights of mass exchange and turbulent shear stress in the momentum transfer between subsections. Relying on numerical computations only, these authors showed that in comparison with mass exchange, turbulent transfers have a negligible effect on the water surface profile. To our knowledge, Yen's method was unfortunately not compared to experimental data.

During my PhD, Yen's method was adapted to non-prismatic geometries, and was compared with several experimental databases.

The system of ordinary differential equations

The ISM consists in a set of coupled 1-D momentum equations (written within the MC, left-hand, and right-hand FPs) and mass conservation equations. Mass and momentum exchanges at the interfaces between subsections are explicitly accounted for.

The three equations of mass conservation yield dQ m dx = q lm + q rm (9.10) dQ l dx = -q lm (9.11) and dQ r dx = -q rm (9.12) the subscripts r, l and m refer to right-hand FP, left-hand FP, and MC. The three momentum equations are

1 - U 2 l gh l dh l dx = S 0 -S f l + U 2 l gB l dB l dx + τ lm h l ρgA l + q lm (2U l -U int.l ) gA l (9.13) 1 - U 2 r gh r dh r dx = S 0 -S f r + U 2 r gB r dB r dx + τ rm h r ρgA r + q rm (2U r -U int.r ) gA r (9.14) 1 - U 2 m gh m dh m dx = S 0 -S f m + U 2 m gB m dB m dx - τ lm h l ρgA m - τ rm h r ρgA m - q lm (2U m -U int.l ) gA m - q rm (2U m -U int.r ) gA m (9.15)
where B i is subsection width; τ ij is the shear stress at the vertical junction between A i and A j , the signs preceding τ ij being appropriate for a y axis oriented from right to left; U int.l (resp. U int.r ) is the longitudinal velocity at the interface between the MC and the left FP (resp. the right FP). The subsection friction slope S f i is calculated with the Manning's formula applied to a subsection, or with the Darcy-Weisbach formula when the flow is not fully rough turbulent

S f i = f i 4R i U 2 i 2g (9.16)
where R i is the hydraulic radius accounting for solid walls only, and f i is the Darcy-Weisbach coefficient.

The six main unknowns are the three flow depths h l , h m , h r and the three velocities U l , U m and U r . The six secondary unknowns are the 2 shear stresses τ lm and τ rm , the 2 interfacial velocities U int.l and U int.r , and the 2 lateral discharges q rm and q lm . With the three mass conservation equations (Eqs. 9.10 to 9.12) and the three momentum equations (Eqs. 9.13 to 9.15), six closure equations are required. As suggested by [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF] and in agreement with experimental measurements, water level Z across the compound channel is assumed to be constant at a given station x, as Z m = Z r = Z l . If h b is the bank full depth in the MC, h l = h r = h m -h b , and dh m /dx = dh l /dx = dh r /dx. The assumption Z l = Z m = Z r was validated against measured water level in the various geometries investigated, excepted at the end of the abrupt FP contraction, see [START_REF] Proust | [END_REF] 

Turbulent exchange and momentum flux by the mean flow

Similarly to the EDM, see Table 9.1, the interfacial Reynolds-stress is modeled with a simple mixing length model, as follows

|τ lm | = ρψ t (U m -U l ) 2
(9.17)

|τ rm | = ρψ t (U m -U r ) 2 (9.18)
The advective momentum flux between MC and FP accounts for interfacial velocities in Eqs. 9.13 to 9.15. Empirical formulas are used based on lab observations. In case where the flow width is constant, e.g. in skewed compound channel (see 

U int.ij = U i (9.19)
Empirical formulas can also used based on the measurement of actual interfacial velocity, especially if the flow width varies, see [START_REF] Proust | Non-uniform flow in compound channel: a 1D-method for assessing water level and discharge distribution[END_REF]. Lastly, in Proust et al., 2010, we show that the momentum equations can be reformulated in energy equations, using the mass conservation in each subsection, and assuming that β i = α i = 1 (momentum/kinetic correction coefficients in each subsection). The head loss gradient S H i reads

S H i = S f i + S t i + S m i (9.20)
where S f i is the subsection friction slope, S t i is the subsection head loss due to interfacial turbulent exchange, and S m i is the subsection head loss due to the interfacial advective momentum transfer.

Simulations with ISM can be done accounting for one, two or three sources of head loss. 

ISM results against experimental data

Considering the three sources of head loss, the ISM was tested against experimental data for non-uniform flows in straight compound channel, flows in skewed compound channel, flows in a symmetric converging or diverging compound channel, and flows in an asymmetrical compound channel with an abrupt FP contraction.

The coefficient ψ t in Eqs. 9.17 and 9.18 was calibrated under uniform flow conditions. The maximum relative errors in the calculation of the couple flow depth / discharge in the FP are 8% / 19% for the 46 runs investigated, as shown in Table 9.2. Figure 9.8 shows some simulations for a constant flow width (a-b) and a variable flow width (c-d).

By distinguishing the three different sources of head loss, the ISM is also a useful theoretical tool to estimate the relative contributions of the various physical processes governing compound channel flows. For instance, Figure 9.9 (Left) shows that the head loss due to advection, S m i is responsible for the constant or increasing subsection head in the FP, H f , observed in diverging geometry for some flow conditions. An other example is given in Figure 9.9 (Right): the ISM can highlight the effects of an increasing opening angle δ in converging geometries on the three sources of head loss presented in Eq. 9.20.

In Proust et al., 2016a, the ISM was recently compared to the experimental data collected in the Irstea compound channel flume with a longitudinal roughness transition from bed-friction to emergent rigid vegetation (experiments presented in Chapter 8). A volume drag force was included in the momentum equations. The ISM simulations of FP flow depth, FP discharge and depth-averaged Reynoldsstress at the junction MC/FP were found to be in good agreement with the measurements, as shown in Figure 9.10. Lastly, the ISM was compared to other 1D models during a benchmark based on uniform flow experimental data, see [START_REF] Bousmar | Uniform flow in prismatic compound channel: Benchmarking numerical models[END_REF] 

Synthesis

Comparing 1D and 1D+ (ISM) simulations with lab measurements of both flow depth and subsection discharges showed that: • 1D momentum or energy equations formulated on the total cross-section coupled with a DCM or a corrected DCM does not enable the accurate prediction of both flow depth and subsection discharges, because of the underlying assumptions that are not consistent with the actual physical processes observed in the lab. In particular, the changes in the physical processes with an increasing discharge magnitude cannot be predicted.

• Using these 1D approaches, by calibrating the roughness coefficients for small overbank flows, and simulating higher flows with the same calibration, leads to significant errors on both flow depth and subsection discharges.

• A 1D energy equation formulated on the total cross-section coupled with the EDM improves the results on the flow depth computation, if the downstream boundary condition is imposed where the flow is close to equilibrium. However, the assumption of equal head loss gradients in the subsections is constraining, and not consistent with the observations in prismatic and nonprismatic geometries. This may result in significant errors on the subsection discharges, which in turn, can affect the water surface profile computation.

• Solving the water surface profile in each subsection with the 1D+ model (ISM) enables the flow depth, the subsection discharges, and the interfacial depthaveraged Reynolds-stress to be accurately computed, provided that two parameters can be calibrated against experimental data: the coefficient of turbulent exchange under uniform flow conditions, and the interfacial streamwise velocity under non-uniform flow conditions (relying on empirical but physically based formulas).

• The ISM is also a useful tool to estimate the relative weights of the tree sources of head loss for non-uniform overbank flows: friction losses, head loss due to interfacial turbulent exchange, and head loss due to interfacial momentum exchange by the mean flow.

Introduction

In the literature of compound channel flows, 2D or quasi-2D approaches are mainly used in the case of a constant flow width, see e.g. [START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF][START_REF] Ervine | Two-dimensional solution for straight and meandering overbank flows[END_REF][START_REF] Wilson | Comparison of turbulence models for stage-discharge rating curve prediction in reach-scale compound channel flows using two-dimensional finite element methods[END_REF][START_REF] Wilson | Comparison of turbulence models for stage-discharge rating curve prediction in reach-scale compound channel flows using two-dimensional finite element methods[END_REF] for straight and meandering overbank flows, [START_REF] Shiono | Turbulent open channel flows with variable depth across the channel[END_REF] for uniform flows, [START_REF] Rameshwaran | Quasi two-dimensional model for straight overbank flows through emergent vegetation on floodplains[END_REF] for straight overbank flows through emergent vegetation on FPs, and Vionnet, Tassi, and Martin-Vide, 2004 also with vegetated FPs.

During my PhD thesis, with the help of the collaborators mentioned above, we firstly focused on the 2D modeling of flow configurations with a change in the flow width, and especially on rapidly varied flows with or without recirculating flow areas. Similarly to field practitioners, we used 0th order turbulence closures to model the turbulent diffusion. The configuration with recirculating flow zones is a compound channel flow with a transverse embankment (or groyne) set on the FP. The 2D modelling of flows near groyne-like structures was essentially carried out in single channels, see e.g. [START_REF] Tingsanchali | 2D-Depth-averaged flow computation near groyne[END_REF] who used a kmodel, [START_REF] Molinas | Finite element surface model for flow around vertical wall abutments[END_REF] who used a finite element surface model to model flow around vertical wall abutments, [START_REF] Molls | Numerical simulation of twodimensional flow near spur dike[END_REF] for flow near a spur-dike.

Secondly, in the framework of the Master thesis of Linde, 2011, we investigated uniform and non-uniform overbank flows in a straight geometry, and new flow configurations in the presence of a transverse embankment on the FPs, notably the flows studied by [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] The results of the numerical simulations are presented in this section, according to the type of flow configuration. 

Uniform flows

The 2D simulations of Linde, 2011 were carried out with the 2D code Rubar 20 (Irstea-Lyon) that solves the 2-D shallow water equations. The uniform flows experimentally studied by [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF][START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] in the LMFA flume (8m × 1.2m) were simulated (flows with relative depth D r = 0.2, 0.3 and 0.4). The mesh is composed of rectangular cells. The space step is in the range 2.5 to 5 cm in the streamwise direction. In the span-wise direction, the space step is 5 mm near the MC/FP junction, and the vertical wall of the junction is replaced by a steep slope (5 mm horizontally for 51.5 mm vertically). From the junction, the space step is regularly increased from 5 mm to 5 cm in the middle of the FP. Two simple models of eddy viscosity were used: Elder's model, and constant eddy viscosity, see [START_REF] Linde | Errors in 2-D modelling using a 0th order turbulence closure for compound channel flows[END_REF] Results are shown in Figure 10.1 for the flow cases studied by [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] The 2D approach appears to be reliable to compute sub-section-averaged parameters (U m , U f , h f , h m ). The mean relative errors are lower than 12% for these four parameters, see Figure 10.1 (Top left), and the maximum relative errors, which are observed for the low overbank flow (D r = 0.2), see Figure 10.1 (Bottom left), are lower than 20%.

By contrast, the mean errors on local parameters near the MC/FP junction are far more significant: up to 50% on mixing layer width δ, 45% on interfacial depthaveraged Reynolds-stress T xy int . In addition, for the low overbank flow, the maximum relative error on depth-averaged streamwise velocity U d can reach 45% inside The limits of an isotropic 0th order turbulence closure in a context where the turbulent exchange is governed by 2D horizontal coherent structures, see Figure 5.11(a), are highlighted. Under uniform flow conditions, if an accurate description of the mixing layer is required, using the quasi-2D lateral distribution method of Shiono andKnight, 1991 -recently improved by Fernandes, Leal, and[START_REF] Fernandes | Improvement of the Lateral Distribution Method based on the mixing layer theory[END_REF] -is strongly recommended. Additionally, this method accounts for the transverse momentum exchange due to secondary currents, which is not considered in 2D-depth-averaged classical approaches.

Weakly sheared flows driven by advection

In the case of weakly sheared flows governed by the advective transport of mass and momentum, such as flows with an abrupt FP contraction (Figure 6.1), the 2D-H modeling was found to be reliable for the computation of both streamwise velocity U d and water level Z. The 2D simulations were made with the numerical program Mac2D, see [START_REF] Bousmar | Flow modelling in compound channels / Momentum transfer between main channel and prismatic or non-prismatic floodplains[END_REF] Mac2D solves the shallow water equations using a finite-difference method based on a Mac-Cormack scheme. The grid is made up of quadrilaterals of mean size (5 cm × 4.5 cm). The momentum equation in x-direction, at a lateral position y, can be written as an energy equation by introducing the mass conservation where τ xxd and τ xyd are the depth-averaged Reynolds-stresses. An Elder's model was used: the eddy viscosity is proportional to shear velocity and water depth (ν t = λU * h). According to [START_REF] Rodi | Turbulence models and their application in hydraulics : a state of the art review[END_REF], the value of the dimensionless parameter λ is in the range 0.1 to 0.2 for wide laboratory flumes. A constant value of 0.1 was first used. The computation of the streamwise velocity U d and spanwise velocity V d is shown in Proust et al., 2006b. Figure 10.2 displays the numerical results against the experimental data for the local Froude number F = U d / √ gh. Mac2D quite accurately represents the hydraulic parameters distribution for both discharges. The water levels are modeled with maximum relative errors of 6% for the mean flow depth on the FP, of 14% for the components U d , of 15% (resp. 35%) for the components V d with Q=150 L/s (resp. Q=260 L/s).

dZ dx + 1 g U d dU d dx + 1 g V d dU d dy + S f x -T xx -T xy = 0 (10.1) with S f x = n 2 h 4/3 U d U 2 d + V 2 d ( 10 
The main results regarding the momentum transfer are: (1) the term T xx is always negligible compared to the others terms in Eq. 10.1 and (2) the subsectionaveraged value of V d dU d /dy is larger than T xy up to a ratio of 10 for the lower discharge in the converging reach. Besides, increasing the λ-value to 0.2 in the turbulent model does not affect the results. It shows that turbulent exchanges are vanishing when mass transfers become severe. This is in close agreement with the experimental momentum balances presented in Chapter 6, see Figure 6.15.

An other type of weakly sheared flow with strong advective transport was modeled: the gradually varied flows in straight compound channel with an excess in FP flow, see Chapter 5. Figure 10.3 shows the 2D numerical results against experimental data for the test case in the LMFA flume with relative depth H r = 0.3 and an excess in FP inflow dQ f p = +53%. This flow features low levels of 3D turbulence at the junction MC/FP, see Figure 5.2(a). The relative error on FP flow depth, h f is of 4.5%, and on FP velocity, U f , of 14%.

Flow configuration with recirculating flow area 10.4.1 Preliminary investigations

We mainly focused on the simulation of flows with a transverse embankment over the FP. The first comparison between 2D modeling coupled with a 0th order turbulence closure and experimental data was carried out by Paquier et al., 2000, using the code Rubar 20. The experiments were conducted in the LMFA flume with a single cross-section, an obstacle of length d = 40 cm, and a discharge Q = 72 L/s. The difference in water level between the upstream and downstream of the obstacle was underestimated by 30%. The limits of a 2D approach in the vicinity of an obstacle were highlighted: [START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF] the assumption of a vertical distribution of hydrostatic pressure was not consistent with the steep water surface gradients observed in the obstacle cross-section; (2) the strong vertical secondary cells upstream from the obstacle measured with LDA were not modeled by the depth-averaged approach; (3) the size of the recirculating flow zone was significantly underestimated when using a constant eddy viscosity.

In collaboration with the University of Ljubljana, [START_REF] Paquier | Comparison of slovenian and french 2-d codes on river flow situations[END_REF] compared the previous simulations with Rubar 20 with simulations with the Slovenian code PCFlow 2D that uses a kmodel. The computations of the water level, mean velocity and the size of recirculating flow area were comparable. The two codes showed the influence of the boundary conditions and of the interpolation of the bottom topography on the results.

Our first investigations in compound channels were carried out during my PhD thesis, with a comparison between simulations with Rubar 20 and a flow experimentally studied in the CNR flume (13m × 3m). A transverse embankment of length d = 143 cm was set on the 220cm-wide FP, with a flow rate Q = 150 L/s (relative flow depth D r ≈ 0.2 for a flow approaching uniform flow conditions), see [START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF]. As shown in Figure 6.8 (Bottom right), this flow is in the shallow flow regime according to [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF]. The flow is expected to be essentially driven by bed-induced turbulence (predominant compared with the embankment-induced horizontal turbulence). The 2D modeling was found to be in pretty good agreement with the measurements, as shown in . The maximum relative errors on the FP discharge were observed downstream from the obstacle (27%), related to errors on the size of the recirculating flow zone, e.g. its length was overestimated by 23% (3.15 m instead of 2.55 m). In the 2D momentum equations, the terms modeling the turbulent diffusion were also found to be negligible compared with the advection terms.

As the results were significantly different from one flow configuration to another (deep flow in a single channel versus shallow flow in a compound channel), the investigation of flow around embankments was continued by Bourdat, 2007, Peltier et al., 2008, and Linde, 2011, by comparing simulations with Rubar 20 to new experimental data.

Flows with a transverse embankment studied by A. Bourdat

The results of the simulations of Bourdat, 2007are reported in Peltier et al., 2008. Flows in the LMFA flume with an obstacle of length d = 30 and 50 cm with the same discharge Q= 24.7 L/s (relative depth D r = 0.3 under uniform flow conditions) were simulated with RUBAR 20, considering either a constant eddy viscosity, or a Elder's eddy viscosity, or ignoring turbulent diffusion. The eddy viscosity models were The turbulent diffusion plays a significant role since results with υ t = 0 are erroneous. This is consistent with Figure 10.5, which shows that these two flows are in the transition regime (influence of both bed-induced turbulence and horizontal structures generated by the obstacle). Elder's model and υ t = cste give comparable results, with an underestimation of the width of the recirculation zone, resulting in too high values of FP discharge. The length L is better modeled by Elder's model, which may be due to the strong variations in the flow depth in the vicinity of the obstacle. With this model, the maximum relative errors are in the range +12% to -8% for Z values, +39% to -17% for Q f p . The errors on Z and Q f p are higher with d/B = 0.41 than with d/B = 0.25 (not shown here).

Despite the errors previously mentioned, the longitudinal transition sub-critical / super-critical / sub-critical flow is fairly well modeled as shown in Figure 10.6.

Flows with an embankment studied by Y. Peltier

Results presented in this subsection are taken from [START_REF] Linde | Errors in 2-D modelling using a 0th order turbulence closure for compound channel flows[END_REF]Linde, 2011. The experiments of [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF] were simulated using Rubar 20. The mesh is comparable to that presented in the section 'uniform flow' with a refined mesh near the obstacle (5 mm in both directions) which leads to about 13,000 cells (11600 for the uniform flows). Six flow cases were simulated: d = 30 and 50 cm with relative depth D r = 0.2 or 0.3, and d = 20 and 30 cm with D r = 0.4. [START_REF] Babarutsi | Experimental investigation of shallow recirculating flows[END_REF], the large-scale horizontal structures are predominant in this regime. The isotropic eddy viscosity is not at all suitable in this regime.

The errors in the estimate of the recirculating flow zone result in errors in FP discharge Q f downstream from the embankment, as shown in Figure 10.8 (Right).

Figure 10.9 shows the relative errors on the subsection-averaged parameters for the six flows studied by [START_REF] Peltier | Turbulent flows in straight compound open-channel with a transverse embankment on the floodplain[END_REF]. Though the mean relative errors are lower than 20%, the maximum relative errors for flow depth, mean velocity and discharge in the FP can reach 48%, 41% and 68%, respectively. In addition, Figures 10.10 and 10.11 shows that the errors on the streamwise depth-averaged velocity U d increase with flow rate magnitude for a fixed length d, which is detrimental for the prediction of high flows based on a calibration of the eddy viscosity for low overbank flows.

Lastly, Figure 10.12 shows a comparison of errors for cases with H r = 0.2 with and without obstacle (same flow rate 17.3 L/s). This figure shows that, with an increase in the shear U m -U f downstream from the obstacle, the errors increase (from uniform flow, to d = 30 cm, to d = 50 cm).

Synthesis

These comparisons between experimental results and 2D simulations with a 0th order turbulence closure showed that:

• Under uniform flow conditions, the simulated subsection-averaged parameters are in close agreement with the lab data. By contrast, the flow structure inside the mixing layer at the MC/FP junction is poorly modeled, i.e. the mixing layer width, the depth-averaged streamwise velocity and Reynoldsstress. • The 2D modeling of water level, streamwise and lateral velocity is reliable for weakly sheared flows controlled by the advective transport of mass and momentum, for a constant or a variable flow width.

• In the presence of large recirculating flow areas (behind a transverse embankment over the FP):

-The 2D modeling is fairly reliable in the shallow flow regime, see Babarutsi, Ganoulis, and Chu, 1989, i.e for small overbank flows (D r ≈ 0.2) with a length of embankment large compared with the flow depth in the obstacle section.

-The errors on subsection-averaged parameters rise in the transition and deep flow regimes. They are mostly located in the embankment section, and further downstream, owing to erroneous estimate of the size of the recirculating flow zone. They are the highest for high flows with short embankment, as the large-scale horizontal turbulence is poorly modeled by an isotropic eddy viscosity.

-For a fixed length of obstacle, the errors increase with discharge magnitude, a key issue for the prediction of high flows based on a calibration of flow parameters from a small overbank flow.

-For a fixed flow rate, the errors increase with the length of the obstacle, which may be due to (1) the increase of shear U m -U f downstream from the obstacle, and subsequently of the horizontal shear-layer turbulence, and (2) the longitudinal and lateral transitions sub-critical /super critical flow.

Chapter 11

What tool according to flow conditions?

1D APPROACHES WITH A DYNAMIC EQUATION ON THE TOTAL SECTION:

• The DCM, after Lotter, 1933: This method should no longer be used under uniform or non-uniform flow conditions. When calibrated from a small overbank flow (relative depth D r ≈ 0.2), the simulation of medium and high flood events (from D r ≈ 0.3 to 0.5) leads to very significant errors: -20% to 35% on the FP flow depth; -80% to +80% on the FP discharge.

• The Debord formula, after Nicollet and Uan, 1979:

-Uniform flows: this formula is reliable for uniform flows with D r ≥ 0.3.

In the case of small overbank flows, the formula of [START_REF] Smart | Stage-discharge discontinuity in composite flood channels[END_REF].

-Non-uniform flows: not to be used with a calibration from small overbank flows. Significant errors on both flow depth and discharge for medium and high flows using this calibration technique.

-Non-uniform flows: a calibration for each flood event leads to strong variation in the manning roughness parameters, and significant errors on FP flow parameters are still observed owing to the underlying assumptions of the Debord formula, e.g. neglecting the upstream flow history. In absence of flood marks for medium and high flows, the prediction of flow parameters will be strongly erroneous.

-Non-uniform flows: errors are higher for small overbank flows

• The EDM, after [START_REF] Bousmar | Momentum transfer for practical flow computation[END_REF] The EDM is the most reliable 1D approach for non-uniform flows, because of an explicit calculation of the subsection discharges. However, -The calculation of water level is more reliable than that of the subsectionaveraged discharges -Errors on both parameters are expected when the subsection head loss gradients significantly differ from one sub-section to another -Errors on both parameters are expected when starting the computation at a location where the subsection-averaged discharges are not equal to those under uniform flow conditions 1D+ MODEL ISM SOLVING THE WATER SURFACE PROFILE ON THE SUB-SECTION:

• Solving the water surface profile on the subsection enables to -account for the effect of the upstream flow history on mean flow parameters not give priority to the calculation of water level with respect to that of subsection-averaged discharges not assume equal subsection head loss gradients not assume that the downstream subsection-averaged discharges are equal to those under uniform flow conditions explicitly account for the lateral discharge, Reynolds-stress, and advective momentum transfer at the MC/FP interface.

Eventually, the errors on both flow depth and velocity in the FP are highly reduced compared with the 1D previous approaches (maximum error of 8 and 19% on FP flow depth and FP discharge)

• What has to be improved develop the ISM for unsteady flows to simplify the backwater solving procedure continue to validate it for rough FPs against experimental data (including emergent macro-roughness elements)

implement different formulas for the calculation of the interfacial Reynoldsstress, e.g. those of [START_REF] Huthoff | Interacting divided channel method for compound channel flow[END_REF] or formulas listed by Martin-Vide and Moreta, 2008, and test them against measurements of Reynoldsstress.

to turn it into a practical model to be used along real rivers to validate it from field data 2D-H MODELING USING 0TH ORDER TURBULENCE CLOSURES

• Uniform flows:

-The 2D-H modeling can accurately predict the subsection-averaged flow depths and velocities, irrespective of the relative flow depth, D r .

-By contrast, it cannot be used for the prediction of the depth-averaged streamwise velocity and Reynolds-stress inside the mixing layer, and the width of the mixing layer.

• Non-uniform flows without recirculating flow area:

-All the flows controlled by the advective transport of mass and momentum (low levels of shear-layer turbulence) are well modeled.

-Errors are small on water level and streamwise velocity, and moderate on lateral velocity

• Non-uniform flows with recirculating flow area:

-The 2D modeling is reliable in the shallow flow regime, i.e. for small overbank flows (D r ≈ 0.2) and a length of embankment large compared with the flow depth in the obstacle section. These flows are mainly governed by advection and bed-induced turbulence.

-The errors on subsection-averaged parameters rise in the transition and deep flow regimes, when large-scale horizontal turbulence develops invalidating the isotropic eddy viscosity models.

-For a fixed length of obstacle, the errors increase with the discharge magnitude, making uneasy the prediction of high flows from a calibration of flow parameters with a small overbank flow -For a fixed flow rate, the errors increase with the length of the obstacle.

Part IV

Mid-term perspectives

Chapter 12

Physical processes

This section is dedicated to the near-future scientific challenges of my research work in terms of physical modeling of the processes associated with river flood events. Several issues will be addressed in the framework of the FlowRes ANR Another PhD thesis will start in December 2015 (doctorate of A. Chiaverini), whose subject is 'Influence of the interfaces for urban floods'. This thesis will be cosupervised by E. Mignot (LMFA), A. Paquier and I (Irstea-Lyon).

Lastly, two issues that will be addressed after the FlowRes project will be presented, in connection with (1) sediment transport under steady non-uniform flow conditions, and with (2) unsteady flows in a compound channel.

12.1 Scientific issues related to the FlowRes project 12.1.1 Last year of the doctorate of V. Dupuis (until June 2016)

The PhD thesis of V. Dupuis is part of the Task 1.2 of the FlowRes project, see its structure in Appendix C. As previously written in the synthesis of chapter 7, this PhD thesis is shedding light on:

• The combined and relative effects of the two types of hydraulic roughness (bed-induced roughness / macro-roughness elements) over the FPs in a single open-channel, under uniform and non-uniform flow conditions, and depending on the discharge magnitude. In particular, the results deal with: the streamwise development of the mean flow and turbulent quantities; the vertical distribution over the depth of momentum and the interaction between bed-induced turbulence and wake-induced turbulence; and the seiching process induced by the vortex shedding in a laterally confined flow.

• The combined and relative effects of the two types of hydraulic roughness (bed-induced roughness / macro-roughness elements) over the FPs in a compound open-channel, under uniform and non-uniform flow conditions. In particular, two-point ADV measurements enable large-scale coherent structures to be investigated. • The effect of the upstream velocity distribution on shear-layer turbulence in non-prismatic geometry

Variable submergence of macro-roughness elements over the FPs

The main scientific challenge is to investigate the low submergence of macro-roughness elements (house models), starting from emergence situations (analysis within the Task 1.1 of the project). With a return period T ranging from 10-year to 10000-year, the confinement of the roughness elements strongly varies, in particular trees and houses may become submerged for the very high flows. For weakly submerged roughness elements, the physical processes related to the vertical boundary layer above the elements and the drag forces / wakes behind the elements will be mixed. Analysis at one roughness-element scale and at the river-reach scale will be both conducted, the driving parameters being the confinement number, the frontal aspect ratio, and the frontal density.

The PhD student co-supervised by LNHE and Irstea, M. Oukacine, will investigate this flow configuration in the wide flume of the HH lab. Similar experiments will be carried out at IMFT by an other PhD student.

Lateral roughness transitions

For very high flows, the type of hydraulic roughness significantly varies across the FPs, from the top bank of the MC to the lateral boundary of the FPs (low vegetation, 3). This configuration will be studied at Irstea and at LNEC (houses on the whole FP width or patch of houses over the FP) in a compound channel, and at IMFT, in a single channel.

Combined effects of lateral and longitudinal transitions

The experiment performed during the Task 1.5 of the project combines inhomogeneity of roughness elements in both directions, see Figure 12.3. This flow configuration embraces the complexity of both geometries investigated by Dupuis, 2016 (Task 1.2) and by the experiments of Task 1.3. The choice of this land occupation aims at investigating the effect of streamwise non-uniformity of flow on a lateral roughness transition. J. Fernandes, from ETHZ/LNEC, will participate to the experiments conducted at Irstea, in collaboration with M. Oukacine.

Interspersed families of roughness elements

The Task 1.4 will be dedicated to the study of interspersed families of roughness elements, namely, to the interaction between a uniform bed-induced-roughness and emerged obstacles. The objective is twofold: 1) to observe and understand the transition from a resistance generated by bed friction (modeled as a bed roughness) to a resistance governed by obstacles (modeled as a volume drag force); 2) perform a sensitivity analysis, estimating the errors made when neglecting the presence of the obstacles, considering only the bed roughness. This work will be performed by adding obstacles on a uniform bed-roughness (meadow model). Experiments will use regularly arranged obstacles (house models), with an increasing frontal density of emergent macro-roughness elements. This issue will be investigated at the LMFA by a post-doctorate.

Influence of the interfaces for urban floods

This issue will be investigated by A. Chiaverini, PhD student at Irstea in collaboration with LMFA (E. Mignot). During urban floods, the flow is generally concentrated in the streets but the exchanges with the built-up areas and the sewage network modify the flow patterns at local scale. In order to fill the gap in the knowledge of these exchange processes and their influence for estimating flood risk, the thesis will focus, on the one hand, on laboratory experiments using a model representing a small urbanized area including the associated sewer system and the openings of the buildings (physical model of the HH lab, to be build in 2016) and, on the other hand, on two field cases in order to identify the tools permitting flood forecasts that include these exchange interfaces.

Unsteady compound channel flows: link between unsteadiness and spatial non-uniformity of steady flows

During the experiments of non-uniform flows in a straight geometry, see Figure 4.8, we noticed that, for a fixed flow rate and fixed downstream boundary conditions, the water level is higher with a lateral flow from FP to MC, than with a lateral flow from MC to FP. The same phenomenon is observed in stage-discharge relationships featuring an hysteresis between rising water levels and decreasing levels. The idea would be to relate what is observed under unsteady flow state to our observations under steady non-uniform flows. Unsteady flows can easily be generated in the HH lab (flood hydrograh to be injected in the upstream tanks).

Sediment transport under non-uniform flow conditions in compound channel

In collaboration with C. Berni, who is an expert in sediment transport, I would like to investigate two topics:

• the effect of flow-non uniformity on the bed-load transport in the river bed • the effect of flow-non uniformity on the transfer of fine sediments between MC and FP.

to account for the effects of bed-roughness and/or emergent macro-roughness elements. Note that, the primary results obtained by Proust et al., 2016a are encouraging (comparison ISM / measurements of task 1.2). So far, the ISM was developed in Matlab language, both at Irstea and UCL. In the near-future, we will implement the ISM in the 1D codes MAGE and RUBARBE (developed by J. B. Faure and A. Paquier, respectively, at IRSTEA). J. B. Faure will carry out this development. Further testing of ISM is also planned at UCL, with support of SPW. This further testing will encompass validations with FLOWRES data.

3D RANS and LES simulations of non-uniform flows in a compound channel

A collaboration with S. Bellahcen, PhD student with J. Vasquez (ENGEES, Strasbourg), is being conducted on the comparison 3D modeling / experimental data of [START_REF] Proust | Turbulent non-uniform flows in straight compound openchannels[END_REF]. The aim of this study is to develop a methodology of 3D modeling of the velocity distribution in compound channels. To do so a serial of simulations were performed and compared to the experimental data. Three parameters were chosen as key parameters to the 3D model. First is the turbulence model of the RANS approach. The three most widely used models in engineering that are Kand K -ω and RSM models were investigated and the results were compared to the experimental data in order to investigate which model gives the most accurate results. In addition to the RANS approach, Large Eddy Simulation (LES) was performed and compared to the experimental data in order to investigate whether or not it is worthwhile its computational cost. Another key parameter in 3D modeling is the grid. Four different grids (from 250 000 cells to 3 000 000 cells) were modeled for each turbulence model. Lastly, LES simulations of non-uniform flows in a compound channel with emergent or weakly submerged macro-roughness elements over the FPs will also be conducted by a post-doctorate at Irstea early 2017. Coussot and Proust, 1996 used suspensions of natural fine materials (kaoline) in water at different solid fractions. The yield stress τ c and consistence K of kaoline are measured with a rheometer equipped with parallel plates. Seven tests were performed, varying the slope I, the discharge q, and the clay concentration (see Table B.1). A recirculating system enabled a steady state situation to be obtained. It was composed of a 4m-long and 0. 

Part

Q = q.tanI h 3 0 ( K τ c ) m , U = U (X, Y ) = h.U d h 2 0 ( K τ c ) m , V = V (X, Y ) = h.V d h 2 0 ( K τ c ) m
(B.5) with m = 1/n

• Some results: -It was first demonstrated that the unconfined flow a yield stress fluid over an inclined plane cannot be uniform with respect to longitudinal direction. The flow width continuously increases from the channel exit.

-A system of equations was established under steady state, from which flow characteristics at any point can be deduced (flow depth, longitudinal and lateral mean velocities). In the case of n = 1/m = 1/3 that corresponds to many practical situations, the set of equations is: 

H(X, Y ) = 1 + 1.

B.3 Rheological interpretation of deposits of yield stress fluids

It was shown that an analysis of the form of deposits from various origins (lateral deposits, 'lobes' left on the alluvial fan, or artificial deposits) can lead to the determination of the lava yield stress. The results are reported in [START_REF] Coussot | Rheological interpretation of deposits of yield stress fluids[END_REF]. Some of the results are summarized hereafter.

• Deposit form at stoppage in the lab: Experiments in laboratory were made with various natural fine mud suspensions (different solid fractions in water). A finite volume of this yield stress fluid is released on a wide inclined plane (the plane shown in Figure B.1). The fluid is vertically spilled above a fixed point of the plane, it symmetrically spreads in each direction from this point relative to the steepest slope. The mud suspensions formed quasi semi-ellipsoids elongated in the direction of the steepest slope, as shown in Figure B.3. Figure B.4 shows the idealized form of the deposit obtained in the lab. The x-axis is the steepest slope direction, the y-axis is the horizontal direction, and z-axis is perpendicular to the plane. The point O is the upper fluid point after stoppage on the inclined plane. The characteristic length of the contact surface with the plane L is much larger than the characteristic depth of fluid, h. The component of velocity along z direction, w, is thus assumed to be negligible with respect to the components u and v along x and y directions. Under several other assumptions presented in the paper, it was demonstrated that the flow depth, as a function of the distance from the edge of the deposit, can be predicted in any direction.

Considering the following dimensionless variables: lack of information regarding simulation validity as numerical modeling cannot be validated against field data. The project aims at improving the flood hazard assessment in floodplains during extreme events in: 1) investigating in laboratory the hydrodynamic structures specifically associated with extreme flood flows for various land occupations and flow discharge magnitudes; 2) assessing if the existing numerical modeling practices commonly used for T up to 100-year are still valid for ≥ 1000-year.

H = ρghsin i
The first task will particularly focus on the effects of lateral and longitudinal roughness transitions, of the confinement degree and the spatial distribution of the roughness elements. The experiments will be carried out in five flumes, under uniform or non-uniform flow conditions, relying on the state-of-the-art measurements on both large and small scales (i.e. the river reach scale or the roughness elements scale).

For the second task, the previous experimental database will be compared to simulations performed with industrial and research codes (1D to 3D modeling). The classical methods to model flow resistance with an increasing complexity will be assessed and improved to capture the physics for the entire span of studied flow rates. The codes and methods will then be applied to the floods at Besançon, France. Events with T ≈ 100, 1000 and 10000-year will be simulated with both classical and improved methods, and the discrepancies will be calculated. This project will permit to quantify uncertainties on water levels and velocities computed for extreme events.

C.2 Partners

The eleven partners are listed here: http://flowres.irstea.fr/partners/. The 36 people involved are reported in the Table at: http://flowres.irstea.fr/ people-involved/, namely 28 researchers, doctorates, and post-doctorates, 8 engineers, assistant engineer, technicians, and Master students.

New partners: ETHZ (new position of J. N Fernandes), KIT (new position of O. Eiff).

C.3 Objectives

• Objective 1:

When dealing with extreme flood flows, since field data are very rare, the use of physical models is of primary importance. Thus, the first objective of the FLOWRES project is to investigate in the laboratory the hydrodynamic structure associated with extreme flood flows, for various land occupations and flow discharge magnitudes. In particular, FLOWRES project will investigate the effect of an inhomogeneity of the roughness elements in both lateral and longitudinal directions, the effect of large variations in the confinement of the roughness elements (for meadow, trees, and houses), and the effect of interspersed families of hydraulic roughness (distribution of emergent macro-roughness with an increasing density, which interacts with the bed-induced roughness).

• Objective 2:

The second objective of this proposal is to assess if the existing modeling practices that are commonly used for events with T up to 100-year are still valid to predict the floodplain flow for T ≥ 1000-year. The main stake is to quantify uncertainties on computed water levels and velocities that are directly linked to the modeling of the various contributions to flow resistance. To this end, two different investigations will be carried out.

First, the experimental data related to objective 1 will be compared to simulations with both industrial and research codes (1D, 1D+, 2D and 3D). The aim is twofold: (i) to evaluate the classical methodologies used by practitioners to model the different contributions to flow resistance (Manninglike coefficients, global drag coefficients, porous-media approach, topographic singularity) and (ii) to improve these methodologies to better capture the physics found in the laboratory experiments, irrespective of the return period T.

Second, the previously cited numerical models and methodologies used to model flow resistance (classical and improved approaches after comparison with laboratory experiments) will be applied to the Doubs River floods at Besançon. The 1910 flood (T ≈ 100 years) with observed flood marks will be simulated to estimate if the improved methods are still consistent with a change in scale from lab to field, with an increased inhomogeneity of the roughness elements, and with numerous changes in the floodplain topography. Then, events with T ≈ 1000 years and 10000 years will be simulated with both classical and improved methods of flow resistance, and the differences using both methods will be quantified. The effect of the evolution of land occupation between 1910 and 2014 will be also highlighted.

C.4 Project structure

The project is divided in 3 main tasks and 6 sub-tasks, the tasks management being shared between the French partners as follows:

• Task 0: Coordination (IRSTEA, S. Proust) Owing to the missing field data in the case of extreme events, the assessment and improvement of the modeling practices (objective 2 of the proposal) can only be achieved by conducting laboratory experiments that account for the evolving land occupation of the floodplains (objective 1 of the proposal). EDF RD (LNHE) is very interested in this new knowledge, since their security-related field studies nearby nuclear power plants require simulations for extreme flows up to T = 10000-year (for which there is no data) to validate the calibration performed for events with T ≤ 100 years. In addition, the FLOWRES project should allow a better quantification of the uncertainties related to flood hazard assessment for extreme flows, a research field of interest for LNHE. The French Nuclear Safety Authority (ASN) should also be interested in the FLOWRES results.

•

Scientific communication

• Methodological guide on the simulation of extreme floods Thanks to the partnership between the three French public research centers (IRSTEA, LMFA and IMFT), the private company EDF, and the foreign partners that got a solid expertise on physical and numerical modeling of floods, the FLOWRES project should lead to a valuable tool: a recommendation guide for the numerical simulation of extreme flood flows. This guide will rely on the comparison experimental database / numerical simulations, but also on the simulation of floods at Besancon, to address the issues related to changes in scale from laboratory to field in the high flow context. EDF will be the editor of the guide, but the writing will be carried out in collaboration with the other partners of the project. This guide will be designed for operational users and control authority. It should propose scientific responses to integrate all types of hydraulic roughness encountered in the field, depending on the flow magnitude, the land occupation of the floodplains, and on the type of numerical modelling (from 1D to 3D). The answers to all the scientific challenges related to objective 2 should be clearly stated. In addition will be addressed: -the interest (or not) of using 1D+ instead of 1D modelling depending on the complexity and of the land occupation (from intra-dikes floodplain to urban floodplains) -the range of discharges magnitudes for which 3D clearly features better results than 2D (for modelling in the vicinity of high-risk zones) -the interest of coupling a 1D approach in the main channel with a 2D approach over the floodplain (and for what range of discharges magnitudes) -the quantification of uncertainties associated to the different types of flow resistance modeling.

-the influence of the flow resistance modelling (porous media, local drag force, topographic singularity) on the forces applied to the houses over the floodplain (damages being related to this force, and to the product flow depth times velocity). A similar question rises with the mesh refinement.

• Experimental database on extreme flows with evolving land occupations

The experimental database will be the part 2 of the guide (data in open source when papers are published). The important amount of data collected in the 5 flumes will constitute a valuable tool for the scientific community. The main novelty of this database will be to give deeper insight into the detailed processes linked to the interaction between different types of hydraulic roughness and to their degree of confinement. The longitudinal roughness transitions will give birth to non-uniform flows which consequences on the global flow resistance are poorly addressed, either in single or compound channel for very high flows. This database could also be used for benchmarking.

• Conferences / final seminar

The results of FLOWRES could be interesting for conferences such as River Flow, international or European congresses of IAHR. A specific session dealing with 'Topographic and Roughness effect in free-surface flows' could be opened. Given the important effort in physical modeling at small and large scales, the results could also be shared within a scientific community
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 112 FIGURE 1.1: (Left) Missouri river, USA, 2011 flood. (Right) Moselle river, France, 1988 flood
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 1 FIGURE 1.3: ADCP measurements of velocity across the River Rhône nearby Pierre Bénite, discharge of 1600 m 3 /s, April 2006 flood
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 2 FIGURE 2.1: (Left) Picture taken by Zoran Dobrin, Krupanj, in western Serbia, May 2014. (Right) Insured catastrophe losses, 1970-2014, in USD billion at 2014 prices, according to SwissRe, 2015
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 22 FIGURE 2.2: (a) Top view of the longitudinal profile and transverse profiles of ADCP measurements (collaboration Irstea-CNR), April 2006 flood, see also Figure 1.3. (b) Velocity magnitude and east velocity along the FP/ MC interface, on the MC side. (c) Photo of mature emergent trees along the top bank in the MC
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 2 FIGURE 2.3: EU Flood Directive, Chapter III, Flood hazard maps and flood risk maps, Article 6: paragraph 3 (Left) and paragraph 4 (Right)
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 31 FIGURE 3.1: Longitudinal non-uniformity of flow combined with a 2-stage geometry: some of the physical processes. The transverse momentum flux by the lateral depth-averaged flow is in proportion of q(U m -U f ) at the junction MC/FP.
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 32 FIGURE 3.2: Rating curve in a 2-stage geometry with smooth FP or FP covered by emergent macro-rougnesses (models of rigid vegetation). Experiments in the Science and Engineering Research Council Flood Channel Facility (SERC-FCF), at Hydraulics Research ltd, Wallingford, UK. Taken from Wormleaton and Merrett, 1990

  the lateral changes in topography between MC and FP, and within the MC or FP hydraulic roughness (related to land occupation) • the longitudinal changes in topography hydraulic roughness • the variable submergence of the roughness elements, which is function of flow depth the type of element • the inhomogeneity of the hydraulic roughness elements that increases with return period T
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 41 FIGURE 4.1: Classical inlets for compound channel flumes. (Left) Science and Engineering Research Council Flood Channel Facility (SERC-FCF), 56m × 10m, at Hydraulics Research ltd, Wallingford, UK, after Shiono and Knight, 1991. (Right) flume used by Sellin, 1964, 4.6m × 0.46m
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 42 FIGURE 4.2: (Left) Lateral distribution of depth-averaged streamwise velocity, U d , at various downstream distances, x. (Right) Average water levels in the MC, Z mc , in the FP, Z f p , and in the total cross-section, Z mean , measured from the MC bottom. CNR flume (13m × 3m) with a classical inlet, discharge Q = 150 L/s, relative depth D r ≈ 0.2. Taken from Proust et al., 2002

  Figure 4.2 (Left).
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 43 FIGURE 4.3: Developing flows in straight compound channel: experimental measurement of the sub-section-averaged head in the MC and the FP: (Left) CNR flume, Q = 150 L/s, excess in FP inflow = +119%; (right) LMFA flume, Q = 36.3 L/s, excess in FP inflow = +32%. The relative flow depth is denoted h * . Taken from Proust et al., 2010
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 4 FIGURE 4.4: (Left) (a) Classical inlet common for MC and FP, and (b) separate inlets for MC and FP. (Right) Effect of a classical inlet on water level Z w , total head H, subsection heads H mc and H f p and streamwise velocity U : (a) side view, (b) plan view. Taken from Bousmar et al., 2005

TABLE 4. 1 :

 1 Characteristics of some flumes reported in the literature. After Bousmar et al., 2005, with in addition, the characteristics of the EDF flume, used by Nicollet and Uan, 1979. Notations: h r = relative flow depth; L = flume length; L m = downstream position of the measuring section; B f p = FP width; L/B f p = dimensionless length of the flume
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 4 FIGURE 4.5: (Left) FP discharge, Q f , against scaled downstream distance, x/B f , for the uniform flow, and flows with an imbalance in FP inflow with respect to uniform flow conditions(Q f -Q u f )/Q u f (x = 0) = -19%, +19%, +38%, and +53%. (Right) Ratio (Q f -Q u f )/Q u f against x/B ffor the varied flow cases. LNEC flume, relative depth D r ≈ 0.2 and 0.3

  FIGURE 4.5: (Left) FP discharge, Q f , against scaled downstream distance, x/B f , for the uniform flow, and flows with an imbalance in FP inflow with respect to uniform flow conditions(Q f -Q u f )/Q u f (x = 0) = -19%, +19%, +38%, and +53%. (Right) Ratio (Q f -Q u f )/Q u f against x/B ffor the varied flow cases. LNEC flume, relative depth D r ≈ 0.2 and 0.3

FIGURE 4 . 6 :

 46 FIGURE 4.6: Development of normal Reynolds-stress -ρ < v 2 > in the glass-walled flume of Irstea-Lyon, under 'uniform flow' conditions. Experiments of Dupuis, 2016. Flow rate Q = 162 L/s, relative flow depth D r = 0.3, flow depth in the MC h m = 0.176 m, rough FP covered by plastic grass

  FIGURE 4.7: (Left) Various flow conditions for natural compound channels: (a) diverging or (b) converging floodplains upstream from a prismatic reach, (c) prismatic reach with a longitudinal increase in roughness on the floodplains. Figure taken from Proust et al., 2013

FIGURE 4 . 9 :

 49 FIGURE 4.9: Photographs taken from upstream of the compound channel flume located at Irstea-Lyon. (Left) Prismatic geometry with emergent rigid stems installed on artificial plastic grass. (Right) Non-prismatic geometry with a longitudinal roughness transition stems over grass / grass. Experiments of Dupuis, 2016

FIGURE 4 . 10 :

 410 FIGURE 4.10: Relative flow depth, D r , against downstream distance, x. Longitudinal roughness transition displayed in Figure 4.9 (Right). The FP inflow Q f (x =0) is varied, keeping the total flow rate, Q, unchanged (162 L/s). Experiments of Dupuis, 2016

FIGURE 4 .

 4 FIGURE 4.11: (Left) (a-b) Converging; (c-d) Diverging; and (e) Prismatic compound geometries. (Right) Typical depth-averaged velocity distribution at mid-length of the diverging/converging reach, normalised by the total discharge. (a) relative depth H * = 0.2; (b) H * =0.3. Taken from Bousmar, Proust, and Zech, 2006

FIGURE 4 .

 4 FIGURE 4.13: LNEC flume, flow cases with relative flow depth D r ≈ 0.2. (Left) Uniform flow: cross-stream distribution for various xpositions of (a) scaled Reynolds-stress -< uv > /U 2 s and of (b) scaled depth-averaged Reynolds-stress -< uv > | d /U 2 s . (Right) Varied flow cases: measurements at downstream position x = 7.5 m of (a) scaled Reynolds-stress -< uv > /U 2 s and of (b) scaled depthaveraged Reynolds-stress -< uv > | d /U 2 s . Data from Proust et al., 2017

FIGURE 5 . 1 :

 51 FIGURE 5.1: Depth-averaged streamwise mean velocity, U d , against scaled lateral distance, y/B f , for various relative flow depths, D r . Uniform and varied flows with upstream imbalance ∆Qf /Q u f = (Q f -Q u f )/Q u f (x = 0) = -19%, +19%, +38%, and +53% . (a-c) LMFA, downstream station x = 4.5 m; (d-e) LNEC, x = 7.5 m. Data from Proust et al., 2017

  FIGURE 5.1: Depth-averaged streamwise mean velocity, U d , against scaled lateral distance, y/B f , for various relative flow depths, D r . Uniform and varied flows with upstream imbalance ∆Qf /Q u f = (Q f -Q u f )/Q u f (x = 0) = -19%, +19%, +38%, and +53% . (a-c) LMFA, downstream station x = 4.5 m; (d-e) LNEC, x = 7.5 m. Data from Proust et al., 2017

  Figure 5.3 shows the vertical distribution of the local transverse eddy viscosity, xy , measured at FP edge in the LMFA flume (with xy = -< uv > /(∂U/∂y), U being the local streamwise mean velocity). The vertical profile of local eddy viscosity noticeably varies with the magnitude and direction of the lateral mean flow. With a mass transfer to the FP (N = 1.32, with N

  FIGURE 5.2: Scaled Reynolds-stress, -< uv > /(U m -U f ) 2 × 100 against lateral distance y scaled by the FP width. (a) LMFA, x = 6.5 m and (b) LNEC, x = 7.5 m. Flow cases with D r ≈ 0.3. U m and U f are the average velocities in the MC and FP, respectively. N is the non-uniformity parameter, defined as N = (U m -U f )/((U u m -U u f ). Taken from Proust et al., 2013

FIGURE 5

 5 FIGURE 5.5: (Left) Scaled depth-averaged mean velocity, f d = (U d -U c )/U s , and (Right) scaled depth-averaged Reynolds-stress, g d = -< uv > | d /U 2 s , as a function of lateral coordinate, ξ = (y -y)/δ, at x = 7.5 m, where δ and y are the width and center-line position of mixing layer. Cases with D r ≈ 0.2 at LNEC. Taken from Proust et al., 2015

FIGURE 5 . 6 :

 56 FIGURE 5.6: Power density spectra, S yy , and temporal autocorrelation function, R yy , of lateral velocity fluctuations v. Measurements taken at FP edge, y/B f = 1, at an elevation of 0.4h f above the FP bottom, and at downstream distance x = 7.5 m. LNEC flume, test cases with D r ≈ 0.2. Taken from Proust et al., 2015

  Figure 5.7 (Left) illustrates these results with three flow cases at LMFA for a fixed relative depth.

  Figure 5.7 (Right). The total eddy viscosity xy | d is the sum of the bed-induced eddy viscosity, b xy | d , and of the shear-layer-induced viscosity, s xy | d :

FIGURE 5 . 8 :

 58 FIGURE 5.8: Peak value of depth-averaged Reynolds-stress -ρ < uv > | d across the compound section, against dimensionless shear, λ. Measurements at x = 5 m and 7.5 m at LNEC, and x = 4.5 and 6.5 m at LMFA. Adapted from Proust et al., 2017

FIGURE 5 . 10 :

 510 FIGURE 5.10: Vertical profiles of streamwise mean velocity, U , and Reynolds-stress, -ρu v , in the MC at 5 mm away from the FP edge, at x = 4.5 m in the LMFA flume. (Top) Discharge Q = 17.3 L/s, relative depth D r ≈ 0.2; (Bottom) Q = 36.3 L/s, D r ≈ 0.4. Taken from Proust et al., 2011

FIGURE 5

 5 FIGURE 5.11: Peak values of scaled Reynolds-stress Max [-(u v ) d /U 2 s ] across the compound section against scaled shear λ: (a) LMFA data; (b) LNEC flume, present data and uniform flows from Fernandes, Leal, and Cardoso, 2014, with D r ≈ 0.10, 0.15, 0.25 and 0.38. Are also reported in (b) data for free mixing layers after Os-ter and Wygnanski, 1982[START_REF] Mehta | Effect of velocity ratio on plane mixing layer development: Influence of the splitter plate wake[END_REF][START_REF] Bell | Development of a two-stream mixing layer from tripped and untripped boundary layers[END_REF][START_REF] Yule | Two dimensional self-preserving turbulent mixing layers at different free stream velocity ratios[END_REF][START_REF] Loucks | Velocity and velocity gradient based properties of a turbulent plane mixing layer[END_REF], and data for mixing layers in single open-channel after[START_REF] Uijttewaal | Hydrodynamics of shallow flows: application to rivers[END_REF] Booij, 2000. Taken from Proust et al., 2017 

  FIGURE 5.12: (Left) Vertical distribution of spanwise mean velocity v, momentum flux -ρuv and Reynolds shear stress -ρu v in the MC of LMFA flume, x = 4.5 m, at y/B f = 1.01 and 1.28. (Right) Transverse momentum flux in the MC at LMFA, x = 4.5 m. Taken from Proust et al., 2013, with N = (U m -U f )/(U u m -U u f )

•

  Framework: PhD Theses of Y. Peltier and S. Proust. PFE (Projet de fin d'étude) of A. Bourdat, J. Martinez, A. Bergez, L. Pontal, and F. Vion. Projects Tournesol, 01 PNRH 02, 99 PNRH 04, and ANR ECCO. Associated institutes: Irstea-Lyon, CNR, LMFA, UCL, LU. • Main collaborators: Y. Peltier, A. Bourdat, J. Martinez, D. Bousmar, N. Rivière, A. Paquier, Y. Zech, R. Morel • Associated publications: Articles: Proust et al. (2006) [A4], Proust et al. (2009) [A5], Proust et al. (2010) [A6], Peltier et al. (2013b) [A7], Peltier et al. (2013a) [A8]. Proceedings: Proust et al. (2002) [P8], Rivière et al. (2004) [P5]; Bousmar et al. (2006) [P19]; Paquier et al. (2007) [P20]; Peltier et al. (2008) [P10]; Rivière et al. (2008) [P12]; Camenen et al. (2009) [P21]; Peltier et al. (2009) [P14]. PFE Theses: Bergez et al.

  FIGURE 6.1: (Left) Symmetrically enlarging FP in the UCL flume (10m × 1.2m), photo from downstream of the geometry Dv6. (Middle) Small scale-model (13m × 3m) located at the CNR lab, with a transverse embankment on the FP (77 cm long). The abrupt contraction of the FP is drawn in white color on the photo. (Right) Transverse embankment of length d = 50 cm in the LMFA flume (8m × 1.2m)

  in the LMFA flume, which focused on the recirculating flow zones behind the embankment in a single open-channel (FP isolated from MC) and in a compound open-channel. Then, Bourdat, 2007 investigated the mean flow for two lengths of embankment and a fixed discharge in the same compound channel flume. Eventually, a much more comprehensive work was done by Y. Peltier during his doctorate

  FIGURE 6.2: (Left) Flow depth profiles in the MC with 4m-long (Dv4) and 6m-long (Dv6) enlarging FP. The relative depth measured at mid-length of the diverging reach is denoted h * . Taken from Proust et al., 2010. (Right) Transverse embankment installed on the FP at CNR lab, embankment length d = 143 cm, flow rate Q = 150 L/s and 260 L/s. Water level Z above the MC bottom; bank full stage in the MC = 16 cm. Taken from Peltier et al., 2008

  FIGURE 6.3: Lateral profiles of lateral and streamwise depthaveraged velocity components, V d and U d . CNR, Q = 150 L/s, embankment length d = 143 cm. Taken from Proust, 2005

FIGURE 6

 6 FIGURE 6.4: (Left) Discharge in the two FPs, Q f p , as a percentage of total flow rate, Q, in Div4. Relative flow depth h * = 0.2, 0.3 and 0.5 is measured at x = 4 m. Taken from Proust, 2005. (Right) Lateral profile of depth-averaged streamwise velocity U d in Dv4, Q = 12 L/s, h * = 0.2. Taken from Bousmar, Proust, and Zech, 2006

FIGURE 6

 6 FIGURE 6.5: (Left) Sub-section head in the MC and FP, and total head, in Dv4 and Dv6, after Proust et al., 2010. (Right) Depthaveraged streamwise mean velocity field in Dv4 for various flow configurations Q/h * . Taken from Proust, 2005.

FIGURE 6

 6 FIGURE 6.6: (Top left) Depth-averaged mean velocity field with a 50 cm long embankment and discharge Q = 24.7 L/s in the LMFA flume. Experiments of A. Bourdat, taken from Peltier et al., 2008. (Bottom left) Recirculating flow zones measured with LSPIV by Peltier, 2011 for various cases (H r = 0.2, 0.3 and 0.4, d = 20, 30 and 50 cm). (Top right) Embankment over FP isolated from the MC. (Bottom right) Characterization of the recirculating flow area by surface tracing with saw dust particles byBergez, Pontal, and Vion, 2003, results in Rivière, Proust, and Paquier, 2004 

FIGURE 6 . 7 :-

 67 FIGURE 6.7: Length of the recirculation zone, L, behind (Top) a sudden expansion of width d = 0.3 m or (Bottom) an embankment of variable length d (10, 15.6, 30 and 40 cm), in single and compound open-channel. Ratio L/d as a function of bed-friction number S = f.d/8h. Taken from Rivière, Proust, and Paquier, 2004

  FIGURE 6.9: (Top) Transverse embankment set on the FP, after Bourdat, 2007: iso-contours of local Froude number for length d = 30 cm and 50 cm; dotted-line: interface with the MC. (Bottom) Abrupt FP contraction (mean angle = 22 • ): lateral distributions of local Froude number U d / √ gh and water level Z, and top view of the contraction, after Proust et al., 2006b

FIGURE 6 .

 6 FIGURE 6.11: Lateral profiles of depth-averaged streamwise velocity, U d , in: (a) skewed compound channels, data from Sellin, 1993, U i is the sub-section-averaged velocity; (b) symmetrically narrowing FP, data from Bousmar, 2002; and (c) enlarging FP, data from Proust, 2005

FIGURE 6 .

 6 FIGURE 6.12: Lateral profiles of scaled depth-averaged streamwise velocity, (U d -U c )/U s . LMFA flume, transverse embankment located at downstream distance x = 2.5 m. Data from Peltier et al., 2013b.

FIGURE 6 .

 6 FIGURE 6.14: Lateral distribution of boundary shear stress, τ b , for various flow configurations -discharge Q [L/s] / length d [m] -: uniform flows for test cases 17.3/0.0, 24.7/0.0 and 36.2/0.0; and flows with a transverse embankment for cases 24.7/0.3, 24.7/0.5 and 36.2/0.3. Taken from Peltier et al., 2013b.

FIGURE 6 .

 6 FIGURE 6.15: (Top) 1D momentum balances in the FP: the case of the abrupt FP contraction. Taken from Proust et al., 2006b. (Bottom) ratio advective momentum flux / friction losses: comparison between skewed flow experiments and abrupt FP contraction. For this latter,the ratio equals to U out .q out /(gA f .S f f ). Taken from[START_REF] Proust | Ecoulements non-uniformes en lits composés : effets de variations de largeur du lit majeur[END_REF] 
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 710 Lateral juxtaposition subcritical flow in MC / supercritical flow in FP -Positive head loss gradient in MC / negative gradient in FP -Jet behavior in the MC / separating flows over the FP • The shear between MC and FP, U m -U f , can be drastically increased by changes in flow width (observed in diverging geometries and with a transverse embankment), resulting in Chapter 6. Changes in flow width -Very high values of kinetic correction coefficient α, up to 1.Very high values of Reynolds-stress at the junction MC/FP (× 5 with a transverse embankment compared with a uniform flow condition) -Inflection-point mean velocity profiles, even in the case of a strong lateral flow towards the MC and a mixing layer mostly located in the MC • Small mixing layer width δ associated with sharp lateral gradients of mean velocity, dU d /dy, and high levels of Shear-Layer Turbulence (SLT) • Recirculating flow areas -For small overbank flows (D r ≈ 0.2), these recirculating flows behave like in a single open-channel, with two asymptotic regimes and two associated laws of prediction of the length of the area, L For high overbank flows (D r ≈ 0.4), the recirculating flow areas are impacted by the MC flow and its interaction with the FP flow. No identified asymptotic regimes. No prediction law of the length L The configurations with constant or variable flow width have also common features: The ratio advective momentum flux / friction losses is in the range 1 to With an excess in FP flow with respect to a uniform flow condition -SLT vanishes at the junction MC/FP while the advective momentum flux is strong -The mixing layers are mostly located in the MC and the mean velocity profiles are convex • With a deficit in FP flow with respect to a uniform flow condition -The mixing layers widely extend over the FP with infection point velocity profiles The levels of SLT measured for embankment cases are high -The peak values of Reynolds-stress for embankment cases remain located at FP edge • With a lateral flow towards the MC for embankment cases, the peak value of Reynolds-stress is displaced towards the MC Framework: PhD Theses of V. Dupuis and B. Terrier. FlowRes ANR project, ANR Ecco project, Alliance project. Associated institutes: Irstea-Lyon, CNR, LU. • Main collaborators: V. Dupuis, C. Berni, A. Paquier, F. Thollet, B. Terrier, K. Shiono, S. Françon. • Associated publications: Articles: Dupuis et al. (2016) [A10], Dupuis et al. (2017a) [A12], Dupuis et al. (2017b) [A13]. Proceedings: Dupuis et al. (2015) [P16]; Terrier et al. (2008) [P11] Thesis: PhD Thesis of Dupuis (2016) [T4].

FIGURE 7 . 1 :

 71 FIGURE 7.1: Longitudinal transition from bed-induced roughness to emergent macro-roughness elements over the FPs. Wabash River flooding. Photo taken from B. Ladd, http://www.purdue.edu

FIGURE 7 . 2 :

 72 FIGURE 7.2: Experiments of Dupuis, 2016. (Top left) View from upstream of a transition meadow/stems over meadow. (Top right) Side view of the same transition and of the staggered array of rigid stems. Taken from Dupuis et al., 2015. (Bottom left) Uniform geometry with stems over meadow. (Bottom right) View from upstream of the transition stems over meadow/meadow. FP width = 1 m, bankfull stage in the MC = 115 mm (top of meadow).

FIGURE 7 .

 7 FIGURE 7.3: (Top) Longitudinal profiles of flow depth, H, over the FP, for the two types of transitions in a single channel. (Bottom) Vertical profiles of streamwise mean velocity along the 'meadow / stems over meadow' transition in a single channel, free stream between two longitudinal rows of stems. Taken from Dupuis et al., 2015

FIGURE 7 .

 7 FIGURE 7.4: Vertical profile of streamwise mean velocity U for a uniform flow with emergent stems over meadow. 2D/2C PIV measurements upstream from a cylinder. Flow rate Q = 7, 15 and 21 L/s. Taken from Dupuis et al., 2016

FIGURE 7 .

 7 FIGURE 7.5: Cross-stream seiching induced by vortex shedding of cylinders in a laterally confined single open-channel. Discharge Q = 15 L/s. (a) Oscillations of the flow depth, H, at downstream distance x = 9 m, nearby an anti-node, for a uniform flow with emergent stems over meadow. (b) Lateral distribution of standard deviation of flow depth in the same flow conditions. (c) Longitudinal profile of standard deviation for a meadow/stems transition (circles) and a uniform flow (crosses). Adapted from Dupuis et al., 2016

FIGURE 7 .

 7 FIGURE 7.6: Experiments of Dupuis, 2016. Transition stems over meadow / meadow in a compound open-channel with a discharge Q = 152 L/s. The change in roughness is located 9.8 m downstream from the flume inlets, and is identified here by the downstream position x = 0. (Top left) Discharge in the MC, Q m , and in each of the two FP, Q f , against x-position. (Top right) Dimensionless shear λ against xposition. (Bottom) Mean streamwise velocity U across the MC. Nb: the measurements between y = 1900 and 2000 m have not been yet measured

FIGURE 7 . 7 :FIGURE 7 . 8 :

 7778 FIGURE 7.7: Field measurements of the depth-averaged velocity U d and SKM results in the the upstream section (Pk = 7.1km) for the low (Left) and high (Right) flood events. Taken from Terrier et al., 2008a

  formulas based on the apparent shear stress concept listed by Martin-Vide and Moreta, 2008. All these 1-D models were validated under uniform flow conditions, and for several of them, only for smooth FPs, see e.g Martin-Vide and Moreta, 2008.

FIGURE 9 . 1 :

 91 FIGURE 9.1: Abrupt floodplain contraction (experiment described in Proust et al., 2006b): results of 1D (DCM, Corrected DCM, EDM) and 1D+ (ISM) against experimental measurements. Taken from Proust et al., 2009

FIGURE 9 . 2 :

 92 FIGURE 9.2: Calibration of the FP Manning roughness coefficient for a low flood event, with a relative depth h * = 0.2 at mid-length of the converging geometry Cv6 shown in Figure 4.11. Taken from Lilas, 2009

FIGURE 9

 9 FIGURE 9.5: Maximum relative error on FP flow depth h f vs. maximum relative error on FP discharge Q f : 1D-Saint-Venant equation coupled with a corrected DCM (Debord formula) against lab measurements.

FIGURE 9

 9 FIGURE 9.6: 1D-Saint-Venant equation coupled with a corrected DCM vs experimental data. Geometry Cv2 (2m long converging FP from x = 4 to 6 m)

FIGURE 9 . 8 :

 98 FIGURE 9.8: ISM results versus experimental measurements for geometries with constant or variable flow width. Taken from Proust et al., 2009

TABLE 9. 2 :

 2 ISM results: Maximum relative errors on floodplain flow depth h f and floodplain discharges Q l or Q r . Taken fromProust et al., 2009 

  FIGURE 9.9: (a) ISM results versus measurements of sub-section head in diverging geometry Dv6, δ = 3.8 o . (b) Effect of the angle δ on the head loss due to mass exchange S m and on the head loss due to turbulent diffusion S t : maximum values of S m /S f and S t /S f ratios in the sub-sections. Arrows indicate the increase in angle δ.Taken from[START_REF] Proust | Energy losses in compound open channels[END_REF] 

FIGURE 10 . 1 :

 101 FIGURE 10.1: Uniform flows: 2D simulations vs. experimental data from Peltier et al., 2013b. (Left) Relative error on subsectionaveraged flow depths, H mc and H f p , discharges, Q mc and Q f p , velocities U mc and U f p , ratio of Q f p to Q (denoted %Q f p ), mixing layer width δ, depth-averaged Reynolds-stress at the interface FP/MC, T xy int , and streamwise depth-averaged velocity, U d . (Right) Lateral profile of velocity U d for relative depth D r = 0.2. Taken from Linde et al., 2012

FIGURE 10 . 2 :

 102 FIGURE 10.2: Lateral distribution of local Froude number F = U d / √ gh for discharge Q = 150 L/s and 260 L/s in the compound channel with an abrupt FP contraction. Taken from Proust, 2005, appendix A.4

FIGURE 10 . 3 :

 103 FIGURE 10.3: Gradually varied flow in straight compound channel with low levels of 3D turbulence at the junction MC/FP (see Chapter 5). Test case with H r ≈ 0.3, and an excess in FP inflow dQ f p = +53%. Lateral profile of velocity U d . Taken from Linde et al., 2012

FIGURE 10

 10 FIGURE 10.4: 2D-H simulations vs. experimental measurements for flows with an embankment on the FP: relative errors on water levels Z and FP discharge Q f p ; top view of the recirculation flow area. (ac) LMFA flume (8m × 1.2m), flow rate Q = 24.7 L/s, length of the embankment d = 50 cm, total width B = 1.2 m. (d-f) CNR flume (13m × 3m), Q = 150 L/s, d = 143 cm, B = 300 cm. Taken from Peltier et al., 2008

FIGURE 10 FIGURE 10 . 8 :

 10108 FIGURE 10.5: Ratio L/d as a function of friction number S. The two flow cases studied by Bourdat, 2007 are identified by the pink circles.Taken fromBourdat, 2007 

FIGURE 10 .

 10 FIGURE 10.9: Test cases with a transverse embankment on the FP studied by Peltier et al., 2013b. 2D numerical results against experimental data: mean, maximum and minimum relative errors on the subsection-averaged flow parameters. Taken from Linde, 2011

FIGURE 12. 1 :

 1 FIGURE 12.1: Experiments of Dupuis, 2016. Influence of the downstream water level on the backwater surface profile in the case of a transition stems/meadow. Notations: z d is the water level in the right-hand FP, and z m is the water level in the MC. Blue pluses: downstream boundary conditions for the uniform flow with meadow. G f and G m are the heights of the downstream tailgates in the FP and MC

FIGURE 12. 2 :

 2 FIGURE 12.2: Compound section (left), compound and composite section (right) of the Task 1.3, Irstea-Flume

  I.D.A.E (Ingénieur Divisionnaire de l'Agriculture et de l'Environnement) -2012: 'Expert' (statut de spécialiste) of the French Ministery of Agriculture -2005: PhD in Fluid Mechanics, National Institute of Applied Sciences (INSA), Lyon. -1995: Master of Science (D.E.A) in Fluid Mechanics, University of Strasbourg -1995: Diploma of the French Engineering School 'E.N.G.E.E.S' (Ecole Nationale du Génie de l'Eau et de l'Environnement de Strasbourg) Current research project: FlowRes project (2015 -2018) -Entitled 'Predicting the flow in the floodplains with evolving land occupations during extreme flood events' -Funded by the ANR (National Research Agency) -Role and responsibility: Coordinator -Partners: Irstea-Lyon, Laboratory of Fluid Mechanics and Acoustics, Lyon ; Institute of Fluid Mechanics of Toulouse; National Laboratory of Hydraulics and Environment of Électricité de France; Instituto Superior Técnico; National Laboratory for Civil Engineering; Universitetet i Agder; Université catholique de Louvain; Service Public de Wallonie (SPW DO222). -Web site: http://flowres.irstea.fr/en/ PhD students supervision: -Nov. 2007 -Sept. 2011: PhD of Yann Peltier: 'Physical modeling of turbulent flows in straight compound open-channel with a transverse embankment on the floodplain' -Jan. 2013 -June. 2016: PhD of Victor Dupuis: ' Experimental investigation of flows subjected to a longitudinal transition in hydraulic roughness in single and compound channels' -Dec. 2015 -Dec. 2018: PhD of Antoine Chiaverini: 'Influence of the interfaces in the case of urban floods' -Oct. 2015 -Oct. 2018: PhD of Marina Oukacine: 'Physical and numerical modeling of the flow in the floodplains with emergent or weakly submerged macroroughnesses' Additional information: Sabbatical year in 2010 for traveling in India, Tanzania, Zambia, Botswana, Namibia, and France.A.2 TeachingI have been teaching at the Ecole Nationale du Génie de l'Eau et de l'Environnement de Strasbourg (ENGEES) since 1999, and at the University of Lyon (Université Claude Bernard -Lyon 1) since 2005. The various courses are reported in the table hereafter.

FIGURE B. 1 :

 1 FIGURE B.1: Flow extent after coming out of the narrow channel (increasing time from (a) to (d)): (a-c) 2D transient flow ; (d) 2D steady flow. Edge length of the squares drawn on the plane = 30 cm.Figure after[START_REF] Proust | Physical modelling of the stoppage conditions for debris flows / Modélisation physique des conditions d'arrêt des laves torrentielles[END_REF] [T1] andCoussot and Proust, 1996. 
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  FIGURE B.2: Dimensionless depth, η = 0.94Q -2/10 (X + A) 1/10 (H -1), as a function of ζ = Y /L, the ratio of the distance from the central axis to the half width of the sheared region. The theory predicts that η = 1 -ζ 2 . Figure taken from Coussot and Proust, 1996

  06Q 2/10 (X + A) -1/10 (1 -( Y L ) 2 ) (B.6) U (X, Y ) = 0.59Q 9/10 (X + A) -9/20 (1 -( Y L ) 2 ) 9/2 (B.7)V (X, Y ) = 0.27Q 9/10 (X + A) -29/20 Y (1 -( is the dimensionless half width of the flow at the source, and A is a parameter depending on boundary conditions. The last equation indicates that the lateral extent of the sheared region increases proportionally to the distance from the channel exit to the power 9/20. FigureB.2 shows typical cross-stream profiles of flow depth at different distances x from channel exit and comparison with theory. In the sheared region, the theory is in fair agreement with experimental data. The fluid depth in a cross-section has a parabolic distribution.

H 2

 2 FIGURE B.3: Figure taken from Coussot, Proust, and Ancey, 1996. Dimensionless fluid extent after complete stoppage on the inclined plane. The fluid was spilled above the point x = 25 cm, y = 0. The slope i is varied: 5.6 • or 12.4 • . Depending on the solid fraction in water, the yield stress ranges from 18 to 75 Pa

  FIGURE B.4: (Left) Figure taken from Coussot, Proust, and Ancey, 1996. Idealized view of the deposit after flow stoppage over an inclined plane. Photo taken from Proust (2005) [T1], with slope i = 9.9%; Yield stress, τ c = 43.2 Pa.

Task 1 :- 1 . 2 - 1 . 3

 11213 Laboratory experiments (IMFT, F. Moulin) -1.1 Vertical transition in hydraulic roughness from emergence to low submergence of the roughness elements (IMFT, F. Moulin) Longitudinal transition in hydraulic roughness (IRSTEA, C. Berni) Lateral transition in hydraulic roughness (IRSTEA, S. Proust) -1.4 Hydraulic roughness of interspersed families of roughness elements (LMFA, N. Rivière) -1.5 Combined effects of lateral and longitudinal roughness transitions (IRSTEA, S. Proust) • Task 2: Assessment and improvement of the modeling practices (IRSTEA, JB. Faure)TABLE C.2: Lab experiments in compound open-channels C.7 Dissemination and exploitation of results, overall impact of the project Exploitation of results by EDF, ASN

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE 4 . 2 :

 42 Geometrical and flow parameters. Taken fromBousmar, 

  data for mixing layers in single open-channel after[START_REF] Uijttewaal | Hydrodynamics of shallow flows: application to rivers[END_REF] Booij, 2000. Taken from Proust et al., 2017 

TABLE 5 .

 5 

1: Factors controlling streamwise mean velocity profiles and shear-layer turbulence.

TABLE 9 . 1 :

 91 Respective assumptions of the Corrected DCM, EDM, and ISM. Adapted from[START_REF] Proust | Non-uniform flow in compound channel: a 1D-method for assessing water level and discharge distribution[END_REF] 

  project (2015-2018), of which I am coordinator. The project FlowRes (for Flow Resistance) is entitled 'Predicting the flow in the floodplains with evolving land occupations during extreme flood events', and is presented in Appendix C. It is funded by the National Research Agency, and associates four French partners and seven foreign partners: Irstea-Lyon, IMFT, LMFA, LNHE, LNEC, ETHZ, IST, KIT, UiA, UCL, and SPW DO222 (hydraulic lab of the Service Public de Wallonie). Some questions will be investigated by a PhD student at Irstea who will start his doctorate in October 2015 (co-supervised by N. Goutal from LNHE and I).

TABLE B .

 B 1: Fluid and flow characteristics, after

In the French literature, these FP are called lits actifs / active beds (with both mass and momentum exchange with the MC), as opposed to lits passifs /passive beds (with mass exchange only)

In a prismatic reach, the geometry, the bed slope, and bed roughness are all constant with respect to the longitudinal direction

Imbalance with respect to uniform flow conditions,dQ f = (Q f -Q u f )/Q u f × 100 (x = 0), where superscript u refers to uniformity
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Chapter 8

Summary of the characteristics of non-uniform flows

Non-uniform overbank flows are characterized by a lateral depth-averaged mean flow at the junction between the main channel (MC) and the floodplain (FP). This lateral flow interacts with the streamwise mean flow and the Shear-Layer-Turbulence (SLT) that is generated by the 2-stage geometry. These free-surface flows are also subjected to a vertical confinement quantified by the relative flow depth, D r , and to bed-friction effects, which both vary with the magnitude of flood events. The main findings of our physical investigations are listed hereafter.

General results

• The shape of the streamwise mean velocity profiles, the growing rate of the mixing layer, and the existence of 2D coherent structures, are all independent of the vertical confinement of flow and of bed-friction effects. They are primarily driven by [START_REF] Tominaga | Turbulent Structure in Compound Open-Channel Flows[END_REF] the dimensionless shear, λ, and (2) the direction and magnitude of the lateral flow.

• Irrespective of [START_REF] Yen | Hydraulics of flood plains : methodology for backwater computation[END_REF], the levels of SLT increase: with λ when relative flow depth D r is fixed; with D r when λ is fixed. The levels of SLT are also enhanced by a sloping bank in the MC (45 • ) with respect to a vertical bank.

• A dimensionless shear λ ≥ 0.3 is required so that 2D horizontal coherent structures can develop.

• The effect of D r on the levels of SLT and Dimensionless Shear-Layer Turbulence (DSLT) is significant when λ ≤ 0.3 (weakly sheared flows), while the effect of λ is significant for highly sheared flows (λ ≥ 0.4). The peak levels of DSLT were also found to be lowered by bed-friction effects for a given D r -value and comparable λ-values.

• For moderately sheared flows (0.3 ≤λ ≤ 0.4), the lateral flows can alter the 2D structures according to the direction and magnitude of the lateral flow.

• The SLT, the advective transport of momentum by the depth-averaged mean flow and the secondary currents may all contribute to the transverse flux of streamwise momentum inside the mixing layer.

• In prismatic geometry, the structures of mean flow and SLT are highly dependent upon the upstream velocity distribution. The upstream values of λ partly determines the λ-values further downstream. In addition, an excess According to the objective 2 of the project, see appendix C, the main issue in terms of numerical modeling is to know whether the existing practices that are commonly used for events with return period T up to 100-year are still valid to predict the FP flow for T ≥ 1000-year. The task 2.1 'Numerical simulations against experimental data' is the first step to address this issue. The experimental data of Task 1 will be compared to simulations with both industrial and research codes (1D, 1D+, 2D and 3D). The aim is twofold: (i) to evaluate the classical methodologies used by practitioners to model the different contributions to flow resistance (Manninglike coefficients, global drag coefficients, porosity models) and (ii) to improve these methodologies to better capture the physics found in Task 1, irrespective of return period T . The various numerical approaches that will be used are reported in Table C.3.

River floods at Besançon

The previously cited numerical models and methodologies used to model flow resistance (classical and improved approaches after comparison with laboratory experiments) will be applied to the Doubs River floods at Besançon. The 1910 flood (T ≈ 100-year) with observed flood marks will be simulated to estimate if the improved methods are still consistent with a change in scale from lab to field, with an increased inhomogeneity of the roughness elements, and with numerous changes in the FP topography. Then, events with T ≈ 1000-year and 10000-year will be simulated with both classical and improved methods of flow resistance, and the differences using both methods will be quantified. The effect of the evolution of land occupation between 1910 and 2014 will be also highlighted.

Development of the 1D+ model (ISM) for unsteady flows and rough FPs

When dealing with non-uniform flows, ISM showed its efficiency to predict both the mean velocity and the flow depth over the FPs (see Chapter 9). The ISM was recently tested at UCL/SPW against experimental data in skewed compound channels with smooth or rough FP and showed its better accuracy compared to the 1D classical methods [START_REF] Jacqmin | Influence de la rugosité sur les écoulements en lits croisés dans les rivières à lits composés: Approche numérique et expérimentale[END_REF] 

A.3.2 PhD thesis (2000-2005)

The PhD thesis is entitled 'Non-uniform flows in compound channel: effect of variations in the floodplain width' Abstract: Flooding rivers usually present transition reaches where the floodplain width can significantly vary. The PhD work focuses on both physical and numerical modeling of over bank flows in such configurations. A particular attention is paid to flows in the flood plain. These flows are characterized by turbulent exchanges due to the velocity gradient between flows in the main channel and the floodplain, and by severe mass transfer and associated momentum exchange between the subsections. New experiments are carried out in non-prismatic compound channel flumes : flows in abrupt contraction of the flood plain, enlarging flood plains, flow in the vicinity of embankments. In addition to conventional 1D and 2D simulations, a new 1D modeling is presented: it is called 'Independent Subsections Method'-ISM. It consists of 4 coupled ordinary differential equations (3 momentum equations -one in each subsection-and one mass conservation). The simulation of both water depth and discharge rate in the floodplain are in good agreement with experimental data, for eight different geometries. 
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A.3.4 Supervision of/collaboration with students

The next two pages are in french (minimum required by the University of Lyon for the whole manuscript) 

A.3.5 Activités liées au laboratoire d'hydraulique et d'hydromorphologie

Role: co-responsabilité du HHlab, participation à la conception et à l'équipement du laboratoire.

En 2006, Irstea-Lyon a lancé une étude de définition d'un futur laboratoire d'hydraulique et d'hydromorphologie (parallèlement à son déménagement sur le campus de la Doua en 2012). Elle a été effectuée par la Compagnie Nationale du Rhône (CNR) en collaboration étroite avec l'UR HHLY. A partir de 2008, j'ai participé à la finalisation de cette étude de définition, puis de 2009 à 2012, j'ai suivi la rédaction par l'entreprise LGM des cahiers des clauses techniques particulières des lots 'canaux', 'alimentation en eau', 'alimentation solide', 'pont roulant', et 'rails de mesure'. A partir de 2013, en collaboration avec mes collègues C. Berni et F. Thollet, j'ai suivi la construction des différents lots, ainsi que l'instrumentation des différents modèles (e.g. acquisition d'un système de stereo-PIV).

Appendix B

Debris flows overflowing on the alluvial fan • Associated publications: [START_REF] Proust | Physical modelling of the stoppage conditions for debris flows / Modélisation physique des conditions d'arrêt des laves torrentielles[END_REF] [T1]; Coussot and Proust (1996) [A1]; Coussot et al. (1996) [A2].

B.1 Introduction

Muddy debris flows are highly concentrated water-clay-grain mixtures flowing in mountain streams, which may cause significant damage if they overflow on the alluvial fan. In 1995, unidirectional flows of such materials were quite well documented. The flow characteristics of mudflows spreading in 2 directions simultaneously was less known. At the time, the twodimensional debris flows was the subject of an important study programme at the Protection against Erosion Department of Cemagref-Grenoble. The training course of my Master of Science was related to this programme, and was supervised by Dr. Philippe Coussot. The master thesis is entitled 'Physical modelling of the stoppage conditions for debris flows' [START_REF] Proust | Physical modelling of the stoppage conditions for debris flows / Modélisation physique des conditions d'arrêt des laves torrentielles[END_REF] [T1]). The first part of this research work was dedicated to the experimental investigation of two-dimensional flows of concentrated muddy suspensions over an inclined plane. The second part was a study of muddy suspension deposits observed in the field or in laboratory.

B.2 Steady two-dimensional debris flows on inclined plane

The main objective of this experimental investigation was to determine analytical formulas capable of predicting the final shape of the steady flow, the lateral and longitudinal variations in flow depth, longitudinal and lateral depth-averaged velocity.

• Laboratory experiments:

The experiments were undertaken on the inclined plane (9m × 5m) shown in 

C.1 Executive summary

The contributions of 'human activities (such as increasing human settlements) and climate change to an increase in the likelihood and adverse impacts of flood events' are clearly stated in the European Flood Directive [START_REF] Eu | Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the assessment and management of flood risks[END_REF]. These changes must be taken into account when assessing the flood hazard, from events with a high probability (return period 10 ≤ T ≤ 30year) to extreme event scenarios (T ≥ 1000-year). For each range of period, the flood extent, the water depths and the flow velocities, must be estimated in the areas with potential significant flood risks and shown on flood hazard maps. Also, as stated in report n13 of the French Nuclear Safety Authority (ASN) on the protection of nuclear installations against flooding, periods T up to 10000-year should be considered (ASN, 2013).

However, while flood simulations for low return period events have become a common task, the prediction of the very high flows is not an easy task especially because of a lack of field data, but also because the flow processes are mostly controlled by the floodplains land occupation, which is increasingly inhomogeneous and complex with an increasing period T . The inhomogeneity can be observed in both lateral and longitudinal directions and the complexity is in large part due to the large variation of the confinement of the roughness elements with flow depth. As a result, the 'hydraulic signature' of the roughness elements, i.e. the interaction flow/element, strongly varies with T.

When simulating floods of high or medium probability, the classical numerical approaches (1D, 2D models) are calibrated and validated against observed field data. Field practitioners usually calibrate the models for the highest observed events for which data is available (typically T ≈ 100-year) and use the same calibration parameters for the simulation of events with higher return periods T, as no additional data is available (see e.g. ASN, 2013). In the case of extreme events with an increasing inundated land area, of interspersed families of roughness elements and of a spatially varied confinement of these different types of elements, this practice is highly questionable and is very likely to lead to inaccurate flood hazard assessment. As a result, when dealing with extreme flood flows, engineers and scientists face (i) complex and still largely unexplored physical processes, and (ii) a The tasks 1 and 2 are related to the first and second objectives of the FLOWRES project, respectively. The laboratory experiments will be performed in five different flumes located at IRSTEA (single or compound section), IMFT (single section), LMFA (single section), LNEC (compound channel) and UCL (compound channel).

C.5 Laboratory experiments

The experiments that are (will be) carried out in single open-channels are reported in Table C 

C.6 Numerical simulations

The numerical simulations that will be carried out are reported in more interested in the basics of fluid mechanics. FLOWRES will be ended by a final restitution seminar with around 100 invited people (practitioners dealing with flood risk management).