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Preface

Nature is not to be trifled with, she is always true, always earnest, always severe; she is always right, and the faults and errors are always those of man (Goethe).

Hydraulic engineers responsible for the planning of river training and restoration works should bear well in mind this quotation from Goethe. Reliable and sustainable protection against floods can only be assured by hydraulic structures that preserve the natural character of a watercourse. Accordingly, modern river engineering must take a river’s natural forces and behaviour into account. For example, attempts to straighten a meander that has developed naturally may be dangerous: in extreme flood conditions, if not earlier, the apparently tamed river will recall and reoccupy the space to which it is entitled.

The world is like a river, running along in its bed, this way and that, forming sandbanks by chance and then being forced by these to take a different course. Whereas this all proceeds smoothly and easily and gradually, the river engineers have great difficulties when they seek to counteract this natural behaviour (Goethe).

Goethe (once again) recognized that the dynamics of a river can only be controlled to a limited extent by channel modifications and rigid river training works. The term “dynamics” refers to variations in hydromorphology over space and time due to flood discharges and sediment transport. These processes regularly lead to the destruction of habitats, especially in riparian areas, and the creation of space for new habitats. Dynamic watercourses require a considerable amount of space. For example, naturally meandering rivers may migrate laterally within a belt of roughly five to six times the width of the channel bed. In the valleys of the Alps and Pre-Alps, rivers originally required the entire valley floor.

As well as providing flood protection, watercourse alterations carried out over the last two centuries were designed to reclaim land for development and agriculture. Efforts were thus made to impede the dynamics: rivers and streams were channelized, and channel bed widths were optimized with regard to sediment transport. This resulted in monotonous watercourses, with almost no variation in hydraulic or morphological characteristics.

Today’s challenge for river engineers, in close collaboration with environmental and ecological scientists, is to restore the channelized river under the constraints of high urbanization and limited space. The behaviour of river systems is a result of the complex interaction between flow, sediments, morphology and biota. Furthermore rivers are often used as a source for water supply and energy production as well as a waterway for transportation.

During the 7th International Conference on Fluvial Hydraulics “River Flow 2014” at École Polytechnique Fédérale de Lausanne (EPFL), Switzerland, scientists and professionals from all over the world addressed these challenges and exchanged their knowledge regarding fluvial hydraulics and river morphology. Past conferences, as well as the current one, organized under the auspices of the Committee on Fluvial Hydraulics of the International Association for Hydro-Environment Engineering and Research (IAHR), witnessed a significant increase in participation of our community of river engineers and researchers, confirming the need for such a forum.

The Local Organizing Committee of River Flow has received more than 650 abstracts, of which more than 630 were aligned with the conference’s topics. Subsequently, 410 papers were submitted by engineers and researchers. The International Scientific Committee has finally selected 343 contributions (from authors originating from 43 countries) to be included in the Proceedings and in the separate book documenting the special session on Reservoir Sedimentation. Of these about 2/3 were considered for long oral presentation (15 minutes) and 1/3 were selected for short presentation (3 minutes) and poster. The overall very high quality of the contributions demonstrates the dynamism of the scientific and professional community working on fluvial hydraulics.

A traditional distinctive feature of River Flow conferences has been the organisation of Master Classes the day before the formal opening of the conference. Master Classes present a unique opportunity for PhD and MSc students and young researchers to address their research with renowned senior scientists, meet peers working on similar topics and identify possible collaborations for the continuation of their work. At River Flow 2014 six Master Classes were conducted by 13 masters, enrolling 65 students from 15 countries. This confirms the vitality of the fluvial hydraulics community contributing to ensure the sustainability of IAHR.

Prof. Dr. Anton J. Schleiss, Conference Chairman
Dr. Giovanni De Cesare, Co-Chairman
Dr. Mário J. Franca, Co-Chairman
Dr. Michael Pfister, Co-Chairman
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River networks as ecological corridors for species, populations and pathogens of water-borne disease

Andrea Rinaldo

École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland Università di Padova, Padua, Italy


ABSTRACT:

The river basin is a natural laboratory for the integration of hydrological, ecological and geomorphological processes. Moving from morphological and functional analyses of the dendritic geometries observed in Nature for river networks over a wide range of scales [1–2], the Lecture addresses essential processes sustaining human life and societies hinging on fluvial ecosystems. For example, population migrations and human settlements historically proceeded along river networks to follow water supply routes, with implications on key features of historical colonizations [3]. Riparian areas, critically important ecosystems positioned along-stream, play a crucial role in their watersheds and in the loss of biodiversity proceeding at alarming rates worldwide [4–5]. The resilience of river flow regimes is key to fluvial ecosystem services, from energy production to community composition [6]. Waterborne diseases like cholera, schistosomiasis or proliferative kidney disease in freshwater fish thrive owing the pathways provided by pristine or engineered watercourse to pathogen and human mobility [7–8]. Is there a linkage?

Here, I shall focus on the noteworthy scientific perspectives provided by eco-hydrological studies centered on river networks viewed as ecological corridors for species, populations and pathogens of waterborne disease and described mathematically as a fractal support for reactive transport phenomena. The Lecture thus overviews a number of topics idiosyncratically related to the speaker’s own research work (reflected in the references to this abstract) but ideally aimed at a coherent view hopefully relevant to a foremost international conference on river hydraulics—indeed where it is believed that its research frontiers are.

Here are a few examples upon which the Lecture will concentrate. Devastating water-borne disease, such as cholera, and invading foreign species spread through water bodies linked by river networks. Although the dynamics of such systems has been extensively studied, existing approaches were mostly within the framework of mean-field or two-dimensional landscapes that ignore directionality of dispersal implied by the network acting as environmental matrix. How does connectivity within a river network affect the emergent spreading of water-borne infections? [8] Does the river basin act as a template for biodiversity? [9] Are there hydrologic controls on the spreading of water-borne disease? [7–9] Will future large-scale water resources management plans include biodiversity protection? To address such questions, the Lecture will report on recent direct and indirect data collections and on comparative mathematical analyses of: i) biodiversity in the river basin (in particular, by studying neutral models of freshwater fish in large and very large river systems, and of riparian vegetation); ii) the nature and extent of hydrologic controls on water-borne disease epidemic spreading; iii) biological invasions in substrates mimicking the heterogeneous conditions to be faced along real river networks. The Lecture aims at making a compelling case for the interest in the understanding of the functioning of river basins as a whole of structure and function.

Given the great variety and yet the deep symmetry exhibited across scales by fluvial networks in Nature, and notwithstanding the variety and complexity of the ecosystems involved, one is tempted to conclude that there exists a unique, coherent conceptual thread of eco-hydrological nature that joins such seemingly disparate subjects. Surely this applies to their mathematical treatment, that of metapopulation dynamics and environmental statistical mechanics, which is prone to a unified treatment. From such premises, a general theory is claimed to emerge, one that blends the role of dendritic geometries as environmental support for ecological dynamics and processes operating on fluvial networks and various connected water pathways. The author’s take is that the topic is fun and possibly even instructive, pointing at a novel research field likely to become a hotspot of fluvial hydraulic research in the years to come.
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ABSTRACT:

River flow occupies a special place in a family of environmental and industrial flows. It indeed exhibits a set of properties that make this flow unique and exciting, i.e.: (1) flow boundaries (sedimentary bed and free surface) are ‘deformable’ and dynamic, i.e., constantly changing in response to varying flow; (2) river biota is a significant factor directly and indirectly influencing flow and its boundaries; (3) channel boundaries have a complex hierarchical structure covering scales spanning 7–10 orders of magnitude; (4) flow submergence (i.e., ratio of the flow depth to the height of prevailing roughness elements such as sediment particles, their clusters, or bedforms) is typically low, i.e., less than 10–15; and (5) flow-sediments-biota-channel interactions occur at many distinct scales, such as grain scale, ripple scale, dune scale, bar scale, and meander or braid scale. These conditions differentiate river turbulence from all other types of turbulent flows making it both attractive and difficult to study.


In terms of a conventional classification, river flows belong to the class of Open-Channel Flows (OCFs) and therefore its simplest canonical case of a straight OCF with a rectangular cross-section can serve as an initial ‘template’ for river turbulence analysis. Although it may look surprising, laboratory and field measurements show that river flow shares, at least qualitatively, many common features with this canonical case in relation to spatial distributions of velocity moments (mean velocity, turbulence intensities, higher-order moments) and velocity spectra. There are of course important differences which are imposed by five special properties mentioned above and which are crucial for river flow performance.

This talk will highlight the latest advances in OCF turbulence and briefly review similarities with other canonical flow types such as boundary layers, pipes and closed channels. Then, the key features that are unique for river turbulence will be discussed in detail, knowledge gaps identified, core issues required attention emphasized, and promising re-search approaches suggested. The key points are very briefly outlined below.

Traditionally, the Reynolds-Averaged Navier Stokes (RANS) equations have been used in river turbulence research as the main theoretical framework underpinning experimental design and data interpretation, numerical models and applications. In relation to rivers such an approach, however, is impracticable due to the complex and often mobile boundary conditions that lead to high local heterogeneity of Reynolds-Averaged flow, particularly in the near-bed region. At low-submergence conditions, typical for rivers, the effects of this heterogeneity are even stronger. To resolve the problem, it has been suggested that the double-averaged (in both time and space) Navier Stokes (DANS) equations should provide a better theoretical framework. The application of this approach in river turbulence studies has gradually expanded over last 10–15 years and continues to grow. The main achievements to date in this research area relate to fixed-bed open-channel flows while mobile-bed flows still represent a major challenge in terms of both theoretical base and experimental data. Nevertheless, it is worth highlighting that the main advantages of the double-averaging methodology include: rigor and self-consistency; refined definitions for rough-bed flows such as flow uniformity, two-dimensionality, and the bed shear stress; a consistent link between spatially-averaged roughness parameters, bed shear stress, and double-averaged flow variables; explicit accounting for the viscous drag, form drag and form-induced stresses and substance fluxes as a result of rigorous derivation rather than intuitive reasoning; framework for scaling considerations and parameterizations based on double-averaged variables; and the possibility for the rigorous scale partitioning of the rough-ness parameters and flow properties.

Two other fundamental physical concepts in river turbulence research are (1) eddy/energy cascade and (2) coherent structures. Originally, these concepts have been developed independently, and it is only recently that researchers started viewing them as interlinked phenomena. These concepts, together with fundamental RANS and DANS conservation equations represent two facets of river flow dynamics: statistical and deterministic. In relation to the energy cascade concept it is worth mentioning that the latest data suggest that the conventional three-range (production range, inertial subrange, dissipative subrange) concept should be supplemented with a fourth range of scales where energy production and transfer from larger scales to smaller scales co-exist. Theoretical considerations indicate that this range may well be connected to the logarithmic distribution of mean flow velocities near the bed. The emerging four-range turbulence spectra are likely to be superimposed (linearly and non-linearly) with multiple energy supply zones from the mean flow to turbulence due to flow-boundary interactions.

There have also been considerable advancements in relation to coherent structures concept which may have immediate implications for river turbulence research. Among them, the discovery of very-large-scale motions and/or superstructures in boundary layer and pipe flows are probably most exciting as some data suggest that they also exist in river flows.

Although the importance of interrelations between turbulence and secondary currents in rivers was recognized several decades ago, knowledge concerning these interrelations re-mains patchy and there are still significant gaps in our understanding of how they actually depend on each other. This matter will also be reviewed in the talk.

An incomplete list of issues and research questions that require clarification in the forthcoming years include (four blocks of bullet points below relate to double-averaging methodology, energy cascade concept, coherent structures concept, and their interrelations with secondary currents, respectively):


	What are the conceptual and mathematical limitations of the double-averaging method-ology when applied for river flows with their inherent multiple scales and mobile boundaries?


	Would double-averaging methodology provide (and how) a rigorous way of linking flow turbulence with key performance indicators of rivers such as hydraulic resistance (and drag partitioning), transport of substances, morphodynamics, and ecosystem functioning?


	What is the physical and mathematical manifestations of the energy cascade in river flows where multiple energy supply zones co-exist and may interact?


	What are the manifestations, roles and interrelations between two-dimensional turbulence and three-dimensional turbulence in river flows in physical and Fourier do-mains?


	Are turbulent energy fluxes in physical and Fourier domains interconnected and if yes how?


	How coherent structures in river flows can best be defined and quantified?


	What are the best identification methods for coherent structures, energy cascade, and secondary currents, i.e., what should be measured and interpreted?


	What are the interrelations between coherent structures and energy cascades in physical and Fourier domains, starting with simple flow configurations?


	Are any relations between energy cascade and coherent structures, on one side, and bulk flow properties (e.g., mean velocity distribution) on another side? E.g., can the logarithmic law be derived from the energy spectra?


	Where is the position of the secondary currents in the overall picture of the energy fluxes in river flows? E.g., where does the mean energy of secondary currents come from: directly from the mean energy of the primary flow or from the turbulent energy?


	What are interrelations between coherent structures and secondary currents of Prandtl’s first and second kinds for typical morphological scenarios?


	Are helical secondary currents a time-averaged manifestation of helical coherent structures?




Although the list above is not exhaustive, it hopefully gives a flavor of questions that have to be addressed for advanced understanding of river turbulence and its roles in multifaceted processes occurring in rivers. This advanced knowledge will underpin the development of new generations of physical concepts and numerical models required by current and emerging practical problems.
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ABSTRACT: River flow in Alpine environments is likely to be highly sensitive to climate change because of the effects of warming upon snow and ice, and hence the intra-annual distribution of river runoff. It is also likely to be influenced strongly by human impacts both upon hydrology (e.g. flow abstraction) and river regulation. This paper compares the river flow and sediment flux of two Alpine drainage basins over the last 5 to 7 decades, one that is largely unimpacted by human activities, one strongly impacted by flow abstraction for hydroelectricity. The analysis shows that both river flow and sediment transport capacity are strongly dependent upon the effects of temperature and precipitation availability upon snow accumulation. As the latter tends to increase annual maximum flows, and given the non-linear form of most sediment transport laws, current warming trends may lead to increased sedimentation in Alpine rivers. However, extension to a system impacted upon by flow abstraction reveals the dominant effect that human activity can have upon river sedimentation but also how human response to sediment management has co-evolved with climate forcing to make disentangling the two very difficult.



1 INTRODUCTION

Alpine environments are likely to be some of the most sensitive to climate forcing, mainly because they contain substantial snow and ice. As climate warms, potentially small changes in temperature can lead to widespread system change at certain altitudes, in terms of both hydrology and sediment flux, and in turn upon river flow and sediment transport. However, Alpine river basins are also often substantially modified by human activity. Few studies address the linkages between climate forcing and river response at the scale of decades, and how such linkages are impacted upon by human activities. Thus, the aim of this paper is to show how decadal-scale climate forcing of river flow may have substantial impacts upon not only river flow, but also sediment flux, in ways that may be detected in river response, for two case-studies in the Swiss Alps.



2 CLIMATE FORCING OF ALPINE RIVER FLOW


2.1 Background and approach

The forcing of river flow by climate variability is well established in a range of environments. In an Alpine setting, snow is a critical variable, effectively storing precipitation during the winter. Thus, a climate link arises due to the effects of both precipitation and temperature on snow accumulation. The total snow stock accumulating during winter can be reduced in warmer years due to two processes (Scherrer and Appenzeller, 2006): (1) a smaller proportion of precipitation that falls as snow; and (2) greater ablation, through a greater probability of rain-on-snow events, as well as more snow melt at higher altitudes earlier in the season. Recent declines in: snow water equivalent; spring snow cover; and/or the thickness of spring snow cover; have been extensively reported, including in the western (e.g. Hamlet et al., 2005) and eastern USA (e.g. Burns et al., 2007) and in the European Alps (e.g. Serquet et al., 2011), linked to warming trends (e.g. Hamlet et al., 2005, Mote, 2006). This trend has been most rapid since the mid 1980s (e.g. Marty, 2008) with evidence of progressively earlier onset of spring snow melt (e.g. Jasper et al., 2004, Birsan et al., 2005, Hodgkins and Dudley, 2006, Horton et al., 2006, Bavay et al., 2009, Fritze and Stewart, 2011). Such changes may impact flow extremes: the probability of low summer flows goes up and the magnitude of annual maximum flows may reduce, because the snow stock is commonly reduced in the late spring and early summer when the probability of warmer rain on snow events is rising, events which can rapidly liberate runoff.

Two important research objectives remain. The first is to look at flow extremes rather than seasonal or monthly runoff. The second is to recognize that most measured flow time series in the Alps contain a complex mixture of climatic and human forcing, often difficult to unravel. Finding basins where climate forcing can be studied in isolation of human impacts is hard because such basins are rarely gauged. Here, we focus upon application of historical climate data to a hydrological model to quantify historical changes in runoff, 1940 to 2010, and their implications for sediment transport capacity for an Alpine basin relatively devoid of human impacts, the Avançon basin (78.4 km2), located in the western Swiss Alps. Basin altitude varies from 3051 m to 420 m. Climate is humid, temperate with strong Atlantic influence but also strong altitudinal gradients in temperature (between 3.5 and 7 °C) and precipitation (between 1000 and 3000 mm). Much annual precipitation can fall as snow, especially at altitude, making the basin extremely sensitive to climatic variability, temperature and precipitation. The hydrological regime is partly influenced by small glaciers (1.7% of the surface), found in the upper parts of the basin. Land use is dominated by forest and meadow. Grazing of some of the meadow areas is restricted by convention.



2.2 Historical flow reconstruction

Historical flow reconstruction focuses upon application of the deterministic Water balance Simulation Model (WaSiM-ETH, Schulla, 2012): (1) we calibrated the model for a period when as many of the model’s data needs could be met through direct measurement; and (2) we used a series of secondary models to provide the input data needed to apply the model over the period 1940 to 2010. WaSim-ETH is described in full in Schulla (2012) and only a very brief summary is provided here. The model simulates evapotranspiration, snow accumulation, snowmelt, glacier and firn melt, infiltration and generation of surface and subsurface flow. Spatial variability is represented in terms of orthogonal grid cells discretized over the basin surface, described using a digital elevation model, land use and soil type. Precipitation and temperature are the basic meteorological data required for the model, which can be locally supplemented by additional meteorological data where available, such as global radiation, relative sunshine duration, wind velocity, relative humidity and vapor pressure.

Hydrological process representation is based upon a combination of the Green and Ampt (1911) infiltration excess treatment (Peschke, 1987) and the TOPMODEL approach for the simulation of runoff generation from infiltration excess and saturated areas. WaSiM-ETH generates surface runoff when the unsaturated zone is filled and routes it to the streams using a kinematic wave approach (Schulla, 2012). To represent snow, glacier and permafrost effects the model: (1) treats accumulation using a temperature threshold; (2) represents snow melt using a day degree method; and (3) has a glacier model to describe the melt of ice, firn and snow on glaciers, using a temperature index method.

To run the model for the period 1940 to 2011, we needed: (1) daily time series of meteorological data for the full time period; (2) to downscale these data from a daily to hourly time steps; and (3) to disaggregate the data spatially across the model domain. This was undertaken differently for: (1) temperature, relative humidity, wind speed and solar radiation; and (2) precipitation.

For the group 1 parameters, the daily downscaling was achieved using ClimGen (Stöckle et al., 1999). ClimGen generates synthetic daily data either from data series that are too short or from monthly means. We had hourly data or Aigle, a station close to the study catchment, for the period 1981 to 2011, which we used to train ClimGen and then applied the parameterized model to generate daily mean, minimum and maximum values for these parameters for the whole period 1940 to 2011. For the disaggregation of these daily data to hourly data, for all parameters except precipitation, we followed Debele et al. (2007). For rainfall disaggregation we used the MUDRAIN method of Koutsoyiannis et al. (2003).

Model calibration focused on the hydrological year 2010 to 2011. One at a time sensitivity analysis was used to identify sensitive parameters and then the automated PEST procedure was used to identify plausible parameter values. We compared the calibrated model predictions with measured discharge for the period from January 2007 to December 2009 to assess parameter transferability.

Figure 1 shows mean annual temperature, mean annual total precipitation and the maximum and minimum annual accumulated snow, by hydrological year, with a 12 year running mean. The data confirm that the period is an interesting one in which to study climate forcing because there are distinct periods of cooler/warmer and wetter/drier climates, albeit with substantial natural variability. There is a period into the mid 1970s of relatively low levels of annual snow accumulation, a period from the mid 1970s until the early 1980s where snow accumulation is systematically higher, a rapid decline into the early 1990s and a more gradual decline after that.


[image: ]

Figure 1. Mean annual temperature (1a), mean annual total precipitation (1b) and the maximum and minimum annual accumulated snow (1c), by hydrological year, with a 12 year running mean.



It is possible to see the effects of these changes in example annual flow percentiles (Fig. 2). There is clear forcing of river flow by accumulated snow, with the period of greater than average snow accumulation (Fig. 1c) also associated with larger high flows and low flows. The latter reflect the effects of snow accumulation on sustaining summer low flows. The greater magnitude high flows reflect the effects of significant snow accumulation on the probability of a warm rain on snow event, which is greater in the summer months. Indeed, the association between the annual maximum flow magnitude and the annual maximum accumulated snow depth is extremely clear (Fig. 3).



2.3 Implications for sediment transport capacity

To assess the implication of these changes in river flow for sediment transport capacity, we have developed a simple model SEDALP. We use a mathematical modeling approach that has been extensively evaluated for instrumented Swiss catchments (Nitsche et al., 2011) and are comparable with the Avançon basin.

Many bedload transport equations for rivers have been based upon flume experiments and, to a lesser extent, instrumented river catchments with relatively low bed slopes and relative roughness (Nitsche et al., 2011). They tend to under-estimate energy losses associated with macroform roughness and hence over-estimate bedload flux. Nitsche et al. showed that over prediction of bedload flux could be substantially reduced by inclusion of an improved representation of flow resistance. However, they also showed that a simpler approach (Rickenmann and Recking, 2011) that included additional energy losses linked to roughness elements, but where no information on the detailed spatial organization of roughness elements is available, produced the best overall results. They attributed the success of this simpler model to either: (1) inadequacies in the physical representation of roughness elements in more complex treatments; and/or (2) the difficulties of identifying and measuring those elements in field data. Given the success of the Rickenmann and Recking (2011) approach in the evaluation of models by Nitsche et al. (2011), and the similarity of the Avançon to those streams considered, the Rickenmann and Recking (2011) model is used here for the calculation of sediment transport capacity.


[image: ]

Figure 2. 5th and 95th percentiles of river flow.
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Figure 3. Annual maximum flow magnitude plotted against annual maximum accumulated snow depth.



This application requires specification of two models: (1) flow resistance; and (2) sediment transport capacity. For flow resistance, following Rickenmann and Recking (2011), the slope (S) of the energy line is partitioned into: that lost on overcoming flow resistance; and that available for sediment transport (S0), associated with grain friction; after Meyer-Peter and Müller (1948):

S0=S [ (n0ntot)0.5 ]e (1)

where: ntot is the Manning parameter, for total roughness; n0 is that associated with grain friction and e is set at 1.5 following Nitsche et al. (2011). Following Rickenmann and Recking (2011), the Variable Power Equation (VPE) of Ferguson (2007) accounts for the depth dependence of roughness.

First, we write expressions for velocity (vtot), which includes all energy losses, and that velocity associated with the grain scale (v0) only in terms of a friction factor (f) (and where by definition v0 > vtot):

8/ftot =vtot /(gRS)0.58/f0=v0/(gRS)0.5=6.5(R/D84)0.167 (2 and 3)

where: g is the gravity constant; R is the hydraulic radius, and D84 is the 84th percentile of grain-size. On this basis:

f0/ftot =vtot /v0 (4)

and in combination with (1):

S0=S [ (vtotv0) ]e (5)

The VPE provides a means of estimating the cross-section averaged flow velocity mirroring traditional flow resistance equations but allowing for the effects of changing flow depth upon flow resistance:

vtot =6.5(gRS)0.52.5(R/D84)[ 6.52+2.52(R/D84)1.67 ] (6)

The grain-scale velocity is then estimated from a Manning-Strickler type equation (Nitsche et al., 2011):

v0=6.5(gRS)0.5(R/D84)0.167 (7)

Application of (6) and (7) to (5) allowed calculation of a reduced slope, taken as that to be effective for the transport of sediment and which is in turn applied to a sediment transport equation.

After Nitsche et al. (2011), sediment transport is calculated using the unit discharge approach of Rickenmann (2001). The sediment transport rate (per unit width, qb) is defined by:

qb=1.5(q−qc)S01.5 (8)

where: q is the discharge per unit width; and qc the critical discharge per unit width. The critical discharge per unit width is defined by:

qc=0.065(s−1)1.67g0.5D501.5S0−1.12 (9)

where s is the density of sediment. The formulation in (9) is a relatively simple threshold-based sediment entrainment formula, which does not account for processes that have been shown to be important in flume experiments (e.g. the role of a sand fraction in reducing the critical discharge necessary for sediment entrainment; Wilcock and Crowe, 2003). However, this was found by Nitsche et al. (2011) to be effective in representing sediment transport provided the slope was reduced to correct for form roughness effects as per (1). There are no field measurements of sediment transport in the Avançon system and so this approach, validated for a large number of instrumented Swiss catchments (Nitsche et al., 2011), was adopted.

A straightforward application of SEDALP is complicated as the Avançon is multi-thread in places including in the reach considered here. To apply the model to the section we consider in this paper, the river was treated as a series of panels, as defined by the river cross-section morphology. For any individual river section, a series of water levels were considered in increments of 0.5 mm above the minimum elevation in that section. For each water level, and under the (severe) assumption that there was no difference in water level between branches of the section, the number of occupied branches was calculated. The water level and cross-section morphology was then used to calculate the hydraulic radius for each branch, and the Ferguson VPE ((6)) was applied to calculate the velocity, using also the local downstream river slope and measured grain-size data. Estimated velocity was then combined with the width and the depth for each branch to calculate branch discharge. Discharges were then summed for all branches to give the discharge estimated for that water level. By undertaking this for a large number of water levels, it was possible to create a look up table that, for a given discharge, allowed the estimation of the number of branches occupied by water, and the velocity, width and depth of each branch. As water levels rose, two branches could become a single branch. In this case, to avoid sudden jumps in the hydraulic geometry of the river, the two branches were kept as separate panels, mirroring what happens in one-dimensional models of flood inundation.

For each discharge predicted by the hydrological model, the closest discharge in the look up table was identified, and hence the number of branches, and the velocity, depth and width of each branch. For each branch, the reduced slope was calculated as per (1), applied to (5) and then used with the branch discharge. In the final stage, the bedload transport per unit width for each branch is converted to a total bedload transport for each branch and summed for all branches.

Here, we show the results for one section, representative of the braided reach of the river. It is also contained within a reach where there has been active deposition over the last 10 years. Figure 4 shows the cumulative annual deviation from the average annual sediment transport rate: values greater than zero show periods with greater than average sediment transport. Also shown is the catchment averaged minimum snow depth in mm. Given the link between the characteristics of snow accumulation and annual maximum flows, and the use of a non-linear sediment transport law ((8)), it is not surprising that there is a clear association between snow accumulation and sediment transport, albeit with a small lag showing that sediment transport is commonly greater after elevated periods of snow fall, in this case as indicated by minimum snow depths, that is periods of release of accumulated snow to runoff. The period until the 1970s has markedly less than average sediment transport rates. These rise from the mid 1970s to the mid 1980s, and then decline thereafter back until their long-term average by 2010.

We have aerial imagery for the section of river used for SEDALP. This has been orthorectified and analyzed to assess if there is a geomorphic response during this period. We focus upon a 1.5 km long reach with approximately constant slope and calculate the percentage of vegetation within a fixed width within this area. Figure 4 superimposes these data and shows how during the colder and snowier period, associated with greater sediment transport capacity, there was also a greater degree of vegetation development on the terraces that formed following riverbed incision. As sediment transport capacity falls from the late 1980s onwards, the percentage vegetation falls rapidly as the amount of sediment cover rises, with sedimentation occurring on the terraces formed during the incision. Two points follow. First, there appears to be a climate forcing of geomorphic response through the effects of colder periods on sediment transport capacity arising from snow stock effects. Second, sediment transport capacity is not necessarily the same as actual sediment transport rates, as the latter will be influenced strongly by sediment supply. In this catchment, the warming seen since the 1980s may equally have led to a greater sediment flux to the valley bottom, associated with melting permafrost. But, if snow is also responsible for this transfer, it is equally possible that less snow accumulation has slowed this flux.
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Figure 4. Cumulative annual deviation from the average annual sediment transport capacity, minimum snow depth and the percentage of the studied river plain that is vegetated.





2.4 Synthesis

This study of historical Alpine river flow and its effect upon sediment transport capacity and river dynamics suggests that temperature and precipitation and their combined effect upon snow accumulation may be critical in understanding how basins respond to changing climate. A clear association between annual maximum flow and snow accumulation emphasizes that in Alpine catchments, the probability of high river flow events may actually be reduced and not increased under a warming climate, if that climate reduces snow accumulation. This trend may also lead to reduced sediment transport capacity and so to progressive sediment deposition and resulting in serious sediment management problems.




3 HUMAN FORCING OF ALPINE RIVER FLOW


3.1 Background and approach

The above focus was on a catchment that had minimal human impact. As such, it allowed a form of experimental control, in which direct human impacts are kept relatively constant, to show how climatic variability forces river flow, and perhaps also sediment transport. However, the vast majority of Alpine drainage basins are actually exploited for a range of reasons: hydroelectric power production; gravel and sand extraction; tourism etc. These can have profound impacts, not only upon river flow, but also sediment flux, river channel morphology and ecosystems. Whilst the hydrological and geomorphological effects of dams upon the rivers downstream have been studied for may years, there are fewer studies of a type of system that is extremely common in Alpine systems where flow regulation does not involve accumulation behind a dam. Rather, water abstraction and transfer takes place through tunnels, either: (1) to a dam in another drainage basin; or (2) downstream within the same drainage basin, but where the water is kept at altitude to create a greater hydraulic head for hydroelectric power production. Figure 5 shows a schematic of this kind of system in the Southern Swiss Alps. Water, primarily from snow or glacier melt, is taken off and transferred (sometimes after pumping to higher altitudes) through a network of tunnels to a reservoir in an adjacent valley. Then water is stocked and released according to energy demands, which substantially alters the discharge regime of the main river both upstream and downstream of the HEP generation plant. Alpine catchments commonly have very high sediment production rates (e.g. Harbor and Warburton, 1993), a result of both glacial and paraglacial processes, such that sediment delivery rates to the tributary headwaters can be very high. This may lead to significant sediment accumulations in the intakes, necessitating periodic evacuation of sediments to the downstream river. Thus, sediment tends to remain in the system whilst the capacity to transport it is withdrawn from the system and used for hydropower generation. There are surprisingly few studies of this kind of human forcing at the scale of river basins especially over the long-term, despite flow abstraction and transfer being a dominant hydroelectric power approach in the European Alps. Here, we aim to quantify the effects of this kind of management upon the river system for a major flow abstraction scheme.
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Figure 5. The western part of the Grande Dixence SA hydroelectric power system. Base image SwissTopo©.





3.2 The Grande Dixence scheme

The Grande Dixence scheme in Southwest Switzerland (Fig. 5) has its origins in the 1920s, initially as a conventional single valley-dammed system. In the 1950s, to create greater hydroelectric power production, the storage volume was increased and supply from other valleys was developed. The result was: (1) the Dixence dam, which came into service in 1961, at an altitude of 2’385 m with a dam height of 285 m and able to stock 400 billion cubic meters of water; and (2) a 100 km network of tunnels, including a 24 km major tunnel at 2’400 m altitude, capturing water from 35 glaciers, through 75 intakes and with an additional 4 pumping stations to pump water from lower basins to the 2’400 m tunnel.

Herein, we focus upon the Borgne d’Arolla, a left bank tributary of the River Rhône that lies within the Grande Dixence system, where we have quantified how human forcing of river flow impacts the river system over daily, seasonal and decadal timescale. Here we focus upon the decadal timescale.



3.3 Decadal-scale response

To quantify the decadal scale response of the river system we used archival digital photogrammetry (Lane et al., 2010). Historical imagery was available from 1959, just before the major phase of development of water intake, through until 2010. The quality of data that can be obtained from such imagery is primarily controlled by image scale but this relationship is well established such that given a set of historical images we can determine a priori the quality of the data that will be obtained. Ground control is needed, using points that are genuinely fixed throughout the period of study, and aided by the fact that there is some human habitation in the valley, which we used for this purpose.

Figure 6 shows photogrammetrically-estimated erosion and deposition within the Borgne between 1959 and 2010. There are three zones of deposition, each in areas of reduced valley slope and separated by river gorges. The most upstream area of Figure 6 (reach A in Fig. 7) has substantial deposition, greater than 3 m in places. The middle area (reach B in Fig. 7) has substantial deposition, but also some zones of net erosion, reflecting local river engineering works designed to straighten the river and reduce sediment accumulation. The downstream area (reaches C and D in Fig. 7) has substantial deposition, laterally greater in extent because of greater accommodation space. Reach D is also influenced by supply of sediment from a right bank alluvial fan, reducing local valley slope and encouraging deposition.
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Figure 6. Elevation changes between 1959 and 2009. River flow is from bottom to top.
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Figure 7. Orthorectified aerial images for four reaches of the Borgne d’Arolla from before the HEP development (1959) to 2010, orthorectified from aerial imagery (SwissTopo®).



Imagery in Figure 7 shows that for the most upstream reach (A) where there was the largest impact of construction works, active river channel narrowing occurred to 1983, linked to postconstruction recovery (see Gurnell, 1983). But, from 1983 to 1994, active channel width increases, after which it becomes more stable. Reach B shows a similar trend until artificial straightening in the early 1990s. By contrast, Reach C also narrows to 1983, but widens most rapidly from 1988 through to 1994. Reach D shows some vegetation development to 1983, followed by sedimentation, more rapid from 1988 to 1994. By 1994, there appears to have been an avulsion towards the right, which then re-vegetates until 2010 when it re-occurs.



3.4 Climate forcing

Figures 6 and 7 suggest substantial changes in the evolution of the Borgne d’Arolla. It is tempting to link these to flow abstraction and the reduction in sediment transport capacity. Doing so is dangerous, not least due to the evidence in Section 2 which suggests that over the timescale shown in Figure 7 there has also been considerable climate forcing of hydrological response and so sedimentation. As these are regulated systems, we are fortunate that they are also extremely well documented, with reliable discharges measured at each intake. Application to the SEDALP model allows us to calculate the annual sediment transport capacity upstream of the flow intakes.

Figure 8 shows some similarity but also some differences as compared with the results from Section 2: modeled annual sediment transport capacity rises from the late 1970s to the late 1980s, remains fairly stable (but variable) to the early 2000s and then appears to be rising again. This is different to the Avançon basin (Fig. 4), reflecting the importance of the glaciated part of the Borgne basin, and progressive loss of ice as mean annual temperature continues to rise. Figure 7 suggests that the 1983–1994 sedimentation increase could also be caused by increases in upstream sediment transport capacity and delivery of more sediment to the intakes, so increasing purge frequency. This conclusion is tentative for two reasons. Significant glacier recession during this period could have resulted in a greater sediment delivery. Removal of sediment transport capacity downstream of intakes will substantially slow the duration of sediment transport, making it unlikely that the 1983 to 1988 morphological response should occur simultaneously with the sediment transport capacity increase but rather reflect progressive sediment translation in the downstream direction.



3.5 Synthesis

As compared with a basin with low human impact (Section 2), it is clear that human forcing can substantially impact a river system. However, disentangling human forcing from other forcing such as local relief (which determines local valley slope and available accommodation space) or climate is difficult. Further work is needed to quantify how climate forcing impacts on sediment transport capacity and sediment delivery, and how purging has changed the rate at which such climate signals propagate through the river to create downstream impacts.
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Figure 8. Annual sediment transport capacity, Haut Glacier d’Arolla (upstream of the intake) with a 12 year running mean.






4 CO-EVOLUTION OF CLIMATE AND HUMAN IMPACTS ON ALPINE RIVER FLOW

Both case studies shown here suggest that Alpine river flow is likely to have been to marked stationarity over the last decades, with evidence that this can be traced into river response. Clearly, further work is required to understand the timescales and rates of these processes in a way that can integrate the diverse ways in which climate and humans are impacting upon Alpine environments. However, one more fundamental challenge relates to the way in which climate and human forcing co-evolve in Alpine environments, making it difficult to separate out climate and human forcing. Here are two examples. In response to rising sediment transport capacity during the 1980s, the Haut Glacier d’Arolla intake had to be redesigned in the early 1990s to have greater capacity. It led to less frequent purging, but it also reduces the residual flow released during purges. The Borgne d’Arolla, as shown in Reach B, has been straightened to increase local sediment flux capacity, something that in leading to local erosion may have impacted upon downstream sediment delivery. Having worked in the Borgne since 1989, it is possible to see a suite of other examples that reflect the progressive interaction between humans and their environment centered on the management of changing river flow. Not only will separating climate and human impacts upon river flow be difficult, it may not be entirely meaningful.
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A sediment journey through the Bermejo River of Argentina and Bolivia: From debris flows to meandering, ending in washload
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ABSTRACT:

The watershed of the Bermejo River covers an area of about 123,000 km2. The river rises in the Andes Mountains in northwestern Argentina and southern Bolivia and flows for some 1,300 km across the vast Chaco Plains serving as an important ecological corridor linking the Andes Mountains with the Atlantic Ocean. The Upper Bermejo Basin (50,000 km2) is shared by Argentina and Bolivia while the Lower Bermejo Basin (73,000 km2) lies entirely within Argentina. The basin comprises three major features: the Eastern Cordillera of the Andes with altitudes of between 3,000 and 4,600 m above sea level; the Sub-Andean Ridge that runs north-south at altitudes of around 2,000 m; and, finally, the Chaco Plain lying between 200 and 400 m above mean sea level. The population of the basin is of the order of 1,200,000 inhabitants.

This river system contributes the largest amount of Andean sediments to the Paraguay-Parana-LaPlata River system and plays a major role in the ecological and morphological dynamics of the Parana River, including its floodplains and delta, and the La Plata River, which, on average, receives more than 100 million tons of sediment annually (Figure 1). Most of the suspended sediment reaching the estuary of the La Plata River and the Atlantic Ocean originates in the Bermejo River basin (Amsler and Prendes, 2000).


Sediment loads contributed by the Bermejo River basin are among the largest in the world. Rivers can transport sediment in suspension, via turbulence, or as bedload along the bottom and stream banks (García, 1999). The sediment transported in suspension consists of: (a) bed material, mainly fine sand and silt resuspended from the bottom; and (b) fine material, mainly clay commonly known as “washload.” The amount of fine sediment transported in suspension by a river as washload does not depend on the sediment transport capacity of the river but is rather a function of how much fine sediment a given watershed will yield. There is a strong correlation between watershed soil erosion and the washload conveyed by a river system. In the case of the Bermejo River, the washload is extremely large (to be exact more than 100 million tons per year) and constitutes the main source of sediment to the Parana-La Plata River system (Alarcón et al., 2003). Even though the flow discharge of the Bermejo River is very small when compared with other rivers in the La Plata River Basin, its sediment load is several orders of magnitude larger than those of the Paraguay and Upper Parana Rivers. For example, in the Middle Parana River, the Bermejo River contributes only 5% of the liquid flow discharge but about 95% of the suspended sediment discharge (Alarcón et al., 2003). Every year, tens of millions of dollars go into dredging and maintenance of harbours and navigational waterways along the Paraná River. It should be clear that even a modest reduction on the amount of sediment produced and delivered by the Bermejo River basin could have a socio-economic impact on the Paraná-La Plata River system. Even if the erosion of sediment cannot be reduced in the upper watershed, sediment management along the Lower Bermejo, for instance with permeable dikes, could have a double benefit by making the course of the river more stable and reducing the amount of sediment delivered to the Paraguay river during floods.
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Figure 1. Satellite image of La Plata River Basin showing suspended sediments largely derived from the Bermejo River.



Many environmental and water management issues within the Bermejo River basin are also related to the dynamics of sediments, including erosion, transportation and deposition and the resulting river morphology and planform geometry. For example, in the Lower Bermejo Basin, close to the town of Laguna Yema in Formosa, Argentina, the lateral migration of the river channel makes it practically impossible to have a reliable continuous source of water for both human consumption and the irrigation of agricultural land. In the Upper Bermejo basin, the San Jacinto Reservoir near Tarija, Bolivia, is steadily filling up with sediments thus reducing its capacity for storing water, a fact that has motivated the Tolomosa and Mena River projects for sediment control (Figure 2). In the town of Iruya, Salta, Argentina, strong hill slope erosion (Figure 3) and annual debris flow events mobilize large amount of sediments towards to the lower portions of the river. Most of this sediment becomes the washload that leads to siltation of the Parana River Delta Infrastructure such as bridges is under constant pressure due to the meandering nature These three examples show the need to assess sedimentation processes within the Bermejo River basin for the benefit of sustainable water management and land use.

Understanding the hydrologic, sedimentologic and ecologic balance of the Bermejo River basin has the potential to provide more widespread benefits. Only the river basins of China and Nepal have rates of sediment erosion and yield comparable to those observed in the Bermejo River basin, making it a rather unique river system on the American continent.

There are two further aspects that make the Bermejo River basin different from those of similar river systems around the world. First, the population of the watershed is rather small and, second, the extent of environmental degradation can still be reduced or curtailed with the introduction of appropriate measures. Thus there is a unique opportunity for sustainable river basin management in the region, which in other parts of the world can no longer be achieved since the degree of environmental degradation has extended beyond critical levels (UNESCO, 1999).
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Figure 2. Sedimentation Basin in the Santa Ana River Basin, Calderas, Bolivia.
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Figure 3. Upstream view of Milmahuasi River (Iruya), a tributary of the Bermejo River. Notice houses perched atop the right margin of the river where there has been substantial erosion.
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Kander River near Kandersteg (BE), Switzerland. (Photo: Michael Pfister).








A    River hydrodynamics


A.1    Turbulent open-channel flow and transport phenomena






Measurement of mass exchange between a main flow and an adjacent lateral cavity
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ABSTRACT: The aim of the present study is to measure the passive-scalar exchange coefficients in simplified open-channel lateral cavities and to investigate the influence of the flow and cavity parameters on this coefficient. Two methodologies proposed in the literature are applied herein: i) velocity measurement in the mixing interface and ii) dye concentration measurement in the cavity, applying a mass conservation analysis. Both estimates appear to be in fair agreement. Present results along with data from the literature reveal that: i) increasing only the cavity width does not impact the obtained exchange coefficient, ii) increasing the dimensions (while keeping the same aspect ratio) of the cavity or increasing only the water depth tends to increase this coefficient and iii) when increasing U (keeping all other parameters equal) no clear tendency is retrieved and iv) fitting trends valid for groyne fields do not apply for lateral cavity configurations.



1 INTRODUCTION

Cavities can be defined as dead zones connected to a main stream. Two main types of cavities can be encountered: a) “closed-conduit cavities”, thus without free-surface, bounded by walls and a connection with the main stream; the cavity may be located either on the side, top or underneath the main stream and b) the “open-channel cavities”, thus with a free surface, connected to the main stream through a lateral face, and comprised within three lateral and a bottom wall plus the free surface above. The main difference between both types lies in the existence or not of a free surface and thus of a vertical confinement of the cavity flow.

“Open-channel cavities” are generally refered to as “lateral cavities”. These lateral cavities can themselves be divided into: A. isolated cavities (as in the present case), B. the cavities located between two consecutive groins (see Uijttewaal et al., 2001) and C. the series of lateral cavities (see Erpicum et al., 2009). Differences between these configurations mainly lie in the direction of the main stream velocity as reaching the upstream limit of the cavity: Unlike case A, in cases B and C the transverse velocity of the main stream is not null when reaching the studied cavity, it is directed towards the center of the main stream as it is influenced by the flow leaving the upstream cavity. The present paper is dedicated to lateral cavities of type A, which are encountered in various open channel flow hydrodynamics situations. Oxbows, cut-off meanders are natural isolated lateral cavities connected to rivers while harbors connected to a river or sea streams are typical artificial isolated lateral cavities.

As described by Riviere et al. (2010), at the connection between the main stream and the cavity, a large velocity gradient forms. This velocity gradient leads to a horizontal mixing layer which extends from the upstream to the downstream corner of the cavity. This mixing layer transfers mass and momentum from the main flow to the cavity. It is thus of primary importance for cavity performance, exchange of nutrients and gases influencing the ecological equilibrium of oxbows, or exchange of fine sediments influencing the geo-morphological budget.

The aim of the present paper is to measure capacity of passive scalar exchanges between the main flow and the cavity and to conclude regarding the influence of the flow pattern in the cavity on the exchange capacity. Riviere et al. (2010) showed that the main parameter governing flow pattern in the cavity and especially the recirculation cell patterns is the aspect ratio W/L of the cavity with W the cavity width (along the crosswise direction, perpendicularly to the main stream direction) and L its transverse dimension. Most studies in the literature consider a low aspect ratio (W/L ≤ 1) for which a single cell occupies almost the whole available space in the cavity. Nevertheless, Booij (1989) & Riviere et al. (2010) showed that as W/L exceeds 2, a second stable cell appears, located on the side of the first one, on the opposite side from the main stream. Finally, Riviere et al. (2010) showed that for higher aspect ratios (up to 6.6) a third or even a fourth cell could take place. The methodology employed here

will thus consist in measuring the passive scalar exchange coefficient and number of cells for several cavity geometries with increasing W/L ratio.



2 LITERATURE REVIEW ON EXCHANGE COEFFICIENTS


2.1 Theoretical background

In order to measure the mass transfer between a main stream and a dead-zone, Valentine & Wood (1977) state that the mass conservation within the cavity is related to the exchanges at the interface between the main stream and the cavity. This relation reads:

dMdt=SexVex (CMS−CC(t)) (1)

where M is the mass of pollutant within the cavity at time t, Sex = Lh is the interface section between the main stream and the cavity, Vex is the typical time-averaged exchange velocity, CMS is the main stream concentration (assumed to be uniform and constant with time) and CC the spatially averaged concentration in the cavity. Moreover, Valentine & Wood (1977) propose to relate Vex to the bulk velocity of the main stream U as Vex = kU, where k is a non-dimensional variable named “exchange coefficient”. Then, using mass definition:

M=CC(t)⋅WLh (2)

where h in the water depth in the cavity and thus WLh the cavity volume (constant with time), Equation 1 writes:

dCC(t)dt=kUW(CMS−CC(t)) (3)

k coefficient can then be estimated using two methodologies. First methodology consists in measuring the time-evolution of concentration in the cavity CC(t). Integrating Equation 3 leads to:

CC(t)=Ae−kUWt+CMS (4)

with A a constant. If (as in present case) the initial concentration in the cavity is null CC(t = 0) = 0, then A = –CMS so that Equation 4 writes:

CMS−CC(t)CMS=e−kUWtlog10 (CMS−CC(t)CMS)=−kUln(10)⋅Wt (5)

that is,

log10 (CMS−CC(t)CMS)=−kUln(10)⋅Wt (6)

Plotting the evolution of the left-hand-side term (obtained by calculation or measurements) of Equation 6 with time and identifying the slope of the curve, equal to –kU/(W·ln(10)), permits to estimate k. This k is noted kconc for “concentration measurement” in the sequel.

Second methodology for estimating k coefficient, described by Weitbrecht et al. (2008), is based on the measurement of transverse velocity along the main stream-cavity interface as:

vex(t)=12Sex∫Sex|v(x,z,t)|dS (7)

and then time-averaging vex to obtain Vex, where v(x,z,t) is the instantaneous transverse velocity component (perpendicular to the main stream direction). The value “2” relates the fact that the absolute value in Equation 7 corresponds to the exchanges from the main stream to the cavity plus the ones from the cavity towards the main stream, that is twice the exchanges referred to in Equation 1. Using the relation between Vex and U proposed by Valentine & Wood (1977), k can directly be obtained as kveloc = Vex /U, where kveloc stands for “velocity measurement”.



2.2 Data from the literature

In the literature, the exchange coefficient k was measured in various cavity configurations such as in a groyne field (Uijttewaal et al., 2001 and Weitbrecht et al., 2008), a cavity located below the main flow (as for Caton et al., 2003), a serie of cavities below (street canyons as Salizzoni et al., 2009 or Markides et al., 2010) and finally a single lateral cavity (as in the present case, see below for references).

In 18 groyne field configurations, Weitbrecht et al. (2008) measured and compared both types of coefficients kconc and kveloc. They report a fair agreement between results from both approaches (about 17% difference). Moreover, they proposed to relate the coefficient k toa so-called “morphometric parameter” RD which reveals a linear trend.

For the lateral cavities, various configurations are investigated which complicate the comparison: Li & Ip (1999) and Li & Gu (2001) respectively measured and computed k coefficients for a single lateral cavity with an entrance length limited by a partial wall. Langendoen et al. (1994) studied an oscillating flow (corresponding to the entrance of a harbor), Muto et al. (2000) considered a step at the entrance of the lateral cavity, Jackson et al. (2013) summarized residence times (related to exchange coefficients) of lateral cavities in field conditions available in the literature, that is cavities with complex shapes bathymetries.

Finally, regarding the lateral cavity configuration studied herein (horizontal open-channel lateral-cavity, with established main stream and no wall at the cavity entrance), 4 papers were encountered. First, Booij (1989) used temperature as indicator to estimate kconc but measurements were limited to a single location in the cavity. This author obtained kconc = 0.02 for W/L = 1 while for W/L = 3, two values are reported: k = 0.014 and 0.02 (as two sensors are used, at different locations). CC is thus not spatially averaged within the cavity so that this data presents a limited accuracy. Second, Altai & Chu (1997) estimated 9 dye exchange coefficients kconc for 2 square cavity dimensions with W/L = 1 (see Table 1). In one of them, they increased the main stream velocity while in the other cavity they modified both the main stream velocity and depth. However, the authors encounter no clear tendency of k coefficient with these parameter modifications. They obtain kconc values comprised between 0.013 and 0.028. However, these values strongly depend on the number of samples considered, preventing to emit definite conclusions. Thirdly, Sanju & Nezu (2013) considered positive, null and negative longitudinal slopes in a lateral cavity with W/L = 1/3. For the null slope configuration, they obtain kconc = 0.014 using LIF method. Finally, Tuna et al. (2013) applied the PIV to measure the kveloc methodology at 6 elevations from the bed to the free surface for two flows: one without and one with seiching. They obtained two different kveloc values: i) from 0.026 (near the surface) to 0.03 (near the bed) without seiching and ii) from 0.034 (near the surface) to 0.042 (at mid-elevation) with seiching. This collected data is summarized in Table 1 and Fig.6 where it is compared to present measurements and to the correlation from Weitbrecht et al. (2008).
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Figure 1. Scheme of the experimental set-up.






3 EXPERIMENTAL SET-UP

The experiments are performed in the channel intersection facility at the Laboratoire de Mécanique des Fluides et d’Acoustique at the Université de Lyon. The facility consists of three 2 m long horizontal glass channels of rectangular shape sections, b = 0.3 m wide, which intersect at 90° (see Fig. 1). The upstream and downstream branches constitute the inlet and outlet flows, while the side channel is closed by a moveable wall. A honeycomb at the inlet of the upstream branch serves to stabilize and straighten the inlet flow. Moreover, a sharp crested weir is used to fix the water depth at the outlet section of the downstream branch. The inlet discharge is fixed to 3.5 L/s, measured using a Promag 50 flowmeter (from Endress Hauser; accuracy ±0.05 L/s). The water depth is fixed to 7 cm (±0.15 mm) at the connection between the cavity and the main stream. Apart from floating tracer visualization at the free-surface (see Figure 2), two types of measurement are considered herein to estimate the exchange coefficients: velocity measurements using PIV and mass transfer measurements using measured colorant concentration.
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Figure 2. Visualization of tracer trajectories floating at the free surface (top) and measured mean velocity field using PIV (bottom) for W/L = 1 (top left), 2 (top right) and 3 (bottom).






4 ESTIMATION OF KVELOC USING PIV

Regarding PIV, a 40 mW laser coupled with a cylindrical lens generates a 1 mm horizontal light layer at the desired elevation: z = 5 cm. Polyamid particles (diameter 50 μm) are added to the water. Finally, a rapid video camera is located above the cavity in order to record the particle motion over 3000 consecutive images of 1280 × 960 pixels each, with an average spatial resolution of 0.3 mm per pixel, at a frequency equal to 12.2 Hz when measuring the first cell and 3.75 Hz for the second cell. Finally, the commercial software Davis (from Lavision) permits to correct image distortions, subtract the background and finally compute the velocity fields (see Figure 2).

Fig. 2 reveals that for a squared cavity (W/L = 1), a single recirculation cell forms and occupies most of the available space in the square area. Only two small secondary cells are observed in the corners of the cavity. For a longer cavity ( W/L = 2 and 3), a second cell takes place adjacent to the first one. The size of the first cell is quite similar for both geometries, as detailed in Riviere et al. (2010) and the velocity of both cells is also similar: the velocity of the first cell is about 3 times the one of the second cell.

In Figure 3, the time-average x-profile of absolute transverse velocity component |v(x)|¯ is plotted. This parameter appears to be minimum near the upstream corner of the cavity and to increase towards the downstream corner with a maximum obtained near x/L = 2/3 (in agreement with data from Tuna et al. 2013). Moreover, the shape and intensity of the profile remains similar for the three plotted configurations W/L = 1, 2 and 3.

Assuming a 2D-flow with not variation along z, Vex can be computed as:

Vex=12L∫x=0x=L|v(x,t)|¯dx (9)

and finally kveloc = Vex/U. Consequently, in our case, Vex is simply half the average of Figure 3 curves.
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Figure 3. Mean velocity transverse to the interface between the main stream and the cavity along x axis for W/L = 1, 2 and 3.



For instance, for W/L = 1, this average equals 8.10−3 m/s, and thus Vex = 4 × 10−3 m/s and kveloc = 0.024 (as U = 0.166 m/s). This data is indicated in the upper part of Table 1. For all tested configurations with the same flow parameters but varying cavity geometry (W/L = 1 to 5), all kveloc coefficients remain similar, equal to about 0.025.



5 ESTIMATION OF KCONC USING DYE RELEASE

Regarding mass transfer measurement, the methodology used herein is similar to that proposed by Weitbrecht et al. (2008) except that in our case the dye is injected in the main stream and not in the cavity. The whole set-up is introduced below a dark tent and a controlled and repeatable ambient light is located within the tent above the free surface. Previous to experiments, the cavity is closed and filled with 9 consecutive controlled volumes of water with well-known dye concentrations so that the water depth remains exactly equal to 7 cm (equal to the water depth when the flow configuration is established afterwards). A high resolution photograph (4000–4000 pixels) of the cavity and intersection is taken from above the free surface for each concentration. Using the light intensity of each pixel, a calibration curve of light intensity vs dye concentration is finally established for each pixel. Initially, a steady-state flow in the main stream and the cavity is reached with clear water. From time t = 0 until the end of the experiment, a constant discharge (two orders of magnitude lower than the water discharge) of dye is injected at the upstream end of the inlet channel (see Fig. 1) so that complete mixing is achieved before reaching the cavity. Time when the dye starts to reach the intersection is set as t = 0. Similar photos as for the calibration are taken every 5 seconds. These photos and the calibration curves finally permit to compute the concentration map of C(x,y,t)/CMS at every time step (see Figure 4). The main limit of such approach is the assumption that the concentration field is 2D with no evolution along the vertical axis. This methodology is applied to three configurations: W/L = 1, 3 and 5. Figure 4 shows the time evolution of dye concentration within the cavity for W/L = 1, 3 and 5.

At initial times (t = 5–30 s in Figure 4), exchange processes are similar for both configurations. Dye is introduced into the cavity through i) advection from the main stream to the cavity near the downstream corner (see black arrows at t = 5 s) and ii) diffusion by turbulent structure all along the mixing layer. Figure 4 reveals that advection near the downstream corner exceeds turbulent diffusion.
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Figure 4. Time-evolution of dye concentration maps for configurations with W/L = 1 (top), 3 (center) and 5 (bottom), red arrows refer to the mean flow direction in the mainstream.



As time increases (t = 30–55 s in Figure 4), advection by the mean flow in the cavity (see Figure 2) continues and the outer layer of the first cell becomes completely colored. Moreover, turbulent diffusion within the first cell transports dye for the outer layer towards the center of the cell, increasing the dye concentration over the whole surface of the first cell. Nevertheless, at t = 30 s the concentration map starts to differ for W/L = 1, 3 and 5. For W/L = 1, the first cell in the cavity is bounded by a wall at x = 300 mm. The cavity is thus short along x axis so that advection all around the first cell is rapid and diffusion distance from the outer layer to the center of the cell is short; consequently, the concentration in the first cell increases rapidly. For W/L = 3 and 5, the first cell is more elongated along x axis, and both advection along the outer layer of the first cell and diffusion towards its center take more time. Finally, even if the exchange velocity Vex is similar to case W/L = 1 (according to Table 1), the concentration in the first cell remains lower.
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Figure 5. Time-evolution of spatially averaged dye concentration in the cavity for W/L = 1, 2 and 3.



For larger times (t > 55 s), the processes strongly differ between cavity geometries. For W/L = 1, the same initial process continues: more dye is introduced in the cavity, is advected by the cavity mean flow and diffuses towards the center of the cell, so that the dye concentration rapidly increases everywhere in the dead zone. For W/L = 3 and 5 an additional process appears: part of the dye from the outer layer of the cell near x = 400–500 mm is advected towards the second cell (see Figure 2). Consequently, the concentration increase in the first cell is delayed and the concentration in the second cell slowly increases.

Once the concentration maps such as plotted in figure 4 are obtained, the spatial averaging of dye concentration C over the cavity area leads to Cc in Equation 6. The term log10([CMS – CC(t)]/CMS) = f(t) is finally plotted in Figure 5. As the initial gradient equals –kU/(Wln(10)), see Equation 6, estimation of kconc is finally obtained. Note that the increasing absolute slope as W decreases is coherent with a constant k value as for a given main stream flow, the slope is proportional to –k/W.

However, it appears that the absolute value of the slope decreases with time due, for instance, to dye trapped in secondary gyres located near the corners of the cavity as x~300 mm, see Weitbrecht et al. (2008) or Uijttewaal et al. (2001). Thus, the value of the slope strongly depends on the time range over which the slope is estimated. For instance, for W/L = 1, the slope equals –80 × 10−4 s−1 if the three first points (t = 5–15 s) are considered and equals –54 × 10−4 s−1 if the five first points (t = 5–25 s) are considered. As proposed by the literature, it is decided to consider only the first data points of Figure 5. These slopes respectively equal –80 × 10−4 s−1, –17 × 10−4 s−1 and –12.4 × 10−4 s−1 leading to the kconc values included in Table 1.




6 RESULTS AND COMPARISON WITH THE LITERATURE

Table 1 summarizes the exchange coefficients k obtained in our experiments using velocity (kveloc in section 4) and concentration (kconc in section 5) methodologies along with data from the literature review (section 2.2).

Regarding the present data (upper part of Table 1), for the three common configurations both estimates of k coefficients are in fair agreement, with a mean difference of about 20%, that is about the same difference as obtained by Weitbrecht et al. (2008) in a groyne field (average error of 16.6%). In the same way, PIV approach reveals that the exchange coefficients do not evolve when increasing the width of the cavity W. This result may appear unexpected at first glance but becomes obvious when comparing the velocity magnitude of the first cell in Figure 2 for the three measured configurations. Indeed, k is dependant on the characteristics of the mixing layer between the main stream and the cavity which in turn is mainly dependant on the velocity gradient between both regions (main stream and cavity). The velocity in the main stream is kept constant, (U = 16.6 cm/s, see Table 1) and Figure 2 reveals that the velocity magnitude of the first cell on the side of the mixing layer equals about 2.2 cm/s for W/L = 1 and 2 and equals 1.5 cm/s for W/L = 3. Thus the velocity gradient across the mixing layer respectively equals about 14.5 cm/s for W/L = 1 and 2 and 15 cm/s for W/L = 3, (difference of only 3.5%). These three mixing layers are thus very similar (not shown here, analysis in preparation) and it becomes obvious that the exchange velocity and thus the exchange coefficient must be similar.

Finally, when looking at all exchange coefficients in Table 1 (present data and data from the literature), all values are comprised between 0.013 and 0.035. The following conclusions can be sorted:


	– Impact of W (all parameters being constant). Present data and data from Booij (1989) indicate that increasing W does not impact k coefficient.

	– Impact of W and L (keeping W/L, h and U constant). Data from Altai & Chu (1997) indicate that increasing W and L tends to increase k coefficient.

	– Impact of U (keeping h, W and L constant). Data from Altai & Chu (1997) do not explicit a clear tendency on the exchange coefficient.

	– Impact of h (keeping W, L and U constant). Present data and data from Altai & Chu (1997) with W = L = 0.3 and 0.32 respectively indicate that as h increases, k also increases.



Furthermore, Figure 6 plots all available exchange coefficients from Table 1 as a function of the morphometric parameter RD obtained by Weit-brecht et al. (2008) for groyne field configurations along with the corresponding fitting curve. Agreement between lateral cavity configurations and the fitting curve remains poor.




Table 1. Flow and geometrical configurations along with k estimations from present experiments and from the literature.




	
	W/L

	W(m)

	L(m)

	h(m)

	U (m/s)

	k veloc

	k cone






	Present data PIV and Concentration

	1

	0.3

	0.3

	0.07

	0.17

	0.025

	0.033




	2

	0.6

	0.3

	0.07

	0.17

	0.027

	



	3

	0.9

	0.3

	0.07

	0.17

	0.027

	0.021




	4

	1.2

	0.3

	0.07

	0.17

	0.026

	



	5

	1.5

	0.3

	0.07

	0.17

	0.025

	0.026




	Tuna et al. (2013): near bed region PIV surface region PIV surface region - seiching - PIV

	1.50

	0.457

	0.305

	0.0381

	0.24

	0.03

	



	1.50

	0.457

	0.305

	0.0381

	0.24

	0.026

	



	1.50

	0.457

	0.305

	0.0381

	0.43

	0.035

	



	Altai et Chu (1997) Concentration

	1

	0.89

	0.89

	0.029

	0.29

	
	0.028




	1

	0.89

	0.89

	0.05

	0.16

	
	0.014




	1

	0.89

	0.89

	0.027

	0.30

	
	0.025




	1

	0.89

	0.89

	0.06

	0.13

	
	0.019




	1

	0.32

	0.32

	0.025

	0.34

	
	0.028




	1

	0.32

	0.32

	0.025

	0.30

	
	0.014




	1

	0.32

	0.32

	0.025

	0.21

	
	0.019




	1

	0.32

	0.32

	0.025

	0.14

	
	0.013




	1

	0.32

	0.32

	0.025

	0.07

	
	0.020




	Booij (1989) Concentration at single point

	1

	1

	1

	0.11

	0.5

	
	0.020




	3

	3

	1

	0.11

	0.5

	
	0.020




	3

	3

	1

	0.11

	0.5

	
	0.014




	Sanjou & Nezu (2013) Concentration

	0.33

	0.1

	0.3

	0.053

	0.12

	
	0.014








[image: ]

Figure 6. Exchange coefficient as a function of the morphometric parameter from Weitbrecht et al. (2008).





7 CONCLUSIONS AND PERSPECTIVES

Exchange coefficients are indicators of the capacity to exchange passive scalar between the main stream and the lateral cavity. The aim of the present study was to measure the exchange coefficient in lateral cavities through i) velocity measurement and ii) dye concentration measurement. These two methodologies appear to be in fair agreement, as already observed in groyne fields. Moreover, the second aim of the paper was to investigate the influence of the flow and cavity parameters on this coefficient. It appeared that:


	– increasing only the cavity width does not impact the obtained exchange coefficient,

	– increasing the dimensions (while keeping the same aspect ratio) of the cavity or increasing only the water depth tends to increase this coefficient,

	– when increasing U (keeping all other parameters equal) no clear tendency is retrieved,

	– the linear trend between exchange the coefficient and the morphometric parameter proposed in the literature for groyne fields does not apply to the present configuration.



Further and more systematic parameter analysis is thus required before concluding on the behavior of exchange coefficient and will be performed soon at LMFA, Lyon, France.
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Entrainment mechanisms in river embayments
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ABSTRACT: The flow of a river past a shallow embayment (similar to that past a pair of groynes) was physically modeled in a laboratory channel that was 2 m long and 0.4 m wide with a 0.24 by 0.24 m2 embayment at mid-channel. Measurements were obtained using three-dimensional particle tracking velocimetry. Three cameras were mounted above the channel to track neutrally buoyant particles seeded into the flow. Based on these measurements, the entrainment mechanisms between the embayment and the main flow were studied. Analysis has shown that particles tend to penetrate the embayment at the downstream end of the interface, closer to the bottom, and leave the embayment through the upstream end of the interface, closer to the surface. Two theories are proposed to explain this behaviour. One is the secondary circulation in the embayment, that occurs as a result of cyclostrophic imbalance near the bottom solid boundary. A pressure gradient, balanced by the centrifugal force in the embayment vortex, dominates near the bottom, where the flow is decelerated by the bottom friction. As a result, particles at the bottom boundary start to move radially towards the centre of the embayment, where, by continuity, they subsequently start to rise slowly, in a spiral-like motion, with increasing radius of rotation. Once the particles reach the surface, they continue spiraling outwards towards the edges of the embayment, where re-entrainment into the main flow can occur. Along the edges of the embayment the particles are then entrained into a downward flow back to the bottom boundary, closing the flow path. This circulation can be partially responsible for the previous observations of particles entering an embayment along the bottom boundary and exiting it near the surface. The second mechanism affecting the entrainment mechanism between the embayment and the main flow pertains to the importance of the Kelvin-Helmholtz vortices in the shear layer between the slow-moving embayment flow and relatively fast channel flow. The bottom shear affects the Kelvin-Helmholtz structures, distorting the vortices that initially have a vertical axis of rotation. Deceleration of the flow near the bottom can tilt the axis of these vortices forward, resulting in the amplification of the effect, where the flow is principally oriented into the embayment along the bottom boundary and out of the embayment near the surface.



1 INTRODUCTION


1.1 Motivation

Transport of pollution by channeled flow is one of the primary problems of river engineering. Groyne fields and natural cavities in the banks can potentially change the spreading rates and the spatial distribution of pollutants in river flow. Contaminated matter can settle and accumulate in the slow moving regions, but can be also flushed out at high stages. Slight changes in the boundary conditions can reverse the process from sedimentation to scouring. To predict this highly sensitive and variable behaviour, we need to understand the exact mechanism by which the main current is interacting with the cavity or embayment flow.



1.2 Background

Embayment flows consist of three distinct regions (Fig. 1): i) a large-scale rotating gyre driven by the shear, ii) a mixing zone, situated in the shear layer between the main flow and the embayment; it is dominated by Kelvin-Helmholtz turbulent vortices with vertical axis of rotation; and iii) the “dead zone” (or the core), that is situated in the center of the rotating gyre and is a low-speed region (Babarutsi & Ganoulis 1989, Kimura & Hosoda 1997).

Over the years, embayment flows have been traditionally treated as two-dimensional problems, where all the characteristics are averaged over the flow depth (see for example Uijttewaal, Lehmann, & VanMazijk 2001or Weitbrecht, Socolofsky, & Jirka 2008). This approximation is not without basis, as river flows are usually shallow; that is, the flow depth is much smaller than the width of the river and the mixing process therefore occurs orders of magnitude faster in the vertical direction than in the horizontal plane. Thus, the time taken for the vertical mixing in many cases can be neglected, and the flow can be treated as two-dimensional. However, the flow structures resultant from the vertical shear are much more powerful than those in the horizontal plane, and in some cases, their occurrence may not result in homogeneity over the depth, but on the contrary, large variability. It has also been shown that depth-averaged models of embayment flows do not always produce accurate results. The first evidence of this was given by Uijttewaal, Lehmann, & Van Mazijk (2001). The exchange rate between the main flow and the embayment was calculated from two different laboratory techniques: measurement of the depth-averaged dye concentration, and from tracking the surface particles. The exchange rate obtained from the surface data was twice as high than that obtained from the integrated over depth dye concentrations. Discrepancies have been found in numerical simulations as well. Hinterberger et al. (2007) showed that two-dimensional Large Eddy Simulation (2D LES) of an embayment flow resulted in a mass exchange coefficient that was twice as high as the mass exchange coefficient calculated from a 3D LES. Other evidence of three-dimensionality of this flow was presented in Mizumura et al. (2003), Jamieson and Gaskin (2007), and Constantinescu et al. (2009). The authors showed that the shear layer between the embayment and the main channel varies significantly with depth. Particles were observed to leave the embayment along the surface, and to enter it along the bottom. The recent study of Tuna, Tinar, & Rockwell (2013) showed that the streamlines along the embayment opening close to the bed are deflected toward the interior of the cavity and that the overall distribution of the flow structures is highly dependent on the distance from the bed.
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Figure 1. The three flow regions in an embayment (top view).



In our work, we aim to gain more insight into the reasons for this behaviour. We have performed laboratory experiments resolving the flow structures in all three dimensions. In the following sections we will present the description of the experimental techniques, some data pertaining to error estimations, the final analysis, and our conclusions.




2 EXPERIMENTAL TECHNIQUE


2.1 Laboratory setup

Laboratory experiments were performed in the Environmental Hydraulics Laboratory at McGill University. The flow of a river past a shallow embayment was physically modeled in a laboratory channel that was 2 m long and 0.4 m wide with a 0.24 by 0.24 m2 embayment at mid-channel (Fig. 2). Measurements were obtained using three-dimensional Particle Tracking Velocimetry (3D PTV). Three cameras were mounted above the channel such that each one of them captured the embayment in its field of view from a slightly different angle. Large number of small neutrally buoyant particles (0.2–0.4 × 10−3 m in diameter) were seeded into the flow and were simultaneously tracked in space and time using the three cameras. Based on the obtained Lagrangian trajectories of the particles, the velocity field and other characteristics of the flow can be calculated. At each time step from 4000 to 5000 particles were detected, giving a density of approximately 2 particles per cm3.

Cameras recorded the particles at a rate of 420 frames per second. This frame rate was chosen such that the average displacement of a particle in one time step was much smaller than the average distance between the particles. At this, moderately high, frame rate, the exposure time becomes very small. Thus, the main issue during these experiments was the illumination of the studied area. To solve this problem, both, emitted and reflected light were used for particle detection. The studied area was illuminated by three Halogen lamps and one UV lamp. Halogen lamps were mounted at the side of the channel, and directed at the embayment through the plexiglas side of the flume, below the water surface, to prevent any reflections off the flow’s surface. A UV lamp was mounted above the channel, illuminating the embayment through the free surface. The particles contained a phosphorescent pigment that is excited when exposed to UV light and emits light in the visible range (Kemp et al. 2010). Exposing the particles to the UV light during the experiment, and having UV filters on the cameras, provided us with better contrast and visibility allowing for particle tracking (Fig. 3).
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Figure 2. Experimental setup: three cameras are mounted above the flume; the flow is illuminated by three Halogen lamps and a UV lamp.





2.2 Calibration and data processing

Calibration of the cameras is the procedure in which the exact positions of the cameras (or, more precisely, the positions of their pin-holes) are found relative to the studied area. One common calibration technique is to take a photo from each camera of a so-called calibration object placed in the area of interest. In our work, the calibration object is covered by white dots, the exact position of which are precisely known. Placing the object in a known position, and given an initial guess of the camera positions, we can predict where we expect to see the white dots of the calibration object in each camera’s image space. Comparing the guess with the real positions of the dots, the initial guess can be iteratively corrected until it converges to the real positions of the pin-holes of the cameras. Once the calibration is complete, it becomes possible to determine the relationships between the particles viewed from different cameras.
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Figure 3. View of the embayment from one of the cameras; white dots are wax particles.




Post-processing consists of several stages: i) particle recognition, ii) establishment of correspondences iii) particle tracking. All these steps including the calibration of the cameras were performed using an open-source 3D PTV software, that was initially developed at ETH Zurich (Willneff 2003), and is supported today by many people all over the world (OpenPTVteam 2012). Particle recognition is performed based on a grey value threshold and minimum particle size “recognized” by the code. Every recognized particle is attributed an ID number, and the next step is to find the corresponding particles between different camera views. Knowing the exact position of the cameras from the calibration procedure, we can construct so-called epipolar lines for every particle. A particle on one camera has two coordinates in the image space (let’s say, x and y). As we do not know the third coordinate (z), we can say that this particle is situated on a line of constant x and y. This line is perpendicular to the image plane of one camera, but it appears as an “epipolar” line on the image of another camera, that has a slightly different angle of view. By constructing this line on the second camera image, we can narrow down the search region of the corresponding particle to the area around this line. On the image from the third camera two epipolar lines can be drawn, and the particle that we are looking for has to be around the crossing of these lines. To improve the method, we can also use additional parameters like size, brightness, velocity and acceleration directions of the particles in order to resolve the ambuguities, in case there are several particles that happen to be on the same epipolar line. Once the 3D-coordinates are obtained, we can perform a tracking procedure, where a particle is identified throughout subsequent images in time. This procedure is mainly based on the nearest neighbour principle, but it also uses additional parameters, such as characteristic velocity, acceleration, and the direction of the movement for ambiguous situations (i.e. crossing trajectories). Using this method, we obtain a series of particle trajectories. To obtain the 3D velocity and vorticity fields from the Lagrangian trajectories, we have used the polynomial fit method proposed by Lüthi et al. (2005). The resulting data was interpolated on a regular grid with 73 × 49 × 7 gridpoints with spatial increments of 5 mm. The velocity field was then averaged over time for the period of 18 seconds or 6298 time steps.





3 ESTIMATION OF THE MEASUREMENT ERROR

To assess the performance of the proposed measurement technique, some additional tests were performed. In the current setup, particle displacements are measured from images of the flow taken through the open surface of the embayment. “Free-surface PTV” can be potentially useful in variety of applications, such as sediment transport or field measurements, where it is not possible to view the flow through the bottom of the channel. However, it is a challenging task as the variation in the refraction angle alone can be a source of large error in the measurements due to the gravity waves occurring in the bay (Nezu and Onitsuka 2002, Tuna et al. 2013). Even small changes in the water depth and water surface angle can result in significant displacement of the calculated positionof a particle compared to its true coordinates. We expect this error to be maximum at the bottom of the embayment, as the effect of the changing refraction angle is more significant farther from the surface. To find the maximum error that can be produced by this effect, the complete procedure of particle tracking was applied to white paper dots, of about 0.002 m in diameter, that were glued onto the bottom of the embayment. Time series of the positions and velocities were obtained for each one of the dots, as well as their probability density functions. The results show that the change in the water depth and the water surface slope (and hence the refraction angle) within the embayment due to the gravity waves can considerably bias the position estimates. The root mean square velocities of the dots have reached 0.04 m close to the embayment walls, where the wave amplitude is at its maximum, and was about 0.005–0.01 m near the centre of the embayment.

This fact has led us to conclude that it is impossible to analyse the instantaneous velocity fields with the current setup. However, averaging over time has proved to produce reliable data. Table 1 presents three velocity components of the 5 dots averaged over the experimental record. Ideally, these values should be identically zero, as the dots are not moving. Dots 2 and 3 are situated close to the centre of the embayment and consequently show better convergence. Also, one observes that convergence in the horizontal plane occurs faster than that in the vertical direction, which is expected, as all three cameras in the current setup are directed downwards, resulting in a better spatial resolution in the horizontal plane. The maximum value of the averaged velocity in the horizontal plane is 0.005 × 10−3 m/s, and 0.03 × 10−3 m/s in the vertical direction. Both these values fall well within the margin of acceptable precision, as those errors are approximately 0.05% of average horizontal velocity (0.01 m/s), and 1% of the average vertical velocity (0.005 m/s). With respect to convergence of our statistic samples, the cumulative mean of the velocity time series show that the data is mostly converged within 1000 time steps. Therefore, we consider 6298 time steps sufficient for the data analysis.




Table 1. Velocity measurements of the particles fixed at the bottom of the embayment.




	
	Averagevelocity × 10−3, m/s

	Position of the dots




	
	Vx

	Vy

	Vz

	x, m

	y, m






	Dot 1

	−0.0017

	−0.0045

	0.0149

	0.16

	0.27




	Dot 2

	0.0008

	0.0013

	−0.0098

	0.16

	0.19




	Dot 3

	−0.0001

	0.0001

	−0.0056

	0.10

	0.13




	Dot 4

	0.0047

	0.0020

	0.0307

	0.01

	0.13




	Dot 5

	−0.0041

	−0.0066

	−0.0084

	0.01

	0.02









4 RESULTS

The current results were obtained for the flow depth of 0.028 m, and a 0.3 m/s main flow velocity, which resulted in a Reynolds number of 8400. This set of conditions was based on several parameters. The flow in the channel has to be shallow (the width-to-depth ratio was approximately 8:1) and the flow depth could not be too small to avoid viscous effects from dominating the flow.

Figure 4 presents a horizontal velocity vector field in a horizontal slice through the embayment at the depth of 0.008 m (0.02 m from the bottom). This figure gives the reader an idea about the field of view, and the general behaviour of the flow field in the present work. One can see the main flow at the top of the picture, and the big rotating gyre that is generated in the embayment through the shear forces.

Figure 5 presents a contour plot of the magnitude of the velocity vector normal to the interface between the embayment and the main flow. As the interface is of final width and not precisely definable, the figure presents different slices in the general region of the interface, from y = 0.23 m to y = 0.26 m. Blue colors represent the flow entering the embayment, and the yellow-red colors represent the flow leaving the embayment. The main flow is moving from right to left, so that the right side of the picture corresponds to the upstream edge of the embayment, and the left side—to the downstream one.
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Figure 4. Top view of the horizontal time-averaged velocity vector field in the embayment at the depth of 0.008 m (8 mm) from the surface (total depth is 28 mm).
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Figure 5. The contour plot of the magnitude of the time-averaged velocity vector component normal to the embayment-main flow interface at y = 0.23 to 0.26 m.



From this graph one can also observe that the particles tend to enter the embayment closer to the bottom and leave the embayment closer to the surface, as observed in the works of Mizumura et al. (2003), Constantinescu et al. (2009), and Tuna et al. (2013). However, we further note that the flow enters the embayment at the downstream end closer to the bottom, spirals around the embayment with an upwelling motion, and leaves the embayement through the upstream part of the interface, closer to the surface. At y = 0.24–0.26 traces of Kelvin-Helmholtz instability vortices can be found (see the alternating vertically elongated region of opposite velocity direction on the right-hand side of the diagrams). Most of the motion of that kind is not usually seen on the time averaged data sets, but some stable parts of the patterns persist. An interesting observation from this figure is how far the effect of the embayment presence propagates. At y = 0.26 m the longrange effect of the embayment is apparent, but even at y = 0.3 m, well within the main channel flow (see Fig. 6), a presence of the same flow pattern remains.

We now proceed to propose two theories that may explain why the embayment entrains particles along the bottom releasing them near the surface. The first theory pertains to the pressure distribution and secondary circulation within the embayment. The vortex that is formed in the embayment is subjected to two forces: a pressure gradient and centrifugal force. Every particle in that vortex is moving in accordance with the cyclostrophic balance; the pressure gradient between the centre of the vortex and its periphery is balanced by the centrifugal force directed outwards (Ekman 1905).

dpdr=ρv2r (1)

where p is the pressure, r is the distance from the centre of rotation, ρ is the density of the water, and v is the velocity of the particle. Near the bottom of the embayment the flow is decelerated by the no-slip condition at the solid boundary. Deceleration of the flow means that the centrifugal force produced by the rotating particles can no longer balance the pressure gradient. Therefore, particles near the bottom start to move towards the centre of the rotating gyre. Once they reach the centre, they start to rise, by continuity, in a spiral-like motion with increasing radius of rotation (Schlichting 1968). This flow pattern can be observed in Figure 4. The graphs present the contour plots of the vertical velocity over several horizontal slices through the embayment. From left to right we move from the slices near the bottom towards the surface of the flow. Blue colors represent down welling, and yellow-red colors represent upwelling. One can observe, that there is a circle of the upward motion around the centre of the embayment, and as we get closer to the surface, this circle increases in diameter.

This secondary circulation, produced by the rotating gyre in the embayment, may have some effect on the flow outside of the embayment. Lower pressure in the centre of the rotating gyre produces the inward flow along the bottom of the embayment, and possibly initiates the inward flow from the channel into the embayment along the bottom boundary as well. The outward motion produced by the same secondary circulation in the embayment may protrude outside of the embayment and result in the tendency of the particles to leave the embayment near the surface.
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Figure 6. The contour plot of the vertical time-averaged velocity component over several horizontal slices through the embayment; blue colors represent downward motion, yellow-red colors represent upward motion.
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Figure 7. The contour plot of the magnitude of the time-averaged velocity vector component normal to the embayment-main flow interface at y = 0.3 m.
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Figure 8. Schematic of Kelvin-Helmholtz vortices tilted by the bottom shear (direction of the main flow from right to left); a—time-averaged vertical vorticity at the vertical interface between the main flow and the embayment; b,c—instantaneous vertical vorticity at the vertical interface between the main flow and the embayment at two different time steps.



The second reason for this flow pattern may lie in the structure of the Kelvin-Helmholtz vortices

that form in the shear layer between the embayment and the main flow. In shallow flows, bottom friction exhibits a stabilizing effect on the Kelvin-Helmholtz instability. This stabilizing effect can be estimated by the stability parameter proposed by Chu and Babarutsi (1988) S=(cfδU¯)/(2hwΔU), where cf is a friction coefficient, δ is the width of the mixing layer, Ū is the average velocity of the main flow, hw is the flow depth, and ΔU is the velocity difference across the mixing layer. In our case the stability parameter is equal to 0.002, which is below the critical value Scr = 0.01 – 0.1 (Kolyshkin and Ghidaoui 2002). This means that the stabilizing effect of the bottom friction is not strong enough to prevent the appearance of the Kelvin-Helmholtz vortices. In a deep shear layer the Kelvin-Helmholtz structures have a vertical axis of rotation. However, in the case of a shallow flow, their form may be distorted. The flow near the bottom is decelerated by the solid boundary, and the axis of rotation tilts towards the downstream of the flow. As the vortices are rotating counterclockwise (from the top view), when the axis of rotation tilts forward, it results in the flow out of the embayment along the surface and inside the embayment along the bottom. Figure 7 plots the vertical component of vorticity on the vertical interface between the main flow and the embayment. The first graph is the time-averaged vertical vorticity, whereas the other two plot the instantaneous vertical vorticity at two different times. The plots are not inconsistent with a tilt in the vorticity intensity. However, firm conclusions cannot yet be drawn and further measurements and analysis are necessary to investigate this problem.



5 CONCLUSIONS

Laboratory experiments using 3D PTV were performed in a shallow embayment. Certain flow structures responsible for the entrainment mechanisms between the embayment and the main flow were recognized. Analysis has shown that the flow penetrates the embayment through the downstream end of the embayment-main flow interface closer to the bottom, and leaves the embayment through the upstream region of the interface, closer to the surface. Two theories are proposed to explain this configuration. The first is the effect of secondary circulation within the embayment, that protrudes outside of the embayment. The second is the effect of the bottom shear on the Kelvin-Helmholtz vortices at the interface. The axis of rotation of the vortices is tilted by the vertical velocity gradient, and results in outward motion (out of the embayment) near the water surface, and inward flow closer to the bottom. Even though, we have proposed two possible explanations of the observed phenomenon, neither one of them have yet been rigourosly proven to have a direct effect on the entrainment mechanisms. Further experiments are expected to provide further evidence in favour (or against) the proposed theories.
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Three-dimensional turbulent structure and spatial distribution of tractive force in open channel flow with side-overflow
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ABSTRACT: Understanding of hydraulic mechanisms on and around the side weir is essential for the facilities to be designed and to be maintained well. Although past studies have advanced our ability to estimate the overflow discharge from a side weir, a detailed study of the three-dimensional turbulent flow structure for an open channel with overflow from a side weir has been lacking. An experimental study of the three-dimensional flow structure from an open channel with aspect ratios of two and three with overflow from a side weir has been carried out by the Authors. The study found some differences in the secondary flow characteristics between the case of aspect ratios of two and three.



1 INTRODUCTION

In recent years, floods exceeding design capacity of infrastructures have frequently occurred due to record heavy rainfall resulting in flooding and inland water inundations and severe damage. Reduction of flood forces on river embankments by retarding part of the flood peak discharge in a retarding basin is one important measure of flood management. A side weir controlling, flood diversion from the river to the retarding basin requires understanding of hydraulic mechanisms on and around the structure for it to be designed and to be maintained well.

Previous studies on lateral overflow including De Marchi (1934) have given a number of estimates of overflow discharge with fixed bed condition. De Marchi’s equation of lateral overflow discharge introduces theoretical formula assuming a constant specific energy and adopting a cross-sectional average overflow velocity as the overflow velocity. These assumptions and influences of secondary flows are summarized in a flow coefficient. Murota et al. (1985) obtained a simple equation for total lateral overflow under subcritical flow state through experiments and claimed that this equation estimates lateral overflow discharge within eight percent average error. Hager (1987) proposed an equation for estimate of lateral overflow discharge in which a front overflow is regarded as lateral overflow with corrections for flow depth, velocity and lateral overflow direction. Borghei et al. (1999) also proposed an equation for estimate of lateral overflow discharge. He analyzed the effects of several open channel flow regimes including different shapes of open channel and overflow weir through experiments and has suggested an estimate for De Marchi’s flow coefficient considering 1) Froude number at upstream edge of overflow weir (Fr1), 2) relative weir height (weir height/flow depth at upstream edge of overflow weir: hw/h1), and 3) relative weir length (weir length/open channel width: L/B). More recently, Onizuka et al. (2007) derived an equation for lateral overflow discharge from trapezoidal open channel and formulated flow coefficients through experiments with varying Fr1, hw/h1, L/B, relative depth (h1/L) and sidewall slope in the case of subcritical approaching flow.

Although past studies have advanced our ability to estimate the overflow discharge of a side weir, a detailed study of the three-dimensional turbulent flow structure has been lacking. Such a study would assist in predicting instability of a river channel and, tendency of scour and sedimentation during side-overflow of floods. Nakagawa et al. (1968) demonstrated an experiment of open channel flow with side-overflow which considered the three-dimensional structure of the open channel flow but results for subcritical flow cannot be found. Ohmoto et al. (2011) studied the characteristics of a flood levee breach and analyzed the three-dimensional flow structure for an open channel with an aspect ratio (channel width/flow depth) of two with a side-overflow by experiment.

The secondary flow caused by non-uniformity of turbulence is generated in the vicinity of the wall surface which affects the spatial distribution of the tractive force and complicates the flow. Chandrasekhar & Swamy (1976) developed three methods for prediction of wall shear stress components, their resultants and its directions. Tominaga et al. (1985) demonstrated by experiments the logarithmic law for the wall surface of each friction local rate along the bottom and side walls and how these reflect the distribution of the secondary flows. Hayashi et al. (2003) estimated the wall shear stress by use of Direct Numerical Simulation (DNS) based on Newton’s viscosity law in viscous sublayer. Although other remarkable studies can be listed, spatial distribution of the tractive force in an open channel flow with overflow from a side weir has been lacking.

In this study, we initially conducted a preliminary experiment of open channel flow with an aspect ratio of three and a side-overflow which represents a wider channel compared to the previous study on open channel flow with aspect ratio of two and a side-over flow (“the case of aspect ratio two” herein after) (2011). This preliminary experiment showed significantly different flow mechanisms from the case of aspect ratio two. Thereafter we carried out more experiments to reveal the three-dimensional turbulent flow structure and special distribution of tractive force of open channel flow with aspect ratio three and a side-overflow. Based on the experimental results, we compared differences and similarities between the cases of aspect ratios two and three.



2 METHODOLOGY

The open channel for the experiment has water circulating system with adjustable channel slope which measured 14.88 m length and 29 cm width by 25 cm height. The experiment conditions are shown in Table 1. Previously, for the case of aspect ratio two, experiments were carried out in a straight channel with a side-overflow and L/B = 0~3.0 because approximately 90% of levee breaches occurred under such conditions. This study also carried out experiment in a straight channel with a side-overflow and L/B = 0~3.0 to compare the case of aspect ratio two. The discharge and the channel slope were set Q = 8.0 l/s and I = 1:2,000, respectively, with stable overflow from the side weir on the left bank. Pseudo uniform flow conditions were made by use of a weir at the downstream-end of the channel under L/B = 0, i.e. without the lateral overflow, and then the weir at the downstream-end of the channel was set so the overflow discharge (Qw was 2.0 l/s under L/B = 1.0. When L/B was set from 0.0 to 3.0, the actual ratios of channel width/flow depth ranged from 1.652 to 1.735 in the case of aspect ratio two and from 3.222 to 3.625 in the case of aspect ratio three, respectively. The study uses the approximate values of aspect ratio as nominal values. Nakagawa’s experiment (1968) mentioned previously measured the mainflow velocity U and cross-sectional velocity V under L/B = 2.0, Q = 21.0 l/s, Fr = 1.039 with a straight channel of 10.0 m length, 20 cm width, I = 1/1,000 and hw = 5 cm.




Table 1. Experiment conditions.




	Aspect ratio (nominal)

	2

	3






	Discharge flow Q (l/s)

	8.0




	Channel flope I

	1/2,000




	Channel width B (cm)

	29.0




	Weir length/channel width L/B

	1/3, 1.0, 2.0, 3.0




	Weir height hw (cm)

	15.0

	6.0




	Pseudo uniform flow depth in L/B = 0.0 H (cm)

	17.6

	9.0




	Froude number under pseudo uniform flow depth in L/B = 0.0 Fr

	0.12

	0.33




	Lateral overflow discharge in L/B = 1.0 Qw (l/s)

	2.25

	2.00




	Lateral overflow depth in L/B = 1.0 h (cm)

	2.3

	2.4




	Lateral overflow depth/channel flow depth at upstream edge of side weir in L/B = 1.0 h/H

	0.130

	0.267







The datum station of the coordinate system was set to be at the intersection point of the centre line of the channel and cross-sectional line at the upstream edge of the side weir. The axis of x, y and z are along the channel in direction of flow, at cross-section to the main channel and vertically and the respective mean-time velocity components are given as U, V, W, respectively. Figure 1 illustrates a scheme with axes system and location of the side weir.

We have carried out surface flow and cross-sectional flow measurements to study the flow mechanisms. Particle Image Velocimetry (PIV) enables measurements of multi-point velocities simultaneously, and is applied for measurement of surface flow. The surface flow velocity measurement by PIV was conducted from above the channel with a measurement duration of 20 seconds. Nylon particles with diameter 0.03 mm and specific gravity 1.02 were used as tracer. The visualized images were recorded as monochrome video with 29.97 fps (frame per second) and 720 × 480 pixel resolution in a hard disk of a personal computer and were digitized by PIV method. The point measurements on cross-sectional flow were carried out using I- and L-shaped electromagnetic current meters. The measurement points of cross-sectional flow were seven points in a vertical line and 28 points in a horizontal line with a 1 cm grid i.e. 196 points for each five cross sections: x/L (flow distance/weir length) = 0.00 (at upstream edge of the side weir), 0.25, 0.50 (at centre of the side weir), 0.75, and 1.00 (at downstream edge of the side weir). 4,096 data in each measurement point with 100 Hz signal were processed statistically after analog-digital conversion.
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Figure 1. A scheme with axes system and location of the side weir.





3 FLOW MECHANISMS


3.1 Relative weir length and surface flow

Figure 2 shows mean-time velocity vector and contours of the main flow velocity U on surface flow in x/L ranging from -0.2 to 1.20 under L/B = 1/3, 1.0, 2.0, and 3.0.

The main flow velocity U of surface flow has asymmetry on right and left banks. The tendency in the case of L/B = 1/3 is relatively weak and that in the cases of L/B = 1.0~3.0 are relatively strong. Large values of the main flow velocity U appears along the left bank especially along the upstream portion of the side weir in the case of aspect ratio two but U along the left bank generally tends to decrease in the case of aspect ratio three. U decreases with flow direction on the right bank side—opposite side of the side weir -, in both cases.

For flow directional distribution of cross-sectional velocity V shown on Figure 3, L/B = 1/3 has large values from centre of the side weir to downstream of downstream edge of the side weir, and L/B = 1.0~3.0 have large values from centre of the side weir to immediate upstream of downstream edge of the side weir. For cross-sectional distribution, large values appear along the side weir and the values tend to decrease rapidly with direction of left to right which tendency is similar to the case of aspect ratio two.
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Figure 2. Mean-time velocity vector and contours of the main flow velocity U on surface flow.





3.2 Cross-sectional distribution of main flow velocity and secondary flow

The flow mechanisms in cross-sections in the case of L/B = 1.0 is described from this subsection to the end of this chapter. Figure 4 shows cross-sectional distribution of the main flow velocity U and secondary flow composed by V and W for the five cross sections: x/L = 0.00, 0.25, 0.50, 0.75, and 1.00.
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Figure 3. Mean-time velocity vector and contours of cross-sectional velocity V on surface flow.



The maximum value of U submerges below the water surface which location ranges vertically z/hw from 0.4 to 0.7 and horizontally at around y/B = 0.2. It differs markedly from the case of aspect ratio two shown on Figure 4 which has the maximum value adjacent to the side weir.

The secondary flow is generally from right to left in range from centre of the open channel to the side weir on the left bank side and an inclined upward current occurs adjacent to the side weir. The upward current occurs on the whole channel bed area on x/L = 0.50~1.00. The secondary flow from right to left is found on x/L = 0.00, 0.25 cross sections: in contrast the secondary flow occurs to right from slightly right side of the channel centre on x/L = 0.50~1.00 although the current is quite weak. In the case of aspect ratio two, the secondary flow clearly appears as a downward current adjacent to the side weir and an upward current adjacent to the opposite bank and the secondary flow from right to left also appears immediately below the free-surface flow although that from left to right around the channel bed is weak—The secondary flow cell structure is as cross section wise. The case of aspect ratio three differs in flow mechanisms to the case of aspect ratio two.
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Figure 4. Cross-sectional distribution of the main flow velocity U and secondary flow under L/B = 1.0.
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Figure 5. Cross-sectional distribution of main flow velocity U and secondary flow in the case of aspect ratio two.



These results under subcritical flow state show differences with those for hypercritical flow state by Nakagawa et al. (1968). These suggested a theory that open channel flow below the side weir crest has no influences on lateral overflows under hypercritical flow and supported it based on their experimental result that: observed secondary flow seems to be quite small and ignorable. In further study, we would like to assess the three-dimensional structure in open channel with side-overflow under hypercritical flow in near future.



3.3 Mean-time velocity components

Figure 6 (a)~(d) show U/Umax and W/Wmax on x/L = 0.00, 0.25, 0.50, and 0.75 which are made dimensionless by which value on each point is divided by the maximum value in upper and lower layers of the side weir crest. In the figure, (a) and (b) indicate the case of aspect ratio three and (c) and (d) indicate the case of aspect ratio two. The cross section of x/L = 1.00 which has strong influence of downstream edge of the side weir as an obstacle, is omitted from the figures.

The maximum main flow velocity U occurs in slightly left side of the channel centre in both the upper and the lower layers. The velocity decrease trend from the channel centre to the left bank is smaller than that of the right bank side in both the upper and the lower layers. x/L = 0.50, 0.75 in the lower layer of the case of aspect ratio three significantly have the velocity decrease comparing with the case of aspect ratio two.
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Figure 6. U/Umax and W/Wmax in upper and lower layers of the side weir crest.



In the case of aspect ratio three, the minimum values of vertical direction velocity occur at y/B = 0.086 on x/L = 0.00, 0.25, and 0.75, and at y/B = 0.121 on x/L = 0.50 in upper layer (Fig. 6 (a)). From the point of the minimum value, the velocity on each cross-section increases with direction to the left bank and the maximum value locates adjacent to the side weir. In the lower layer, the minimum values occur at y/B = 0.086 on x/L = 0.00 and at y/B = 0.121 on x/L = 0.25, 0.50, and 0.75 (Fig. 6 (b)). The lower layer has similar tendency to the upper layer but x/L = 0.50, 0.75 in the lower layer have upward current not only on the left bank side but also on the right bank side although it is quite weak. The maximum main flow velocity U in the lower layer occur at y/B = 0.121 on x/L = 0.00 and at y/B = 0.155 on x/L = 0.25, 0.50, and 0.75 and the velocity significantly decrease with direction to the side weir comparing with the upper layer. It is reasonable to consider that U decreases along the side weir since the low velocity portion of flow near the channel bed is moved by a strong inclined upward current on the left bank side.

In the case of aspect ratio two, the maximum main flow velocity U in the upper layer locates adjacent to the side weir which is approximately 16~30% larger than the velocity at the channel centre (Fig. 6 (c)). The vertical direction velocity W in the upper layer decreases from the channel centre towards the left bank side which contributes to an increase of U adjacent to the side weir. In the lower layer, W is downward current adjacent to the side weir which is differ from the case of aspect ratio three but U has similar tendency to it (Fig. 6 (d)).

Figure 7 shows VIVmax on x/L = 0.00, 0.25, 0.50, and 0.75 which are made dimensionless by which the value on each point is divided by the maximum value in the upper and the lower layers of the side weir crest as well as about Figure 5. The maximum V locates adjacent to the weir in the upper layer and at y/B = 0.293~0.328 in the lower layer. The maximum V in the lower layer converses inclined upward current around the side weir. V on x/L = 0.50, 0.75 clearly divides as right and left directions at yIB = -0.121~-0.155 in both the upper and the lower layers but that on x/L = 0.00, 0.25 have no such tendency.



3.4 Spatial distribution of tractive force

Figure 8 shows spatial distribution of wall shear stress in a rectangular open channel flow without lateral overflow which was simulated by Hayashi et al. (2003). The left side of the figure shows shear stress on side wall and the right side shows the shear stress on channel bed. Dimensionless τw/τ¯w is shown in the vertical axis. Since the ratio of the average wall shear stresses in the side walls and channel bed is 1.0001, it is the same result can also be estimated by the average shear stress in each wall. They found close relationship between the wall shear stress and secondary flow. The maximum wall shear stress locates y/h ≒ 0.30 on the channel bed and z/h ≒ 0.35 on the side wall, respectively. For relationship between aspect ratio of rectangular open channel flow without lateral flow and secondary flow, Tominaga et al. (1985) clarified that tendency of average friction velocity on side wall relatively smaller than that on channel bottom with increase of aspect ratio.
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Figure 7. V/Vmax in upper and lower layers of the side weir crest.
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Figure 8. Spatial distribution of wall shear stress in a rectangular open channel flow without lateral overflow.



We preliminary estimated the relative spatial distribution of approximated wall shear stress in an open channel flow with lateral flow and L/B = 1.0 by using the main flow velocity which was measured by I-shaped electromagnetic current meter at positions 1 cm away from the channel bed and the left side bank wall. There are a variety of methods for the estimate of wall shear stress and the method according to the study of Hayashi et al. (2003) described above is desirable to estimate with high accuracy. However, we applied the method of Chandrasekhar & Swamy (1976) because it could not be used PIV from constraints of the experimental conditions in this study. Chandrasekhar et al. proposed that

UU∗=5.4log10 (δU∗v)+4.9 (1)

where, U = main flow velocity component; U* = shear velocity in the main flow direction; δ = distance normal to the wall; and v = kinematic viscosity of the fluid. The logarithmic law is widely used for evaluation of wall shear stress on curved open channel flow e.g. William et al. (1989) and Nelson et al. (1989). We confirmed that the distributions of U/U* against z and y are shown to be in agreement with the equation (1). As a result, the relative spatial distribution of the wall shear stress is in the form that is proportional to the square of the main flow velocity.

Figure 9 shows the relative spatial distribution of approximated wall shear stress. Figure 9 (a) and (b) is for the case of aspect ratio three and the case of aspect ratio two, respectively. The left side of the figure shows shear stress on side wall and the right side shows the shear stress on channel bed as well as about Figure 8. τw/τ¯w approximated by equation (2) is shown in the vertical axis.

τw/τ¯w=ρCf⋅U2ρCf⋅U02 (2)

where, Cf = skin-friction coefficient of channel bed; and U0 = averaged main flow velocity component. The approximated τw/τ¯w can show the relative special distribution of wall shear stress although evaluation of the wall shear stress with high accuracy is difficult in this study. For the case of aspect ratio three, the variation of the wall shear stress is remarkable on x/L = 0.50, 0.75 as compared with on x/L = 0.00, 0.25 in both the left bank side wall and the channel bed. The maximum value occurs at slightly left side from the channel centre on the channel bed and adjacent to the weir crest on the left bank side wall. Thus, we suggest that the spatial distribution of the tractive force in the case of aspect ratio three shows the maximum value occurs at around the side weir crest and on the left bank side slightly offset from the channel center on the channel bed that it tends to increase toward the downstream end from the centre. On the other hand, for the case of aspect ratio two, the variations of the wall shear stress in the four cross sections have a common tendency. The maximum value of the wall shear stress is generated in the same position as the case of aspect ratio three on the left bank side wall and the channel bed together. In comparison with the case of aspect ratio three, the variation of the wall shear stress is small at the channel bed, which is larger in the left bank side wall. Thus, the spatial distribution of the tractive force in the case of aspect ratio two shows substantially the same as the case of aspect ratio three about generation position of the maximum value at the channel bed, but the magnitude of variation is unlike it.


[image: ]

Figure 9. Spatial distribution of approximated wall shear stress in an open channel flow with lateral flow and L/B = 1.0.



When an open channel flow is accompanied by lateral overflow, the maximum value of the wall shear stress is not generated due to elimination of secondary flow cell and only the generation position of the maximum value i s similar. The maximum value of the wall shear stress at the channel bed of the rectangular open channel flow without the lateral flow is located in the channel centre (y/h = 1.0). In contrast, the position of the maximum value is shifted to the left side under influence of the lateral overflow on the left bank. The case of aspect ratio three is appreciated that in comparison to the case of aspect ratio two, the wall shear stress of the side wall is reduced relative to that of the channel bed.




4 CONCLUSIONS

As are results of this study, some differences on flow mechanisms with the case of aspect ratio two are observed. The major findings of this study are as following:


	The main flow velocity U of surface flow has asymmetry on right and left banks, especially in the cases of L/B = 1.0~3.0 have relatively strong tendency. Large values of U appears along the left bank especially along the upstream portion of the side weir in the case of aspect ratio two but U along the left bank generally tends to decrease in the case of aspect ratio three.


	The maximum value of U submerges below the water surface which location ranges vertically z/hw from 0.4 to 0.7 and horizontally at around y/B = 0.2. It differs markedly from the case of aspect ratio two which has the maximum value adjacent to the side weir.


	The secondary flow is generally from right to left from the channel centre to the side weir on the left bank side and an inclined upward current occurs adjacent to the side weir.


	In the case of aspect ratio three, U decreases along the side weir since the low velocity portion of flow near the channel bed is moved by a strong inclined upward current on the left bank side. In the case of aspect ratio two, the vertical direction velocity W in the upper layer decreases from the channel centre towards the left bank side which contributes to an increase of U adjacent to the side weir.


	The spatial distribution of the tractive force in the case of aspect ratio three shows the maximum value occurs at around the weir crest on the side wall and on the left bank side slightly offset from the channel centre on the channel bed. The case of aspect ratio two also has similar tendency.




This study revealed that the flow structure is changed by the aspect ratio of the open channel flow with a lateral overflow. We will accumulate measurements by gradually increasing the aspect ratio in order to analyze the mechanism of occurrence.
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Streamwise vorticity generation in a compound meandering channel

I. Mera, J. Anta & E. Peña
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ABSTRACT: In this paper the origin of secondary currents in a real compound meandering channel is analyzed. Three-dimensional ADV measurements were made on a measuring grid on a 1:20 physical Froude model of a real reach in River Mero (A Coruña) for bankfull flow and flood conditions. Terms of the longitudinal vorticity transport equation were calculated to quantify the influence of advection, geometry and turbulence on the transverse flow pattern in the bend apex. Advection has been found to play a major role in the generation of secondary currents for bankfull flow conditions, while vertical segregation of the hydrodynamic pattern has been observed in the flooding scenario. Some of the transverse features of the flow were not explained by the transport of longitudinal vorticity, so the contribution of the turbulent kinetic energy transfer between mean flow and turbulence was also evaluated.



1 INTRODUCTION

Secondary currents appear in the transverse section of open-channels. According to Prandtl’s classification (Bradshaw, 1987), they are originated by curvature (secondary currents of the first kind) and turbulence (secondary currents of the second kind). Their structure in simple-channel bends consists of a main cell in the channel centre and a counter-rotating cell in the outer bank (Blanckaert & Graf, 2001).

In the case of compound channels, flood events condition the hydrodynamics of the reach: as water overflows the main channel, hydrodynamics become more complex and the distribution of secondary currents varies. This encompasses the modification of the longitudinal velocity pattern, which is directly related to erosion and sedimentation processes.

Transverse flow can be quantified by the longitudinal vorticity, defined as Ωs=∂vz/∂n−∂vn/∂z for a curvilinear reference system {s-longitudinal, n-transversal, z-vertical}. Blanckaert & de Vriend (2004) proposed the use of the equation of transport of longitudinal vorticity (see Equation 1) to quantify the contribution of curvature, turbulence and other factors to the generation of secondary currents:

A1 quantifies the advection of longitudinal vorticity. Hence, it doesn’t involves generation or dissipation, but just spatial redistribution of secondary currents. A3 accounts for the influence of channel geometry (transverse circulation and curvature) on Ωs pattern and A5 represents the effect of turbulent stresses and anisotropy in the generation of vorticity.

Some of the terms and subterms of the original equation proposed by the mentioned authors have not been calculated in this study. Those involving longitudinal gradients have been removed, since they are an order or magnitude lower than the derivatives in directions n and z. Terms A4 and A6, which refer to mixed centrifugal-turbulent and viscous effects, respectively, have also been removed since they are negligible respect the rest of the terms (Mera 2014).

The same authors suggest that kinetic energy transfer between the mean flow and the turbulence may also play a role in the definition of the longitudinal vorticity pattern. Equations 2–4 present the terms of the Turbulent Kinetic Energy (TKE) transfer equation related to transverse components of the flow (Blanckaert & de Vriend, 2004).

∂Ωs∂t=−[ 11+nRv¯s∂Ωs∂s+v¯n∂Ωs∂n+v¯z∂Ωs∂z ]−︸A111+nR∂∂z(vs2¯R)+11+nRvn¯ΩsR+[ 11+yR∂vn¯∂s∂vs¯∂z−∂vz¯∂s∂∂n (11+nRv¯s) ]︸A3+∂2∂z∂n(vn′2¯−vz′2¯)+11+nR1R∂vn′2¯∂z+{ 11+nR∂2∂z2−∂∂n (11+nR∂∂n) }[ (1+nR)vn′vz′¯ ]︸A5 (1)


Pnn=(vn′2¯−23k)⋅∂vn∂n (2)

Pzz=(vz′2¯−23k)⋅∂vz∂z (3)

Pnz=2vn′vz′¯⋅(∂vz∂n+∂vn∂z) (4)

where k is the TKE of the flow. Negative values of Pnn, Pzz and Pnz indicate a transfer of TKE from the mean transverse flow to the turbulence, and hence longitudinal vorticity dissipation. Reversely, positive values of these terms show a transport from turbulence to mean flow and hence, enhance vorticity generation.

The objective of this paper is to analyze the origin of transverse flow in a complex, real morphology river reach model in different flow scenarios. The mentioned terms are calculated in order to determine if longitudinal vorticity transport equation is enough to quantify the nature of secondary currents.



2 MATERIALS AND METHODS

This work refers to a scale model of a real meander in river Mero (Cambre, NW of Spain). The reach herein analyzed consists of two consecutive low-radius bends contained by protection embankments in both margins. Main channel width ranges from 12 to 14 m, while its depth is approximately 2.5 m. The roughness of the reach is defined by two characteristic types, corresponding to the main channel and the vegetated floodplains.

The results presented in this work are based in the measurements carried out in a physical model of the described meander (Fig. 1), built in the Center for Technologic Innovation in Building and Civil Engineering (CITEEC) of University of A Coruña (Spain). A detailed topographic study of the area, including the main channel and the flood-plain, was made in order to reproduce accurately in the laboratory the morphology of the meander. Geometric scale was defined according to the limitation on the laboratory space, resulting in a factor of λL = 20. Prototype flow characteristics have been restituted in the model following Froude similarity.

Measurements were carried out to determine both water depth and tridimensional velocities for three flow scenarios. Table 1 summarizes the main hydrodynamics characteristics of the tests. Three transverse sections were defined to study the flow before, during and after the first bend of the meander. Their hydraulic parameters have been calculated based on the straight reach of the model (Section 1). Shear velocity was estimated using Darcy’s friction coefficient f:u*=f⋅Vm2/8 and f=n2⋅8g/Rh1/3. Manning’s coefficient n of the main channel and the floodplains of the model are 0.015 and 0.023, respectively. A compound value of n, as well as hydraulic radius Rh, was calculated for the whole section. Lastly, the values of Re are greater than 5000 for all the experiments, which guarantees the development of fully turbulent flow in the physical model (Chanson, 2004).
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Figure 1. Physical model.






Table 1. Experimental tests characteristics: Discharge (Q), mean velocity (Vm), shear velocity (u*), mean water depth in the main channel (Hc), Reynolds (Re) and Froude (Fr) numbers.




	Discharge (L/s)

	Mean velocity (m/s)

	Shear velocity (m/s)

	Channel depth (m)

	Re (×103)

	Fr (×103)






	8

	0.121

	0.009

	0.110

	13.1

	0.12




	35

	0.097

	0.010

	0.190

	8.6

	0.10




	60

	0.090

	0.010

	0.235

	12.1

	0.09







This work analyzes some of the results obtained at Section 2, located at the first bend apex, approximately 60º after its beginning, and Section 3 in the crossover region (see Fig. 2) for bankfull flow conditions (Q = 8 L/s) and low submergence flooding conditions (Q = 35 L/s). Complete details for the high submergence conditions can be found in Mera (2014).

Detailed vertical instantaneous velocity profiles have been measured for several positions along these sections in the flow scenarios. 3D instantaneous velocities have been registered, using a four-receiver down-looking ADV equipment (Vectrino form Nortek®), during 300 s at a 25 Hz acquisition frequency. Data were filtered using phase-space methodology proposed by Goring & Nikora (2002) and spatially smoothed with a median filter based on the method proposed by Westerweel & Scarano (2005).
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Figure 2. Measurement grid.



The lowest measuring gate is located 2 cm above the model bed and the distance between gates is

2 cm, with a higher resolution (0.5–1 cm) in the contact between the main channel and the flood-plain. The height of the sampling volume (0.4 cm) avoids the overlap of the gates and optimizes the measured area in the high resolution zone. A plastic housing with a mylar window in the bottom allowed to register velocities in the upper region of the flow.



3 RESULTS


3.1 General description of the flow

Figure 3 shows the maps of longitudinal vorticity in Section 2 for Q = 8 L/s and Q = 35 L/s. They have been made dimensionless using He (water depth of an equivalent simple section) and mean velocity Vm

In the bankfull flow scenario significant positive values of Ωs are observed. This pattern is coherent with the clockwise rotation caused by the first bend of the meander. The center of the vortex is located in the left-down area of the section, while a counter-rotating vortex (secondary cell) appears in the opposite corner.

For Q = 35 L/s the longitudinal vorticity values are higher than in simple flow. Ωs is predominantly positive, in this case due to the entrance of water from the left floodplain to the main channel. The main transverse cell in the lower part of the section is still appreciated, which suggests that the hydrodynamic pattern is influenced both by the floodplain flow and the main channel morphology.
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Figure 3. Dimensionless longitudinal vorticity patterns in Section 2 for Q = 8 and Q = 35 L/s.



In Section 3, for Q = 35 L/s (see Fig. 4) the predominance of positive vorticity is even more obvious than in Section 2. Maximum Ωs values are observed in the left part of the horizontal contact between the main channel and the flood-plain, which points the location of the core of the transverse cell. Relevant values of longitudinal vorticity are also observed above bed irregularities (–n = 1.5), but not near the bottom of the section.



3.2 Effect of longitudinal vorticity transport in the pattern of secondary flow

The calculated values for the terms of advection (A1), geometry (A3) and turbulence (A5) of the longitudinal vorticity transport equation are presented in Figure 5 and 6 for Section 2. Areas where the terms contribute to the existing pattern of Ωs are shaded in gray.
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Figure 4. Dimensionless longitudinal vorticity patterns in Section 3 for Q = 35 L/s.



For Q = 8 L/s the maximum values of A1 and A3 are significantly higher than those of A5 (see Fig. 5). Advection and geometry play, hence, a major role in the generation of secondary currents in this scenario. Their pattern is quite similar to Ωs in the lower part of the section: values increase towards the down-left corner, where maximums are observed. Turbulence related term (A5) maxima appear near the section boundaries due to the relevance of both shear stresses and turbulence anisotropy in those areas.

As for the upper part of the vorticity map, advection and geometry contribute to the existence of the outerbank secondary, counter-rotating cell. Positive longitudinal vorticity in the upper-left corner is enhanced both by A1 and A5 terms, balancing the dissipation effect of A3 term.

For Q = 35 L/s (Fig. 6) the terms patterns are more complex and its maximum values increase with respect to the simple flow scenario. Positive and negative values of A1 and A5 alternate in the horizontal contact surface between the main channel and the floodplain. The relative significance of the terms is segregated by depth in this scenario. In the floodplain area (upper zone) the advective term presents the highest values due to the water circulation in the –n direction. To the contrary, in the lower part of the section A3 and A5 values are the most relevant. This indicates that the flow in the floodplains conditions the hydrodynamics of the section, but the influence of the main channel geometry is still present.

As for the contributions to the pattern of Ωs, A3 favors it in almost the entire section: in the lower part because of centrifugal force, and in the upper one due to transverse flow. Patterns of A1 and A5 are more complex and show areas of vorticity enhancement and dissipation.
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Figure 5. Terms A1, A3 and A5 and their contribution to longitudinal vorticity pattern in Section 2 for Q = 8 L/s.



In the two analyzed flow scenarios for Section 2 Ωs transverse patterns can be explained by the terms analyzed of longitudinal vorticity transport equation.

Figure 7 presents the values of the terms A1, A3 and A5 for Section 3 and a flowrate of Q = 35 L/s. The geometry term (A3) is an order of magnitude lower than the corresponding to advection and turbulence. Maximum values of A1 appear in vertical layers in the upper part of the section, while the horizontal contact between the main channel and the floodplains shows extreme results for the turbulence term.
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Figure 6. Terms A1, A3 and A5 and their contribution to longitudinal vorticity pattern in Section 2 for Q = 35 L/s.
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Figure 7. Terms A1, A3 and A5 and their contribution to longitudinal vorticity pattern in Section 3 for Q = 35 L/s.



Regarding the contribution or dissipation of the longitudinal vorticity pattern, the influence of the geometry term clearly depends on the height. Transverse circulation in the floodplain enhances the calculated Ωs, while the effect of centrifugal force in the lower part of the section is opposed to it. Advection and turbulence terms patterns of contribution are much more complex. Both of them show an alternation of vorticity enhancement and dissipation in vertical planes in the floodplain and in the horizontal contact between the two flow masses. In the lower part of the section both terms are of the same order or magnitude and respectively dissipate and promote the longitudinal vorticity pattern. Hence, another mechanism may be conditioning the Ωs in this area hich will be analyzed in the following section.



3.3 Effect of turbulent kinetic energy transfer in the pattern of secondary flow

In this section the value of the transverse terms in the TKE transfer equation is calculated for the analyzed sections and flow scenarios by means of –(Pnn+Pzz+Pnz) plots. Longitudinal vorticity is expected to be generated in the areas of low turbulence, where energy is hence transferred to the mean transverse flow. To the contrary, those zones with a high level of turbulence production may absorb the energy of the mean flow.
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Figure 8. Terms –(Pnn+Pzz+Pnz) of the turbulent kinetic energy transfer equation in Section 2 for Q = 8 L/s and Q = 35 L/s.
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Figure 9. Terms –(Pnn+Pzz+Pnz) of the turbulent kinetic energy transfer equation in Section 3 for Q = 35 L/s.



Figure 8 shows the results referred to Section 2. In both cases the analyzed terms are not in general contributing to the generation of secondary currents, indicating a high level of turbulence on the studied areas. For bankfull flow conditions, longitudinal vorticity is enhanced in the lower right corner of the section. This is a dead zone of water circulation, out of the two identified cells of transverse circulation. As for the flood scenario, an area of TKE restitution to the mean transverse flow is observed in the right part of the main channel, close to the water surface. This zone also corresponds to low Ωs values (see Fig. 3).

Figure 9 presents the results of –(Pnn+Pzz+Pnz) corresponding to Section 3 and Q = 35 L/s. For this case, the analysis of the advection, geometry and turbulence terms of the longitudinal vorticity transport equation is was not concluding in terms of the generation of secondary currents. An area of TKE restitution from the turbulence to the mean transverse flow is observed near the model bed. The contributions of the most relevant terms of the longitudinal vorticity transport equation were balanced in this area, so the energy transfer can help to explain the Ωs pattern there. Similarly to Section 2, a small zone of contribution to the generation of secondary currents is observed in the right vertical contact between the main channel and the floodplain.




4 CONCLUSIONS

Tridimensional velocity measurements have been carried out in the apex of the first bend of a real river reach. Longitudinal vorticity transport and turbulent kinetic energy transfer equations have been used to analyze the generation of secondary currents in a compound meandering channel.

The geometry of the main channel is a relevant factor in the generation of secondary currents in areas of significant curvature for bankfull flow scenarios. Its influence significantly decreases with curvature, and is not comparable to the rest of the terms in the crossover region of the model.

Overbank flow enhances longitudinal vorticity and segregates the hydrodynamic pattern into separated areas: circulation on the floodplains is conditioned by transverse advection, while the lower area of the section is influenced by the main channel morphology. The contribution of turbulence terms is more relevant than for the bankfull flow case.

The analysis of longitudinal vorticity transport and turbulent kinetic energy transfer can help to explain the Ωs pattern. This combined study is particularly useful in locations where the orientations of the main channel and the floodplains are divergent and/or with a high level of flow reorientation. The crossover region encompasses these characteristics, as seen in the results obtained for Section 3 in this model.
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Experiments on two consecutive open channel bends
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ABSTRACT: Due to turbulence reduction to wavelike motion, curvilinear flow paths could affect turbulence damping in bends. Recently, sophisticated velocimetry equipment facilitated observation of this bend-induced phenomenon. In this paper, two consecutive 180° open channel bends (part of an elliptical fish larvae habitat flume) were investigated experimentally. Three velocity components were measured using an Acoustic Doppler Velocimeter (ADV); the patterns of streamwise mean velocity, mean flow and turbulent kinetic energy, Flux Richardson number and frequency of displaced fluid are presented. Based on the results of this paper and further investigations it should be analyzed whether in addition to the normal pattern and redistribution of the velocity profiles in bends, the straight reach which connects two consecutive bends also affects the flow features and characteristics. The results might be advantageous for further morphological investigations and river training practices.



1 INTRODUCTION

Precise research on physical behavior of natural streams could provide insight to recognize potential impacts of river training works. Despite the increasing recognition that turbulence has profound influence on sediment transport and other crucial fluvial processes, few experimental studies have investigated the properties of turbulence in open channel bends. It is known that transversal flow reshapes the downstream velocity distribution into non-logarithmic profiles; which is obviously contradictory to straight uniform flow behavior. If the flow is not uniform in the streamwise direction, vorticity is generated by vortex stretching (Nezu & Nakagawa, 1993); investigations in curved channels and meandering rivers have drawn considerable attention to this process. In the framework of channel curvature studies, in addition to mean flow hydrodynamic aspects, considering turbulence parameters is important in order to quantify the channel evolution or possible alignment modification and migration (Chan-Braun, 2012; Darby et al., 2010).

On the other hand, the fundamental knowledge obtained from the study of theoretical aspects of turbulence structures is important for improving numerical turbulence models; also it provides a better conceptual understanding of open channel turbulence and its flow structure. Based on insight provided by experimental analysis, recently a number of accurate numerical simulations were provided and verified (Constantinescu et al., 2011; Stoesser et al., 2010). The turbulent motions range in size from channel width to very small scales. The concept of the energy cascade first was introduced by Richardson; his notion is that the large eddies are unstable and go through an energy cascade in which they break up into smaller eddies. This process will continue to the point that the Reynolds number is sufficiently small (stable eddy motion) and molecular viscosity is effective in dissipating the kinetic energy (Pope, 2000). The reduction of turbulence activity and turbulence damping phenomena was a matter of concern for quite a century. The concept of eddy viscosity had been suggested as a strategy to avoid small scale vorticity by Prandtl’s fundamental paper in 1930. Dealing with a boundary layer equation concerning the maximum lift of airfoils Von Karman & Millikan (1934), presented a frequency equation for a fluid element which was transversally displaced, it also corresponds to curved flows. More studies on the Richardson number were performed by Bradshaw (1969), Arya (1975) and Armenio & Sarkar (2002). A detailed literature review on this case is also provided by Blanckaert & De Vriend (2005). Here, using the experimental data possible effects of curvilinear path on turbulence damping will be investigated experimentally.



2 THEORETICAL BACKGROUND

In 1969, an analogy was made between streamline curvature and buoyancy (Bradshaw 1969). A formulation was adapted for curved turbulent shear flows, based on their equivalents in thermal-convection parameters. Regarding this aspect, the Brunt-Väisälä frequency (BV or buoyancy frequency) is the angular frequency at which a vertically displaced parcel will oscillate within a stable environment. Bradshaw assumed that the fluid element can be displaced radially in a flow with a certain radius of curvature = r (positive value for convex bends), therefore it can be shown that the frequency of small oscillations is:

ω=2vsr2∂∂n(vsr) (l)

where ω — BV frequency corresponding to bend-induced oscillations, vs = mean streamwise velocity.

This frequency can be used as a criterion for damping, for when it results in complex values this is indicative of changing from turbulence oscillation to wavelike motion patterns. In this context, related to boundaries, damping is a reduction in the amplitude of an oscillation as a result of energy being drained from the system to overcome frictional or other resistive forces (Beatty 2006).

However, before Bradshaw’s study, Von Karman & Millikan (1934) showed that when an element of fluid is transversally displaced in a plane curved flow, it will either move further away from its original position or return towards it and oscillate about it. If ω is real, it represents the frequency of this oscillation. An imaginary ω indicates exponential growth or decay (Blanckaert & De Vriend 2005).

Generally, the Richardson number is the ratio of potential to kinetic energy; in the field of open channel hydraulics it is mostly referred to in the form of the Froude number. Taking into account the BV frequency and the buoyancy concept it can be mentioned as Ri=ωBV2/(∂vs/∂n), which can be easily calculated as:

Ri=2vsr2∂∂n(vsr)/(∂vs/∂n)=2S(1+S) (2)

where S — (vs/r)/(∂vs/∂n) However, a more promising parameter is the Flux Richardson number which can be derived as the negative ratio of turbulent energy production by buoyancy to production by shear forces. Accordingly, pressure fluctuations redistribute the energy so that the Richardson number is not a direct measure of change in the partition of energy.

In curved flows, production terms occur in the mean square intensity equations for both streamwise v and transversal vn velocities. Therefore, the ratio of transversal production to streamwise (shear) production is (Bradshaw l969):

Rf=2vs′vn′¯vsr/vs′vn′¯r∂∂n(vsr)=2S/1+S (3)

Here, vS′ and vn′ are the fluctuating velocity vectors and vs′vn′¯ corresponds to the turbulent stress tensor. The Flux Richardson number is regarded as a more meaningful parameter, since it is derived from Reynolds stress equations. In curved flow there is always a simple relation between the Richardson number and the Flux Richardson number. As mentioned by (Blanckaert & De Vriend 2005):

Rf=Ri/(1+S)2=2S/(1+S) (4)

where Rf ≈ Ri ≈ 2S, for small S.



3 EXPERIMENTAL SETTING

A racetrack flume was constructed in the Hydraulic Engineering Laboratory of the University of Natural Resources and Life Sciences, Vienna as a part of a fish larvae habitat model (Glas et al., 20l2). It consisted of two straight sections of 2 m in length and two half circle bends (180o) with a centerline  radius of 1.25 m. The flume comprised a range of trapezoidal cross-sections (Table 1), with a heterogeneous flow pattern. Flow was induced using a belt drive which its position and section is presented in Figure 1. Also, Figure 1 shows a sketch of the flume plan; investigated cross sections in this paper and their alignment are highlighted. A 3D flow velocity field with 1026 points in total over 18 cross-sections (65–90 points per section), was measured using an Acoustic Doppler Velocimeter (ADV). The measurement grid has a matrix of 33H × 50V mm, transversal distance to the boundaries is 50 mm and distance to the bed is 20 mm. The Signal-to-Noise Ratio (SNR) and correlation coefficient (COR) for the ADV receiver were always higher than 84% and 18 dB, respectively.

The straight section with the belt drive was not included in the measurement procedure. Measured mean velocity and discharge were 0.204 m s−1 and 0.0286 m3 s−1, respectively. Channel hydraulic properties are presented in Table 2.




Table 1. Cross-section geometry of racetrack flume.




	Cross-section label

	Bw* (m)

	Bb** (m)

	y*** (m)






	Z0

	0.50

	0.50

	0.20




	Z4

	0.62

	
	



	Z5, Z14

	0.78

	
	



	Z6, Z13

	0.90

	
	



	11 others

	0.975

	
	






* upper width;
* upper width;
* upper width;
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Figure 1. Plan of racetrack flume and the investigated cross-sections (A, B, C, D & E).






Table 2. Hydraulic properties of racetrack flume.




	U (ms−1)

	Q (m3s−1)

	Re

	r (m)

	Fr

	u* (m s−1)

	Rh (m)






	0.204 

	0.028

	2.4 × 104

	1.25

	0.19

	0.015

	0.11







U = channel mean velocity ( U = Q/reach Area)

Q = channel discharge

Re = Reynolds number

r = Channel’s center-line radius of curvature

Fr = Froude number

u* = shear velocity

(u∗=g⋅Rh⋅j)

Rh = hydraulic radius

j (mean water surface gradient) = 0.0002.



4 RESULTS AND DISCUSSION

Data acquired in the above mentioned measurements, is analyzed and presented in Figures 2 to 8. Here, five parameters are investigated: (a) streamwise flow velocity component vn, presented as normalized downstream velocity vs/U (Fig. 2); (b) normalized mean flow kinetic energy K/(1/2) U2 (Fig. 3); (c) normalized turbulent kinetic energy TKE/(1/2) u∗2 (Fig. 4), where:

K=12(vs2+vn2+vz2) (5)
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Figure 2. Normalized downstream velocity for selected cross-sections (vs/U).



TKE=12(vs′2¯+vn′2¯+vz′2¯) (6)

(d) Flux Richardson number Rf (Figs. 4 and 5) and (e) bend induced oscillation frequency ω (Fig. 7).


4.1 streamwise mean velocity

Profiles in Figure 2 show the streamwise mean velocity. Cross-section locations are chosen to be symmetrical on plan view. As mentioned, in addition to secondary currents due to flume curvature, a strong 3D spiral motion also occurs at the beginning of the flume and propagates downstream. This is considered due to the expansion and the curvature at the same location. Throughout the flume, the maximum velocities occur at the outer bank while the inner inclined banks receive the smallest flow volume and thus the smallest velocities are observed there. As expected the velocity profiles in the boundaries tend to form vertical isovels. The maximum velocity core starts from the lower outer bank depth in section A, expands to a higher elevation in the outer bank region in B and moves to the near surface in the straight reach of the flume. After passing the straight reach, in section D, first the velocity core plunges slightly and arrives again at the bottom of outer bank in the section E. In the two last cross-sections the velocity profiles seem to be more symmetrical over the width; this is credited to the slight decrease of energy in the downstream direction.
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Figure 3. Normalized mean-flow kinetic energy (K/0.5 U2).
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Figure 4. Normalized turbulent kinetic energy
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Figure 5. Classified Flux Richardson number Rf for curvilinear cross-sections: Rf < 0 statistically unstable, 0 < Rf < 1 dynamically unstable and Rf > 1 stable flows.
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Figure 6. Flux Richardson number Rf.
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Figure 7. Bend induced oscillation frequency ω; imaginary values zone masked with solid pattern.





4.2 Mean flow and turbulent kinetic energy

Profiles in Figure 3 show the mean flow kinetic energy distribution over the investigated cross-sections. As anticipated, these graphs follow the mean flow distribution.

In profiles in Figure 4, Turbulent Kinetic Energy (TKE) distribution profiles are presented, defined as mean kinetic energy associated with eddies in turbulent flows. Generally it can be characterized by velocity fluctuations and thus can be quantified by the mean of turbulent normal stresses ( Equation 6). Turbulent kinetic energy is transferred down the turbulence energy cascade and dissipated by viscous forces. It can be seen that the turbulent kinetic energy distribution approximately follows the inverse function of the mean flow kinetic energy quantity; the highest mean flow kinetic energy value corresponds to the lowest value of TKE. This finding is depicted in Figure 8, in these diagrams normalized kinetic energy and turbulent kinetic energy were averaged over depth and presented as a series of two vertical axes diagrams; as it can be seen, in the majority of the cases especially in outer bank and mid-channel zones these two parameters are following different patterns. By decreasing normalized mean-flow kinetic energy toward the inner bank, normalized TKE follows an accretion pattern.
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Figure 8. Comparison of depth average values of normalized mean-flow kinetic energy (solid line) and normalized turbulent kinetic energy (dash line).






4.3 Flux Richardson number and bend induced oscillations frequency

As discussed before, the Flux Richardson number is a measure of dynamic stability which delineates the capability of flow to remain turbulent. Following (Turner 1979), two thresholds can be defined for this parameter, resulting in three categories: (i) values smaller than zero which correspond to statistically unstable flows; (ii) values between 0 and 1 for dynamically unstable currents, which are turbulent and probably remain turbulent; and (iii) Richardson values larger than one for stable flows. For the last criterion, turbulence would tend to decay. As it can be seen in the profiles in Figure 5, high Rf values (Rf > 1) move from the centerline in the curvature at the sections A and B of the flume to the outer bank zone in downstream cross-sections (C, D & E) and simultaneously extend almost to the whole cross-section.

As can be deduced from Equation 3, as curvature tends toward infinity (as is the case in a straight reach), Rf values tend to zero, hence there is only turbulence due to shear.

As shown in literature (Blanckaert & De Vriend 2005), the reduction of turbulence activity in outer banks is related to the curvature Flux Richardson number. For a single cross-section they found that, in most of the measured area, Rf and <Rf> (depth average curvature Flux Richardson number) are positive and increase in the direction towards the outer bank. In the outer-bank, where, according to their profile, Rf and <Rf> are negative, the influence of the sidewall proximity dominates the influence of the streamline curvature. In the current study (Figs. 5 and 6), this pattern is discernible in the upstream cross-sections (A and B). It should be mentioned that in cross-section downstream of the straight reach (E), the above mentioned distribution is not satisfied, which means that low values of Rf cannot be verified in the outer bank zone. We assume this to occur because of the relatively coarse measurement grid employed in this work, in comparison to the one used in Blanckaert & De Vriend (2005).

As it can be seen in the profiles in Figure 7, the frequency values ω are symmetrically distributed

over most of the cross-section profiles, except close to the boundaries. In proximity of boundaries, especially near to outer bank cells, to a certain extent, frequency values are imaginary. This pattern is not met by the entrance cross-sections (A and B); this could be an effect of experimental settings (i.e., the belt-drive shovels), which produce substantial distortion in this section of the channel. The zone of imaginary frequency values increases throughout the bend. Thereby, it follows approximately the region of high Richardson’s numbers which corresponds to values >>1 or statistical unstable flows (Rf < 0).

The effect of the straight part of the channel is perceptible over several downstream cross-sections. As it can be observed visually, the straight part of channel was not long enough to compensate the effect of the upstream curvature. Especially the velocity profile of cross-section C shows the effect of curvilinear flow by manifesting the maximum velocity core near the outer bank boundaries. It can be concluded from Figure 8 that the interaction of the bends and the straight channel is influenced by the length of the straight channel and probably bend curvature. More accurate interpretation needs further studies on different channel length and formations.




5 CONCLUSIONS

A set of ADV measurements of 50 Hz was conducted over a racetrack flume. One should take into account that the measurement was not fine enough to capture the influence of boundary proximity. Despite this disadvantage, measurement settings were adequate to capture detailed hydraulic and turbulence parameters. Mean velocity and turbulent kinetic energy follow the expected flow patterns over the bend’s entrance section (cross-sections A & B), then the flow enters a short straight course; here the term “short” refers to a reach which is not long enough to establish a normal straight channel velocity pattern, as seen by observing the mean-flow velocity pattern over cross-section (C). Therefore, downstream cross-sections (D & E), establish a mean velocity profile with a tendency to push the core of maximum velocity towards lower parts of the outer bank.

The turbulence reduction along the flume was also evaluated by the Flux Richardson number and the bend-induced oscillation frequency. According to measurements, a turbulence damping zone might develop from entrance (section A) to the downstream (section E); mostly it seems to have the tendency to appear in the proximity of boundaries, especially outer banks. This complies with previous studies. The only difference to the above-mentioned pattern, found in the channel entrance, could be related to properties of the physical model which produces substantial distortion due to the belt drive construction.

As mentioned before, the Flux Richardson number is defined as the ratio of (minus) ‘curvature induced’ production to the ‘shear’ production (Bradshaw, 1969). On this basis and as it can be seen in the Figures 5 and 6, the ratio of bend induced production to total production seems to increase in downstream direction. In turn, the turbulence pattern changes from oscillation to wavelike motion in boundaries as seen in Figure 7. Therefore there should be future studies testing the hypothesis whether the streamline curvature might lead to turbulence damping, meaning that the turbulence activity appears to be suppressed by streamline curvature. A particular effect of the short straight reach, regarding to this parameter, is not verifiable using the current data set, although according to the current mathematical formulation it can be reasoned that there is less turbulence production in a straight reach compared to a curved reach.

The abovementioned results have the potential to affect the mixing and capacity of flow in curved open channel flows and ultimately the exerted force on the boundaries. It goes without saying that the shear forces observation is of utter importance in morphological investigations, especially when one considers extreme turbulent flow events instead of time averaged flow quantities. Therefore, consideration of these processes might be important in erosion based problems and river training works.
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ABSTRACT: The flow field of multiple-cylinder configurations exhibits complex interactions between shear layers, vortexes and wakes. For high stem-Reynolds numbers, the flow is turbulent and, low and intermediate areal number-densities of cylinders, and turbulence is produced mostly by the work of Reynolds shear stresses in the horizontal plane (uv component) against the time-averaged shear rate characteristic of vertical-axis vortex shedding in the wake of cylinders. The spatial pattern of turbulent production and of other terms of the equation of conservation of Turbulent Kinetic Energy (TKE) is thus mostly determined by the interaction of vortexes shed by individual cylinders and by the distance between cylinders. The main objective of this paper is to advance on the understanding of vortex interaction in patches of randomly placed emergent and rigid cylinders. In particular, the relation between cylinder Strouhal numbers, vortex decay and vortex path statistics is investigated for isolated cylinder and for a cylinder within an array of randomly placed cylinders with a areal-number density of 980 cylinders/m2. Results are compared to shed light on the influence of neighbouring cylinders. An experimental database acquired with 2D Particle Image Velocimetry (PIV) was explored. A methodology to detect vortexes in 2D flow fields is proposed. It features a point-based criterion and a global search to detect all the possible vortex core locations, combined with a curve-based criterion, to decide whether the detected point corresponds to a vortex, depending on the geometry of streamlines. The results show a decrease on the amount of vortexes and a shorter vortex life for the cylinder within the array when compared with the isolated cylinder. The averaged vortex path is also affected by the presence of neighbouring cylinders. Concerning the Strouhal number, the normalized shedding frequency is approximately the same for both studied cases.



1 INTRODUCTION

Flow around circular cylinders is a classical problem of fluid mechanics due to its common occurrence in many applications. The flow around an isolated cylinder has been extensively studied, (comprehensive reviews in Williamson 1996, Zdravkovich 1997, Zdravkovich 2003) and Sumner (2010) presented a review of studies about the effects of a second cylinder placed in close proximity, arranged in tandem, side-by-side, or in staggered configurations. Less well studied are the changes to the flow when a cylinder is placed in an array of cylinders, specially when they are randomly placed. The flow field of multiple-cylinder configurations involve complex interactions between wakes, von Kármán vortex streets and shear layers (Sumner 2010).

For high stem-Reynolds numbers, defined as Rep = Ud/v, where U is the time- and space-averaged velocity in the vicinity of the cylinder, d is the cylinder diameter and v is the kinematic viscosity of the fluid, the flow is turbulent. It has been shown (Ferreira et al. 2013, Ricardo 2013) that, for low and intermediate areal number-densities of cylinders, turbulence is produced mostly by the work of Reynolds shear stresses in the horizontal plane (uv component) against the time-averaged shear rate characteristic of vertical-axis vortex shedding in the wake of cylinders. The spatial pattern of turbulent production and of other terms of the equation of conservation of Turbulent Kinetic Energy (TKE) is thus mostly determined by the interaction of vortexes shed by individual cylinders and by the distance between cylinders.

The main goal of this paper is to advance the understanding of vortex interaction in patches of randomly placed emergent and rigid cylinders, exploring two experimental databases acquired with 2D Particle Image Velocimetry (PIV) system. One of the databases includes instantaneous velocity maps downstream of a cylinder within an array of cylinders randomly placed. The second database consists in the instantaneous flow field downstream of an isolated cylinder.

Vortexes are among the most important and coherent structures that control the dynamics of flow fields (Banks & Singer 1994) and their study constitutes an important research topic, from both theoretical and practical points of view. The concept of vortex is loosely expressed as a helical pattern of flow in a localized region. However, no formal mathematical definition for vortex exists, for instance employing concepts of vorticity or helicity (Banks & Singer 1994). An operative definition, provided by Robinson (1991), is that a vortex exists when instantaneous streamlines mapped onto a plane normal to the vortex core exhibit a roughly circular or spiral pattern, when viewed from a reference frame moving with the center of the vortex core. The drawback associated with this definition is that it requires the ability to recognize and track a vortex core.

Visualization of vortexes plays an important role in the understanding of the swirling features in flow fields. A literature review shows that several criteria have been developed for vortex detection, but the essential characteristics are hard to capture, and none of the existing criteria is entirely satisfactory (Banks and Singer 1994, Sadarjoen et al. 1998, Jiang et al. 2005). The main research efforts have been placed in the visualisation of vortexes in complex 3D flows. According to Sadarjoen et al. (1998), the criteria in vortex detection can be classified in two groups: point- and curve-based criteria. The former includes methodologies in which a local quantity is sampled or calculated at a given point in a flow field while the latter makes use of local geometric properties of streamlines. The point-based criteria reveal vortical structures with varying degrees of success, it has been reported that it fails for some cases (Sadarjoen et al. 1998). On the other hand, curve-based criteria seems to detect vortexes more successfully, but it is computationally more expensive.

The present work proposes a methodology to detect vortexes, restricted to two-dimensional flow fields, combining a point-based criterion, embedded in a global search to detect all the possible vortex core locations, with a curve-based criterion to decide whether the detected point corresponds to a vortex, depending on the geometry of streamlines.

Concerning the organization of this article, after this introductory section it follows the description of the laboratory facilities and the two experimental tests carried out. Then, in section 3, the methodology applied for vortex detection is presented and it is followed by the results. The article finishes with the main conclusions.



2 EXPERIMENTAL FACILITIES

The experimental work was carried out in a 12.5 m long and 0.408 m wide tilting recirculation flume of the Laboratory of Hydraulics of IST. The flume has glass side walls, enabling flow visualization and laser measurements (Fig. 1). The flume bottom was covered with a horizontal layer of gravel and sand. The flow was controlled by a venetian-blind gate at the flume’s outlet.

Two experimental tests were considered in the present work:


	Test A—Array of cylinders: Cylinders with 1.1 cm of diameter were randomly placed with a uniform distribution of 980 cylinders/m2 along a 3.5 m long reach. This reach populated with vertical cylinders had two gaps to allow velocity measurements. The width of the measuring gaps is equal to the mean inter-stem distance (0.032 m). The data presented herein was acquired in the upstream measuring gap, which is located about 2 m after the begin of the array of cylinders. Figure 2 shows a plan view of part of the reach covered by cylinders. Within the array the flow was an uniform regime.
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Figure 1. Sketch of the flume where the experiments were performed.
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Figure 2. Plan view of part of the reach covered by cylinders. The dashed rectangle points out the region where the velocity maps used herein were acquired. The filled rectangle represents the area where the vortex search was performed. The arrow indicates the flow direction.




	Test B—Isolated cylinder: An isolated cylinder, also with diameter of 1.1 cm, was placed upstream of the reach populated with cylinders of test A. The flow upstream of cylinders’ array was gradually varied decelerating towards downstream. Figure 3 presents the longitudinal profile of the free surface on the region where the isolated cylinder was placed.




The experimental data acquisition consisted in a instantaneous velocity maps, in the horizontal plane, obtained with a 532 nm, 30 mJ 2D Particle Image Velocimetry (PIV) system. The PIV is an optical technology that allows obtaining the fluid velocity by measuring seeding particles velocity. The system is composed of the laser head, the power supply, the CCD camera and the acquisition system. It is based on a double-cavity laser which allows the user to set the delay between two laser pulses. During experimental tests presented herein, the PIV was operated at a sampling rate of 15 Hz and with a time between pulses of 1500 μs. The seeding particles used in this experimental work for flow visualization were made of polyamide, with specific gravity of 1.03 and diameter range of 30 to 70 μm, with an averaged diameter of 50 μm.

The horizontal maps were acquired at 3.8 cm above the bed, which is, for test A, in the region where the flow is mainly controlled by the vertical cylinders. For each test, 4500 images couples were acquired, corresponding to 5 minutes of consecutive data. The CCD of the camera used has a size of 1600 × 1200 px2 and the image correlation was performed with interrogation areas of 16 × 16 px2 with 50% of overlap. An area of roughly 12 × 9 cm2 was measured, yielding to interrogation volumes of 0.6 × 0.6 × 2 mm3, since the laser light sheet has approximately 2 mm of thickness.

The theory of Hjemfelt & Mockros (1996) reveals that the seeding used allows the identification of turbulent structures with the frequencies lower than 40 Hz with a significance level of 0.95. Since the PIV was operated at 15 Hz, the Nyquist frequency is equal to 7.5 Hz. Therefore, it can be concluded that the seeding particles used ensure the quality of the data acquired in the time domain. In the space domain, applying Taylor’s frozen turbulence hypothesis (Tennekes & Lumley 1972, p. 253) and considering a mean velocity of 0.13 m/s, the frequency fc = 40 Hz corresponds to a turbulent length scale λc = 3.3 mm. This means that the velocity of eddies smaller than 3.3 mm may be measured with less than 95% confidence employing this seeding particles.
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Figure 3. Lateral view of the reach where the single cylinder was placed. The blue line represents the free-surface. The arrow indicates the flow direction. The dimensions are in SI units (m).






Table 1. Flow properties.




	
	h (m)

	U (m/s)

	T (°C)

	Rep (—)






	Test A

	0.084

	0.131

	24

	1584




	Test B

	0.070

	0.158

	24

	1910
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Figure 4. Time-averaged velocity map for test A. The arrow indicates the flow direction. The dashed rectangle delimits the region where the vortexes were searched.
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Figure 5. Time-averaged velocity (left) and vorticity (right) maps for test A (top) and test B (bottom). The arrow indicates the flow direction.



The tests were performed with a discharge of 4.5l s−1. Table 1 presents flow properties for each test, where h is the flow depth, U is the mean (time-and space-averaged) flow velocity, T is the water temperature during the experiments, and Rep is the stem Reynolds number. The diameter of the cylinders is d = 0.011 m and v depends on the water temperature.

Figure 4 presents the time-averaged velocity map of test A, showing the heterogeneity of the

flow, in the space inter-cylinders, with zones of low velocity at the cylinder’s wake alternated by high velocity zones between cylinders. The vortexes were searched in a rectangular area, centred downstream of a cylinder, with dimensions 4d × 3d (width × length) in both tests. Time-averaged velocity and vorticity maps for tests A and B are presented in Figure 5.



3 METHODOLOGY

The methodology proposed in the present work for vortex detection comprises two main steps.


	First, for a given instantaneous velocity map, a global search is performed to identify possible vortex cores, finding the points where both longitudinal (u) and lateral (v) velocity components are zero. Figure 6 exemplifies an instantaneous velocity map in test A, represented by a vector plot, overlapped by the isolines of u = 0 (green lines) and v = 0 (red lines). The black points, marking the intersection of the two isolines, correspond to the location of the cores of the possible vortexes for the actual instantaneous velocity field.


	After the identification of all possible vortexes in a given region, a more local approach based on the streamlines neighbouring each point are analysed to distinguish between vortex cores or stagnation points. For each point, four streamlines are drawn around starting at 0, π/2, π and 3π/2 in the circle, with radius smaller than the size of interrogation areas, centred in that point. If at least two streamlines are closed (making a 2π revolution) and bounded and if there is a circulation pattern in the near vicinity of the point, then candidate is considered a vortex.
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Figure 6. Isolines of zero longitudinal (green) and lateral (red) velocity. The vector plot represents an instantaneous velocity map filtered with a Gaussian filter.



The streamlines for the cross points identified in Figure 6 are represented in Figure 7, where two vortexes were found (the two sub-figures on the right hand side).

A database of vortexes is built, each vortex marked by the number of the vortex map to which it belongs and by a timestamp and identified by the coordinates of the core and the value of the near-core circulation (including signal). This database is then processed to track vortexes into vortex paths. The key steps are summarized below.


	The first vector map with vortexes is used to initialize a record of open paths; the initial points of these paths are the coordinates of the vortexes in that map.


	The next vector map with vortexes is processed. The open paths for which the difference between the timestamp of the current vector map and timestamp of their last entry is larger than a given flow-dependent threshold are closed (and killed if there was only one entry). The remaining open paths may be continued by the vortexes with the timestamp of the current vector map.


	To determine if the vortexes with a given timestamp continue existing open paths or constitute initial points of new paths, four situations are considered: a) the current vector map has one vortex and there is only one open path; b) the current vector map has only one vortex but there are more than one open paths; c) the current vector map has more than one vortex and there is only one open path; d) the current vector map has more than one vortex and there are more than one open paths. The general criteria to map vortexes to paths employs a correlation analysis, with the key restriction that vortexes are not allowed to travel upstream.


	Once step 3 is finished, the record of open paths is updated and the process returns to step 2.
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Figure 7. Streamlines for each point of zero velocity.



Databases of positive and negative vortex paths are thus built. Statistical treatment of these databases allows for the determination of mean vortex velocity, mean angle of vortex motion, path length distribution and vortex shedding frequency, among others.



4 RESULTS

The methodology described in the previous section was applied to the sequence of velocity maps whose time-average spatial velocity distribution is shown in Figure 5, distinguishing vortexes with positive and negative circulation.

Table 2 summarizes statistics of the detected vortexes. The first two columns, labelled as “T” and “C”, identify the test and the sign of the vortex circulation, respectively. The sign of circulation was defined by the right-hand rule, therefore a vortex with counter-clockwise circulation has a positive circulation, and it is mentioned herein as a positive vortex for simplification. In Table 2, N stands for the number of vortexes detected, μ is the expected value of the longitudinal component of the path length and σ is the respective standard deviation. The last three columns in the same table indicates the percentage of vortex that were detected between the shedding cylinder and 1d, 2d and 3d further downstream.

The amount of detected vortexes in the test with the isolated cylinder is significantly larger in the array of cylinders. It is also observed that in test B the vortex live longer than in test A, in the sense that more vortexes are found further downstream in the former. A visual representation of those observations is presented in Figures 8 and 9, where the location of each detected vortex is represented, the blue points being the negative vortexes and the red points being the positive vortexes.

As expected due to the known anti-symmetric pattern of vorticity on the wake of a cylinder, the number of positive and negative vortexes detected in test B is similar. In test A, the amount of positive vortexes is 7% higher than the negative ones, which may express the influence of spatial asymmetries in the approaching flow. The distribution of vortexes along streamwise direction is presented, for both experimental tests, in Figures 10 and 11 for positive and negative vortexes, respectively.




Table 2. Elementary statistics of detected vortexes and paths for each test.




	
	
	
	
	
	% Vortexes in




	T

	C

	N

	μ (m)

	σ (m)

	1d

	2d

	3d






	A

	+

	1698

	0.0063

	0.0046

	80.3

	17.7

	2.1




	
	−

	1577

	0.0059

	0.0046

	83.3

	14.9

	1.8




	B

	+

	3317

	0.0087

	0.0058

	52.3

	38.5

	9.2




	
	−

	3390

	0.0081

	0.0057

	56.6

	34.7

	8.6
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Figure 8. Location of the vortex cores for test A.
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Figure 9. Location of the vortex cores for test B.



Comparing the distributions for test A with those for test B, one concludes that in the former the vortexes are mainly concentrated close to the shedding cylinder while in the case of the isolated cylinder, vortexes subsist at larger distances downstream. This behaviour is common to positive and negative vortexes.

To get more information about how the vortexes travel downstream and to obtain its shedding frequency, vortex paths were determined. Paths of the positive and negative vortexes, for test A and B, are shown in Figure 12.
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Figure 10. Distribution of the positive vortexes along streamwise direction in the array of cylinders (top) and for the isolated cylinder (bottom).
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Figure 11. Distribution of the negative vortexes along streamwise direction in the array of cylinders (top) and for the isolated cylinder (bottom).
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Figure 12. Detected paths for positive (red lines) and negative (blue lines) vortexes for a) test A and b) test B. The black dashed lines are the averaged paths, with circle markers to positive vortexes and square markers to negative vortexes.



The vortexes shed by an isolated cylinder (test B) travel downstream following an approximately linear path. Negative and positive vortex paths seem to converge until stabilizing into parallel paths 0.04d apart. In test A, the vortex paths shows a curvature when arriving close to the nearest downstream cylinder, being effectively drawn to it. This curvature may be an effect of the pressure field gradient in front of that cylinder.

Figure 13 shows the distribution of vortex shedding periods for both tests. One can observe that the expected value of the period is slightly smaller in test B, which may be due to the higher mean flow velocity. Test A shows a more concentrated period distribution around the mode, expressed in a smaller value of the standard deviation.
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Figure 13. Distribution of vortex periods for test A (top) and test B (bottom).



The mean period of the presented distributions are 0.40 s and 0.32 s, for test A and B, respectively, what corresponds to mean shedding frequencies, f, of 2.47 Hz and 3.11 Hz. Thus, the Strouhal number, a normalized frequency defined by St = fd/U, is 0.208 in test A and 0.216 in test B.



5 DISCUSSION AND CONCLUSIONS

The present work introduces a methodology to detect vortexes combining a global and a local procedure, based in detection of zero velocity points and analysing streamlines. This methodology was applied to provide evidence—vortex spatial distribution and vortex paths—to study the interaction of vortex streets within arrays of cylinders, relatively to the reference case of an isolated cylinder.

The interaction of vortex streets may be expressed by the spatial distribution of locations of vortex cores and by the length of its path, relatively to the case of a single cylinder. It was observed that more vortexes are found in the case of an isolated cylinder and those vortexes can travel longer downstream before disappearing.

The path of the vortexes is also affected by the presence of other cylinders. In the case of an isolated cylinder the positive and negative vortexes travel downstream following, initially, linear converging paths, and latter, linear parallel paths. Within an array of cylinders the vortexes are deviated from a straight path presumably due the pressure field of the cylinders downstream.

In what concerns the Strouhal number, the presence of neighbouring cylinders does not impact the results obtained for the isolated cylinder. In both test Strouhal number was ≈0.21, the well known Strouhal number characterizing the vortex sheddingin an isolated cylinder for Re ~ 103.

Future developments depend on the enlargement of the database of vortex paths with other cylinders, subjected to different arrangements of neighbours. This will allow for a clarification of the role of upstream and downstream cylinders in the longitudinal survival rate of vortexes and on Strouhal number of a given cylinder.
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ABSTRACT: The present study investigates hydrodynamic effects of the strip roughness on the Surface-velocity Divergence (SD) value to breakthrough about physical modeling of gas transfer mechanism in natural rivers. Particularly, accurate PIV measurements were conducted in a computer-controlled laboratory flume varying water discharge and roughness spacing, systematically, in order to obtain the space and time distributions of surface velocity divergence, turbulent kinetic energy and dissipation rate. Finally, a new practical model for the surface velocity divergence was proposed considering turbulence micro scales.



1 INTRODUCTION

Many practical models have been proposed for the gas transfer beneath an air/water interface. For example, Dankwerts (1951) has proposed a surface renewal model (SR model), which promotes intensive developments of subsequent physical models even nowadays. The SR model assumed that the local turbulence replaces periodically fluid parcel in the free-surface layer. Mathematical modeling of the renewal rate is one of the important research topics. McCready (1986) proved that the surface velocity divergence (SD) is closely relevant to the gas transfer process in the air/water boundary. An innovative development of PIV measurements allows us to obtain planer distribution of two velocity components by which the surface velocity divergence could be evaluated reasonably. Therefore, the SD value is highlighted recently in the gas transfer studies. Tambrino & Gulliver (2002) pointed out the significance of the peak spectrum of the SD value. Banergee et al. (2004) conducted DNS and reported that the SD model could be applied to both the open-channel flows and the wind-driven free-surface currents.

Generally speaking, a velocity shear is comparatively small near the free-surface in open-channel flows such as natural rivers. However the turbulence motions generated in the bottom layer have significant effects on the surface-layer. The open-channel turbulence is equal to a fully developed turbulent boundary layer, and various coherent structures such as hairpin vortices and bursting phenomena appear as explained by Robinsion (1991) and Nezu & Nakagawa (1993). These are transferred toward the free-surface and have striking impacts on the free-surface layer in the same manner as a boil vortex induces the divergence of the free-surface currents. Some researchers examined the validity of these gas transfer models to the open-channel flows. Gulliver & Halverson (1989) measured the gas transfer velocity in a laboratory open-channel driven by a bottom-situated moving belt, and they revealed that coherent turbulence events such as ejections and sweeps play significant roles. Komori et al. (1989) have evaluated the relation between the bottom-generated bursting and the surface renewal vortices, and revealed the contributions of the coherent turbulence events to the gas transfer. Moog et al. (1999) suggested that the gas transfer phenomenon observed in open-channel flows obeys well a small-eddy model, in which the gas transfer velocity is normalized using by small-scale turbulence static parameter such as dissipation rate.

It is, however, difficult to measure the gas transfer velocity in river flows by using the above-mentioned theoretical models. So, still now, most river engineers depend on some empirical formulae, in which the gas transfer velocity is evaluated by mean velocity, water depth and so on. Of course, these practical methods could not cover effects of bursting motion and secondary currents. Particularly, the free surface turbulence is influenced by not only the mean velocity and the water depth but also a bed configuration and an aspect ratio of the water channel.

The river bed is not smooth wall but composed of natural roughness elements such as sand, gravel and vegetation. In particularly, it is well known that open-channel flows with rough beds have different mean flow and turbulent statistics compared to flows with smooth bed as explained by Raupach et al. (1991). In the rough-bed condition, the vertical discontinuity of drag generates the strong velocity shear at canopy top. Lee & Sung (2007) concluded the effect of the surface roughness extends to the outer layer over the rough walls. They defined the roughness sublayer where the turbulent statistics are spatially inhomogeneous. Reynolds & Castro (2008) asserted that the flow in the canopy top is very different from that in the near-wall region of smooth-wall boundary layers. In rough-wall flow, sweeps are dominant and provide a large contribution to the mean shear stress. Djenidi et al. (2008) revealed that coherent structure originates at the trailing edge of roughness element and it is moved downstream together with downward or upward transfer. Pokarajac et al. (2008) pointed out the importance of Double-Averaging Method (DAM), i.e., time-averaging and space-averaging in the spatially inhomogeneous flows such as rough wall layer.

The present study focused on 2-D like rough-bottom flows, that is to say, in which strip roughness elements are placed with constant span. It is well known that shedding vortices produced periodically behind the roughness element are transported toward the free-surface. Although some previous studies pointed out that turbulence kinetic energy depends significantly on a ratio of roughness spacing to vertical height, there still remain a lot of uncertainties about relation between the surface velocity divergence and the coherent turbulence induced by the bottom-situated roughness element.

We tried to investigate hydrodynamic effects of the strip roughness on the SD value to breakthrough about physical modeling of gas transfer mechanism in natural rivers. Particularly, accurate PIV measurements were conducted in a computer-controlled laboratory flume varying water discharge, depth and roughness spacing, systematically, in order to obtain the space and time distributions of surface velocity divergence, turbulent kinetic energy and dissipation rate.

It is generally difficult to evaluate directly the SD value in natural rivers, because a simultaneous multi-points velocity measurement is required. Therefore, we proposed a new practical model for the surface velocity divergence, in which only single-point measurement can predict the SD intensity closely related to the gas transfer velocity.



2 EXPERIMENTAL PROCEDURE


2.1 Coordinate system

Figure 1 shows a glass-made water flume that was 16 m long, 40 cm wide, and 50 cm high tilting one. In this flume, water current was generated by control computer and electromagnetic flow meter. Streamwise, vertical and span wise   coordinates are x, y and z, respectively. The vertical origin, y = 0, was chosen as the channel bed. The time-averaged velocity components in each direction are defined as U, V and W, and the corresponding turbulent fluctuations are u, v and w, respectively. The strip roughness elements are placed on the flume-bed in the streamwise direction with constant spacing. The roughness element is a rectangular cylinder with side h = 1.5 cm long. The length is the same as the flume width. The measured region was located at about 7 m downstream from the channel entrance, at which the turbulent flow was fully developed.
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Figure 1. Experimental setup of horizontal 2-D PIV





2.2 Measurement procedure

2-W YAG laser (not pulse-like) was used for the Laser Light Sheet (LLS) as shown in Figure 1. The 2 mm thick LLS was projected horizontally in the three kinds of elevation. The spatial resolution is about 0.29 mm per pixel. The LLS plane was illuminated together with tracer particles (diameter of 0.1 mm and specific density of 1.02) and captured by a high-speed CMOS camera. The time-variation of the instantaneous velocity vectors (u˜,w˜) was calculated by PIV algorithm (see Nezu & Sanjou 2011). The PIV analysis was conducted by the direct correlation, in which the interrogation window size is 19 × 19 pixels. When the correlation value between the first and second image patterns is less than 0.4, a local velocity vector was judged an invalid vector, and an interpolated velocity data was given to the corresponding position by using surrounding valid vectors. A trigger signal which has same frequency as data sampling rate 1/Δt (Hz) is transferred to the CMOS camera via the control computer, and a pair of digital images are taken accurately at the frame rate 1/Δδ (Hz) of the CMOS camera. In this study, 1/Δt was set 30 Hz and 1/Δδ was set 100 Hz.





Table 1. Hydraulic condition.




	Case

	Um (cm/s)

	Re

	Fr

	φ

	H (cm)

	H/h

	h(cm)






	A-1

	20.0

	24000

	0.18

	3.0

	12.0

	8.0

	1.5




	A-2

	10.0

	12000

	0.09

	
	
	
	



	B-1

	20.0

	24000

	0.18

	5.0

	
	
	



	B-2

	10.0

	12000

	0.09

	
	
	
	



	C-1

	20.0

	24000

	0.18

	8.0

	
	
	



	C-2

	10.0

	12000

	0.09

	
	
	
	



	D-1

	20.0

	24000

	0.18

	16.0

	
	
	



	D-2

	10.0

	12000

	0.09

	
	
	
	



	E-1

	20.0

	24000

	0.18

	0 (smooth all)

	
	
	



	E-2

	10.0

	12000

	0.09

	
	
	
	






In order to obtain a current information in the x – y plane, a vertical 2-D PIV which measures the instantaneous velocity vectors u˜,v˜ was also conducted. The LLS was projected vertically in the centerline of the flume from top to bottom.



2.3 Hydraulic condition

Table 1 shows hydraulic condition, in which Um is time-averaged free-surface streamwise velocity in the centerline of the flume. Re and Fr are Reynolds number and Froude number defined using Um and H. φ Δx/h is a relative spacing of strip roughness elements, in which Δx is a streamwise distance between the neighboring members. The LLS positions are y/H = 0.17, 0.50 and 1.00 for the horizontal PIV.




3 EXPRIMENTAL RESULTS


3.1 Vertical two-dimensional mean flow properties

Figure 2 shows the time-averaged velocity vectors (U, V) for φ = 3.0, 5.0, 8.0 and 16.0 for Um = 10 cm/s, in which the color contours mean distributions of the streamwise velocity U, together with drawings on large scale for the canopy layer (y/h < 1.0). In the denser cases of φ = 3.0 and 5.0, a local recirculation zone is observed behind the square rib. The streamwise length covered by the circulation depends strongly on the relative spacing φ. The position of recirculation center xp also depends on the relative spacing, that is to say, xp/h = 2.0 for φ = 3.0 and xp/h = 4.0 for φ = 5.0. In contrast, in the sparser case of φ = 8.0 and 16.0, the flow reattachment is observed between two elements. It is also observed that the time-averaged velocity vectors lift up as they approach the downstream-situated square rib. These results are consistent with those obtained by Djenidi et al. (2008).



3.2 Time-series of instantaneous horizontal velocity vectors

The surface velocity divergence on the free-surface. The instantaneous velocity divergence β˜ could be defined as an following form, in which tilde means instantaneous component.

β˜≡∂u˜∂x+∂w˜∂z=−∂v˜∂y (1)

When β˜ is introduced instead of vertical velocity component ṽ , a transport equation of dissolved gas concentration is given by

∂c˜∂t+u˜∂c˜∂x+w˜∂c˜∂z−β˜y∂c˜∂y=D∂2c˜∂y2 (2)

This form means that the surface velocity divergence is a significant factor when vertical gas transport is prevalent much more than longitudinal and span wise   ones.

Figure 3 show instantaneous horizontal distribution of β˜ and velocity vectors u˜,w˜ in the cases of Um = 10 cm/s for φ= 5.0, in which the longitudinal positions of the roughness are indicated. The velocity vectors are drawn in a movable coordinate subtracting the bulk-mean velocity. β˜<0 means convergence zone where surrounding momentums concentrate on accompanied by the downward current. In contrast, β˜>0 means divergence zone where upward current transferred from the flume bed results in momentum divergence.

It is found from the contour result of instantaneous surface divergence that there exist positive and negative divergence zones. In blue and red circles accompanied by large divergence values, we could judge divergence and convergence of the free-surface fluid by direction of velocity vectors, respectively. The circles A and B are transferred downstream keeping their formations. It is noted that the convection of them has no relationship with the rib position.



3.3 Streamwise profiles of mean velocity

Figure 4 shows streamwise profiles of U at three different elevations, y/H = 0.17, 0.50 and 1.00.

In the cases of φ = 5 and 16, there exists a noticeable local variation near the roughness height, y/H = 0.17. For φ = 16, the mean flow accelerates mildly in the upstream-side of the roughness element and an intensive increase happens at the element, this is because the cross sectional area decreases. For φ = 5, there exists a mild decrease profile between the ribs. This tendency is more remarkable in the lager spacing. In contrast, for the φ = 3, the stream variation of U is very small because the bottom condition is close to the wall boundary.
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Figure 2. Distributions of time-averaged streamwise velocity in the vertical plain.




[image: ]

Figure 3. Example of time-series of the surface velocity divergence in the case of Um = 10 cm/s and ϕ = 5 at y/H = 1.0.



Of particular significance is that profiles are almost constant in the streamwise direction at y/H = 0.50 and 1.00, irrespective of the relative spacing. Similar results are obtained for the surface velocity divergence. These results imply that the surface divergence is independent from relative positional relationship between the sampling point and roughness element.



3.4 Effects of roughness spacing on surface-velocity divergence

Figure 5 shows the relationship between the relative spacing and the divergence intensity, which compares two kinds of bulk-mean velocity. It is noted significantly that a single peak appears at ϕ = 8, irrespective of the bulk-mean velocity. Some previous studies pointed out the shear layer formed over the strip roughness produces the turbulence motion and related eddies the most significantly when the relative spacing becomes about eight. It is thus inferred that the surface velocity divergence has a strong relation with the turbulent vortices induced within the bottom layer. Furthermore, as the present result suggests that larger divergence could be observed in the higher-speed velocity conditions, the Reynolds number may be a key factor on the production of the surface divergence.
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Figure 4. Streamwise profiles of mean velocity in the cases of Um = 10 cm/s at y/H = 1.0.
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Figure 5. Relation between intensity of surface velocity divergence and relative spacing of strip roughness.



It is generally difficult to measure the surface velocity divergence because we have to obtain time-series of velocity signals simultaneously at multi sampling points. Whereas, the turbulence statistics such as the turbulent kinetic energy and dissipation rate could be analyzed due to a single-point measurement method. Therefore, a connection of the turbulent statistics and the surface divergence will bring strong effects in development of practical and useful prediction methods for the surface divergence and the related gas transfer velocity.

Figure 6 shows the relationship between the relative spacing and the turbulent kinetic energy, which is indicted in the same manner as Figure 5. These profiles mean that the turbulent kinetic energy has a single peak at ϕ = 8 in the same way as observed in the result of the surface velocity divergence. Coleman et al. (2007) have conducted turbulence measurements and they also investigated that a vertical component of Reynolds stress reaches maximum for ϕ = 8. Our results correspond well to their finding. In cases of large relative spacing, although a local turbulence is produced significantly together with the shear layer and accompanied shedding vortices, they are diffused in space and time. As results, effects of the topical turbulence structure becomes comparatively small for the total streamwise length of the roughness bottom section. Whereas, in the cases of small relative spacing, the current within the bottom-situated cavity and the separation behind the roughness element are negligible compared to the mainstream over the cavity. Consequently, and the mean flow and turbulence structure become uniform in streamwise direction, and close to the wall boundary layer condition.
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Figure 6. Relation between turbulent kinetic energy and relative spacing of strip roughness.



Turbulent dissipation rate ε is the transfer rate from turbulence energy toward heat per unit mass and time, which is often calculated by using Kolmogorov’s scale. Eq.(3) indicates definition of ε.

εv≡12(∂ui∂xj+∂uj∂xi)2¯ (3)

The present study evaluates it from the original definition because time series of velocity components could be obtained simultaneously for the multi measured points. Here, we consider the dissipation rate on the free-surface.

The continuity equation leads to the following.

∂v∂y=−(∂u∂x+∂w∂z) (4)

Under the low Froude number condition, v = 0 and ∂u/∂y = ∂w/∂y = 0 can be assumed on the free-surface. Combination of Eqs.(3) and (4) gives the following form.

εv=4 (∂u∂x)2¯+4 (∂w∂z)2¯+4 (∂u∂x) (∂w∂z)¯+(∂u∂z+∂w∂x)2¯ (5)

The right-hand side terms are calculated by using measured 2-D PIV data.

Figure 7 shows the variations of dissipation rate evaluated by the present method to the relative spacing. The single peak appears at ϕ = 8 in the same fashion as the surface divergence intensity. It is therefore concluded that the turbulence statistics have significant relationship with the surface velocity divergence.



3.5 Physical modeling for surface velocity divergence


3.5.1 Taylor micro-scale

The surface renewal and related divergence phenomena have significant relationships with turbulence motion composed of multi-scale vortices, and it is therefore useful to introduce characteristic length and timescales for investigation of universal laws. The former part in the present section considers Taylor micro scale. Although it lacks a distinct physical meaning, we often use to characterize turbulent flows.
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Figure 7. Relation between turbulent dissipation rate and relative spacing of strip roughness.



The streamwise and span wise   components of Taylor micro scale are given by following forms, respectively.

λx=u2¯(∂u/∂x)2 (6)

λz=w2¯(∂w/∂z)2 (7)

Herein, a representative value λ is introduce due to the arithmetic mean operation, λ (λx + λz)/2.

Figure 8 shows the relationship between Taylor micro scale and the relative spacing. The variations of λ are comparatively small and ranges less than 1.4 cm, irrespective of the bulk-mean velocity and the roughness spacing.

Tsumori & Sugihara (2007) connected the intensity of surface velocity divergence to the surface turbulent kinetic energy ks and the Taylor micro scale λ as indicated by Eq.(8).

β′≈[ (∂u∂x)2 ]1/2≈[ u2¯λ2 ]1/2≈ks1/2λ (8)

This implies that the Taylor micro scale is a key parameter for the surface velocity divergence. Figure 9 shows the relation between the intensity of the surface velocity divergence β′ and ks1/2/λ, in which the measured data in the oscillation tank by Tsumori & Sugihara (2007) for the comparison. This result yields a following linear form independent of mainstream velocity and roughness spacing.
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Figure 8. Relation between streamwise Taylor micro-scale and relative spacing of strip roughness.
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Figure 9. Linear relation between the Tayler micro-scale and the surface divergence intensity.



β′=1.0⋅ks1/2λ (9)

Tsumori & Sugihara (2007) proposed the Eq.(10) in the oscillation tank.

β′=1.1⋅ks1/2λ (10)

It is thus found that the proportional coefficient is universal, irrespective of presence of the mainstream and the bottom condition. It is concluded that the surface velocity divergence is affected much significantly by the turbulent kinetic energy and the Taylor micro scale.

Figure 10 shows distribution of power spectrum for the streamwise velocity component in the case of C-1 (rough bed, ϕ = 5). The −5/3 power law is applicable and there exists the energy cascade process from large eddy to small eddy occurs in even the free-surface. The length scale of large scale vortex, Lx, is determined by integrating a correlation function of streamwise velocity fluctuation in the streamwise direction. Figure 11 shows relationship of the SD intensity and ks1/2/L. The data scatter is larger compared to Figure 9. This results suggests that micro-scale is more useful for prediction of the SD intensity than the integral length scale.
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Figure 10. Power spectrum of streamwise velocity component.
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Figure 11. Linear relation between ks1/2/Lx and the surface divergence intensity.






3.5.2 Kolmogorov scales

Under the Kolmogorov’s local isotropy hypothesis, a probability density function of turbulence is defined by viscous coefficient v and turbulent energy dissipation ε. The characteristic length is obtained by these physical variables as indicated by Eq.(11). This corresponds to the length scale of minimal turbulent vortex. In the same way, a characteristic time-scale could be defined by Eq.(12).

η≡(v3ε)1/4 (11)

tη≡(vε)1/2 (12)

Figure 12 compares the Kolmogorov length among the different hydraulic cases. It is found that Kolmogorov’ length is lager in the higher-speed mainstream, and it is smaller in the roughness bed than smooth one (ϕ = 0). It takes a minimum peak at ϕ = 8 and slight increase is observed between ϕ = 8 and 16. Figure 13 shows the relation between the relative spacing and the time-scale, in which same tendency could be recognized as the length scale. These results suggest that both of length and timescales become larger in the case that turbulence production is comparatively smaller, and in contrast, they becomes smaller in the case that largeer turbulence is formed.
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Figure 12. Relation between Kolmogorov length-scale and relative spacing of strip roughness.
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Figure 13. Relation between Kolmogorov time-scale and relative spacing of strip roughness.
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Figure 14. Linear relation between the Kolmogorov time-scale and the surface divergence intensity.



We assume that the surface divergence is closely related to small-scale turbulence, and connect them in the following way.

β′≈tη−1 (13)

Figure 14 shows the relation between the timescale and the surface velocity divergence. It is thus found that a distinct linear relation is observed as given by Eq.(14).

β′=0.67⋅tη−1 (14)






4 CONCLUSIONS

We focused on the surface velocity divergence (SD) in the open-channel flows with bottom-situated strip roughness. The horizontal PIV measurements obtained instantaneous divergence of free-surface velocity components, in which positive and negative divergence patterns are transferred downstream with time proceeding in the same fashion as the boil phenomena in the natural river surface. It was found that the SD intensity has relationship with turbulence statistics and our new model is able to cover, irrespective of the streamwise spacing of roughness members, that is to say, there exists universal linear relation between the SD intensity and the turbulences micro-scale such as Taylor’s and Kormogorov’s scales in the open-channel flows with square ribs.

It is generally difficult to evaluate directly the SD value because a simultaneous multi-points velocity measurement is required. In the same way, the Taylor’s length scale is also hard to obtain accurately in the field observation. In contrast, we can evaluate the Kormogorov’ length scale by using the spectrum profile obtained in the singlepoint measurement under the assumption of −5/3 power-law. Therefore, our new practical model will be very useful for the prediction of surface velocity divergence in natural rivers.
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ABSTRACT: This study investigates the impact of permeable to impermeable (and vice versa) bed transition on the velocity distribution of turbulent flow in an open channel. This experimental investigation is based on the 2D Particle Image Velocimetry (PIV) method, which allows data acquisition at fine spatial-temporal resolution. The experiments were conducted in a horizontal channel of 6.5 m length, 7.5 cm width, and 25 cm height. A grass-like vegetation of 2 cm height was used to represent a permeable bed, since these conditions are typical of flows encountered in sediment transport problems. In total, 36 experiments were carried out. The velocity is measured above the vegetation for the permeable bed and above the impermeable bed at three different discharges (0.735, 0.845 and 0.970 lt/s) and three different flow depths (4, 7 and 10 cm). The experiments were performed in four different locations of the channel (over the permeable bed, in the transition point from permeable to impermeable bed, over the impermeable bed, and in the transition point from impermeable bed to permeable bed). Results show that the velocity distribution in channels with transited permeable-impermeable beds (and vice versa) is different to distributions of velocity in solely permeable or impermeable channel beds. In particular, results show high sensitivity to the magnitude of discharge and total flow depth.



1 INTRODUCTION

The transition from permeable to impermeable bed on turbulent flow in an open channel has particular importance. In nature it is observed a growth of vegetation both in rivers and open channels in small or large lengths. The presence of a permeable bed (for example vegetation) in an open channel has as a result the change of depth flow and velocity.

Initially Beavers and Joseph (1967) used a porous medium with high permeability and laminar flow in a closed channel and found an empirical relationship for the interfacial slip velocity. They noticed an increase of mass flow over a permeable bed in comparison with the fluid flow over an impermeable bed.

The effect of a porous medium on the flow above it and the flow characteristics near the permeable bed have been studied by several investigators Eckelmann (1974), Kim et al. (1987), Poulikakos and Kazmierczak (1987), Vafai & Thiyagaraja (1987), Choi and Waller (1997), for relatively low Reynolds numbers (laminar flow).

The study of turbulent flow over and within a permeable layer is rather limited since there are further difficulties because of the turbulence. Stephan and Gutknecht (2002) investigated the resistance of submerged flexible aquatic vegetation on the flow. They described the flow resistance of the natural macrophytes used by means of equivalent sand roughness and they found out that the latter as well as the zero plane displacement of the logarithmic velocity profile were of the same order of magnitude as the mean deflected plant height and increased with increasing plant height.

Bigillon et al. (2006) investigated experimentally the turbulent characteristics of open-channel flows under transitionally-rough wall conditions. Vertical distributions of the velocity, turbulent intensities and vertical flux of turbulent kinetic energy were investigated using a PIV over a transitionally-rough fixed bed. Results were further compared with those obtained for smooth, rough and transitionally-rough walls. The results are in good agreement with those previously obtained on smooth walls and provide further evidence that PIV can be applied successfully to investigate turbulence in open channel flows over a rough bed.

Pechlivanidis et al. (2012) investigated experimentally the turbulent characteristics of open-channel flow using Particle Image Velocimetry. Results show that velocity over the vegetation region is a function of the vegetation height and the total flow depth; velocity decreases as the vegetation height increases. In addition, we show that velocities above the vegetation region are much lower than velocities above an impermeable bed. This is due to the turbulent shear stresses and the existence of turbulence in the vegetation region, which reduce the mean velocity above the vegetation region.

The width of the channel is only 7.5 cm but doesn’t influence the magnitude of the velocities. Keramaris et al. (2013) carried out experiments to investigate the impact of lateral walls on the velocity profile in an open channel with the width of 7.5 cm. Results from these experiments showed that the lateral walls influence the velocities only in a distance of 0.4 cm from the walls. This result indicates that the wall doesn’t influence the instantaneous velocities in the central area of the channel in which the velocity measurements are usually conducted. The impact of the lateral walls on the flow dynamics in the rest of the channel is negligible.

In this study the impact of permeable to impermeable (and vice versa) bed transition on the velocity distribution of turbulent flow in an open channel is investigated experimentally. A grass-like vegetation of 2 cm height was used to represent a permeable bed. The velocity is measured above the vegetation for the permeable bed and above the impermeable bed. Results show that the velocity distribution in channels with transited permeable-impermeable beds (and vice versa) is different to distributions of velocity in solely permeable or impermeable channel beds. Also there are differences between the two transitions especially in the mixing to the high velocities and in the influence of the bed friction.



2 EXPERIMENTAL PROCEDURE-MEASUREMENTS

In total 36 experiments were carried out in a laboratory of Hydraulics in the department of Civil Infrastructure Engineering of Alexander Technological Educational Institute of Thessaloniki, Greece. The experiments were conducted in a horizontal channel of 6.5 m length, 7.5 cm width, and 25 cm height. A grass-like vegetation of 2 cm height was used to represent a permeable bed, since these conditions are typical of flows encountered in sediment transport problems. The velocity is measured above the vegetation for the permeable bed and above the impermeable bed at three different discharges (0.735, 0.845 and 0.970 lt/s) and three different flow depths (4, 7 and 10 cm). The experiments were performed in four different locations of the channel (over the permeable bed, in the transition point from permeable to impermeable bed, over the impermeable bed, and in the transition point from impermeable bed to permeable bed).

This experimental investigation is based on the 2D Particle Image Velocimetry (PIV) method, which allows data acquisition at fine spatial-temporal resolution. PIV is an optical method of fluid visualisation and is used to obtain instantaneous velocity measurements and related properties in fluids. The fluid is seeded with tracer particles which, for the purposes of PIV, are generally assumed to faithfully follow the flow dynamics (Wereley & Meinhart (2010)). The motion of the seeding particles is used to calculate the velocity profile of the flow. PIVs use the particle concentration method to identify individual particles in an image and follow their flow; however, tracking particles between images is not always a straightforward task. Individual particles could be “followed” when the particle concentration is low, a method called particle tracking velocimetry, whereas laser speckle velocimetry is used for cases where the particle concentration is high. The experimental uncertainty of the measured velocity with this technique is approximately ±2%.

The measurements were conducted at a 12 × 10 cm2 region in a distance of 4 m from the channel’s entrance, where the flow is considered fully developed. The full development of the flow was evaluated comparing the velocity distributions in two vertical sections with a 60 cm separation distance. The uniformity of the flow was checked measuring the flow depth with point gauges at two cross-sections (4 m between the two sections). The desirable flow depth in the downstream section could be controlled using a weir at the channel’s outlet. The error of the measured flow depth (10 cm) with the point gauge was ±0.1 mm.

The velocity fields were determined analysing 500 pairs of photographs in each experiment. These fields were used to quantify the impact of lateral walls on the velocities near the lateral walls. The time interval between two different pair of images of was about 0.675 sec. The time between the two images of the same pair was about 1.5 msec, meaning that we do not focus on the time record but on the space record; however, the change in motion of the fluid elements can be monitored. The experimental set-up is presented in Figure 1.
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Figure 1. Experimental set-up.





3 ANALYSIS OF RESULTS

Experiments were performed for the flow determination and for investigation of the impact of permeable to impermeable (and vice versa) bed transition on the velocity distribution. Five hundred (500) pair of pictures for each experiment were taken. The validation of the images was further based on the INSIGHT 3G program. The velocity profiles at various positions were determined by the fields of the velocities with the use of MATLAB, which is integrated in the INSIGHT 3G program.

The first four diagrams (Figs. 2–5) represent the flow from impermeable bed to vegetation bed. Linear regions and the linear approximations with their equations with dotted line are featured. In the transition area, from impermeable bed to vegetation bed intense mixing is observed and in the vegetation area an increase of the slope of the linear curve is observed, i.e. the direction coefficient of the linear equations. These values represent the bed friction which divided by the dynamic viscosity of the fluid.

The next three diagrams (Figs. 6–9) represent the flow from vegetation bed to impermeable bed. With comparison with the previous experiments, the mixing created from the transition from permeable bed to impermeable bed is lower than the mixing created from the transition from impermeable bed to permeable bed. Also a lower mixing with the increase of the mean flow velocity is observed in the second case. This is due to the fact that in the first case (from impermeable to permeable bed) the velocity reduces suddenly and this create more mixing. Mixing due to the turbulence is appeared beyond the linear area of the flow. The largest mixing is noticed in the transition area.

Also the equation of linear zone of each case it is calculated. In this zone the shear stress is constant and equal to: τ0 = μ · du/dy (μ is the dynamic viscosity and is equal to ν/ρ, v is the kinematic viscosity (v = 1,01 × 10−6 m2/s) and ρ is the density of the water = 1000 kg/m3). The shear velocity is equal to u∗=τ0/ρ and y* = v/u*. The results are represented in Tables 1 and 2 (for Q = 0.845 lt/s).
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Figure 2. Flow over impermeable bed (Q = 0.845 lt/s, h = 70 mm). Transition from impermeable to permeable bed.
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Figure 3. Flow over impermeable bed (Q = 0.845 lt/s, h = 100 mm). Transition from impermeable to permeable bed.



Figures 10 and 11 show the dimensionless velocity profiles for the above Figures. Figure 10 shows velocity profiles for flow depth 70 mm and Figure 11 for flow depth 100 mm. In Figure 10 for flow transition from impermeable (profile a1) to permeable bed (profile a2) a reduction of the mean dimensionless value of the velocity with a contemporaneous increase of the dimensionless flow depth it is observed. The same result for flow transition from permeable (profile b1) to impermeable bed (profile b2) it is observed. The velocity profiles (b) is better than the profiles (a), because in profiles (a) the presence of vegetation after the impermeable bed reduce significantly the mean velocity of the flow. The same results in Figure 11 (profiles b and d) are observed Also in the case of 100 mm a significant approaching of the dimensionless flow depth with impermeable bed (profile c1) with the respective vegetation bed it is observed. This is due to the significant influence of the vegetation bed.
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Figure 4. Flow over permeable bed (Q = 0.845 lt/s, h = 70 mm). Transition from impermeable to permeable bed.
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Figure 5. Flow over impermeable bed (Q = 0.970 lt/s, h = 100 mm). Transition from impermeable to permeable bed.



Figures 12 and 13 show the vortices locations. In Figure 12 a convergence of flow lines from the area of the impermeable bed (1) to the area of the permeable bed (2) is observed. Before the change from impermeable to permeable bed, a small scale of vortices is created.


[image: ]

Figure 6. Flow over permeable bed (Q = 0.845 lt/s, h = 70 mm). Transition from permeable to impermeable bed.
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Figure 7. Flow over permeable bed (Q = 0.845 lt/s, h = 100 mm). Transition from permeable to impermeable bed.



The measurements for the determination of velocity profiles were carried out in the area (1) and area (2). The area (1) is in the impermeable bed and the area (2) is in permeable bed.

In Figure 13 also a small scale of vortices from the area of the permeable bed to the area of the impermeable bed are created, in the area (2). The vortices fields in this area are represent more clearly in Figure 14. The creation of these vortices means loss of energy, equivalent with the fluid flow from a tube with small diameter to another one with greater diameter. The greater loss energy is observed in the case of transition from permeable bed to impermeable bed. This is due to the fact that the suddenly reduce of the velocity is accompanied with loss of energy.
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Figure 8. Flow over impermeable bed (Q = 0.845 lt/s, h = 70 mm). Transition from permeable to impermeable bed.
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Figure 9. Flow over impermeable bed (Q = 0.845 lt/s, h = 100 mm). Transition from permeable to impermeable bed.






Table 1. Linear zone equations.




	h (mm)

	Profile

	Linear zone equations






	70

	a1

	u = 7.164 × 10−3 y + 0.053




	70

	a2

	u = 23.492 × 10−3 y – 0.421




	70

	b1

	u = 25.109 × 10−3 y – 0.534




	70

	b2

	u = 8.464 × 10−3 y – 0.053




	100

	c1

	u = 5.659 × 10−3 y + 0.0193




	100

	c2

	u = 8.555 × 10−3 y – 0.129




	100

	d1

	u = 13.636 × 10−3 y – 0.245




	100

	d2

	u = 4.657 × 10−3 y – 0.031










Table 2. Flow characteristics.




	h(mm)

	Profile

	τo× 10−6(Nt/m2)

	u*× 10−5(m/sec)

	y*(m)






	70

	a1

	7.2356

	8.5063

	0.0119




	70

	a2

	23.727

	15.404

	0.0066




	70

	b1

	25.360

	15.925

	0.0063




	70

	b2

	8.548

	9.2459

	0.0109




	100

	c1

	5.7156

	7.560

	0.0134




	100

	c2

	8.6405

	9.2955

	0.0109




	100

	d1

	13.772

	11.736

	0.0086




	100

	d2

	4.7036

	6.8583

	0.0147
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Figure 10. Dimensionless velocity profiles (a and b).
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Figure 11. Dimensionless velocity profiles (c and d).
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Figure 12. Flow from impermeable to permeable bed.
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Figure 13. Flow from permeable to impermeable bed. (A) vortices locations.
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Figure 14. Vortices fields in area (2) of figure 13.





4 CONCLUSIONS

In this study the impact of permeable to impermeable (and vice versa) bed transition on the velocity distribution of turbulent flow in an open channel is investigated experimentally. A grass-like vegetation of 2 cm height was used to represent a permeable bed. The following conclusions can be derived:


	In the case of transition from impermeable bed to (vegetated) permeable bed intense mixing is observed and in the vegetation area an increase of the slope of the linear curve is observed. Also it is observed that there is approximately a tripling from the transition from impermeable bed to vegetation bed.


	In the case of transition from permeable bed to impermeable bed the mixing created from the transition from permeable bed to impermeable bed is lower than the mixing created from the transition from impermeable bed to permeable bed. This is due to the fact that in the first case (from impermeable to permeable bed) the velocity reduces suddenly and this create more mixing.


	For flow transition from impermeable to permeable bed a reduction of the mean dimensionless value of the velocity with a contemporaneous increase of the dimensionless flow depth in all cases it is observed. This is due to the significant influence of the vegetation bed after the impermeable bed.


	Is these two cases a small scale of vortices are created. The greater loss energy is observed in the case of transition from permeable bed to impermeable bed. This is due to the fact that the suddenly reduce of the velocity is accompanied with loss of energy.
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Laboratory experiments and shallow water simulations of gravity currents moving on flat and up-sloping beds

C. Adduce, V. Lombardi, G. Sciortino, M. La Rocca & M. Morganti

University Roma Tre, Rome, Italy


ABSTRACT: Lock released gravity currents moving upslope are investigated by laboratory experiments and shallow water simulations. The bed’s angles were varied and the experiments were used to test two shallow water models. The gravity current’s speed decreased as the bed’s slope increased and for the highest bed’s upslope the gravity current was observed to stop before reaching the end of the tank. The developed two layer shallow water model accounts for both the entrainment between the two layers and the free surface. In addition it accounts for the space-time variations of the density in a gravity current. The effect of density gradients in the simulation of gravity currents was investigated by comparing the numerical results of both the present and Adduce et al. (2012) shallow water model with the measurements. A better agreement between experiments and simulations was found when the present shallow water model is used.



1 INTRODUCTION

Gravity or density currents are flows generated by the density difference between two different fluids. The density gradient can be caused by a difference in temperature or salinity or by the presence of particles in suspension (i.e. turbidity currents). Gravity currents represent a common physical process in both natural and industrial situations. Among the large variety of gravity currents occurring in nature one can mention oceanic fronts, which are generated by a salinity gradient, sea-breeze fronts, due to a temperature gradient, and avalanches, in which the density difference is supplied by the suspension of snow particles. Several examples of natural gravity currents are shown in Simpson (1997).

In its typical configuration a gravity current with density ρ1 propagates into an ambient fluid with a different density ρ2. If ρ1 > ρ2 the denser (heavy) fluid flows below the upper layer, generating a bottom gravity current, while if ρ2 > ρ1 a top current of less dense (light) fluid occurs.

An experimental technique widely used to produce laboratory gravity currents is the lockexchange. In this configuration a tank is divided in two different volumes separated by a vertical sliding gate. One of the two reservoirs is filled with lighter fluid and the other one is filled with the heavier fluid. The experiment begins when the gate is suddenly removed and the heavier fluid flows from the left to the right under the lighter one, producing the gravity current. The experiment stops when the current’s front reaches the right end wall of the tank.

Many authors realized experimental gravity currents by the lock-exchange technique (Huppert & Simpson 1980, Marino et al. 2005, Nogueira et al. 2013a, b, Nogueira et al. 2014a, b, La Rocca et al. 2012a). Numerical simulations were also widely used in the literature to study gravity currents’ dynamics. In particular shallow-water models were applied to reproduce the current’s dynamics (Shin et al. 2004, Ungarish 2007, Ungarish 2011, La Rocca et al. 2008, La Rocca et al. 2012b, La Rocca et al. 2013, Ungarish et al. 2014, Adduce et al. 2012). Indeed as the horizontal length scale of a typical gravity current is significantly longer than its vertical length scale, the aspect ratio of the whole current’s body is small enough to allow the application of the shallow water theory to model the current’s dynamics.

The dynamics of gravity currents moving on horizontal beds have been widely studied. In particular Adduce et al. (2012) developed a two-layer shallow-water model in order to compare numerical results with laboratory data. Unlike previous shallow water models, Adduce et al. (2012) removed the rigid lid approximation, accounting for the free surface, and took into account the entrainment between the dense and the surrounding fluid.

The dynamics of gravity currents moving down a slope have been studied by several authors (Cenedese & Adduce 2008, Cenedese & Adduce 2010, Maxworthy & Nokes 2007, Maxworthy 2010, Dai 2010, Dai 2012, Dai 2013), but to the authors knowledge neither laboratory investigations, nor shallow water modeling on gravity currents moving on an up-slope have been performed. Therefore the aim of this work is the investigation of gravity currents moving on an up-slope by both laboratory experiments and shallow water modeling, in order to give a novel contribution to the literature on buoyancy driven flows.

This paper is set as follows: after this introduction, the laboratory facility and the experimental technique are described in section 2, the mathematical model is illustrated in section 3, the comparison between experimental and numerical results is shown in section 4 and section 5 is devoted to the conclusions.



2 EXPERIMENTAL SET-UP

Lock-exchange gravity currents were generated at the Hydraulics Laboratory of the University Roma Tre using a similar apparatus as in Nogueira et al. (2013a, b). The experiments were realized in a Perspex tank of rectangular cross-section, of depth d = 0.3 m, length L = 3.00 m and width b = 0.20 m. The tank was divided into two reservoirs by a vertical sliding gate, placed at a distance x0 from the left end wall of the tank, as it is shown in the sketch of the experimental apparatus (Fig. 1). The smaller reservoir was filled with salty water of initial density ρ01 while the rest of the tank was filled with an ambient fluid of density ρ2 < ρ01. Both in the right and in the left part of the tank the depth of the fluid was h0, which was measured at the gate position x0. The tank was placed on a tilting structure, in order to obtain the desired sloping angle θ. The uncertainty in the density measurements, performed by a pycnometer, was estimated as 0.2%.

As soon as the gate was suddenly removed, a non-equilibrium condition occurred and the heavier fluid collapsed, flowing under the lighter one and the gravity current developed. The experiment stopped when the front of the gravity current reached the right end wall of the tank.
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Figure 1. Sketch of the tank used to perform the experiments.






Table 1. Experimental parameters.




	Run

	ρ01[kg/m3]

	ρ2[kg/m3]

	x0[m]

	h0[m]

	θ[°]






	1

	1090

	1000

	0.10

	0.15

	0.00




	2

	1090

	1000

	0.10

	0.15

	1.39




	3

	1090

	1000

	0.10

	0.15

	1.45




	4

	1090

	1000

	0.10

	0.15

	1.80







Four experiments were performed by the lock exchange technique and some dye was added to the lock fluid in order to provide the flow visualization during the experiment.

The development of each experimental gravity current was recorded by a CCD (Charged Coupled Device) camera, with a frequency of 25 Hz and a spatial resolution of 576 × 768 pixels, and an image analysis technique, based on the threshold method, was applied to measure the space-time evolution of the interface between the dense and the light fluid.

A ruler was positioned along both the horizontal and vertical walls of the tank in order to obtain the conversion factor pixel/cm. The front position xf was determined within an error of ±0.2 cm.

Following the procedure described above, four lock release experiments (i.e. Run 1-Run 4) simulating gravity currents were carried out using a coloured aqueous solution of sodium chloride (NaCl) as dense fluid and fresh water as ambient fluid, keeping constant ρ01 = 1090 kg/m3, ρ2 = 1000 kg/m3, h0 = 0.15 m, x0 = 0.1 m and changing the bed’s angle θ. In particular, an experiment on a flat bed and three experiments with different up-sloping beds were carried out. The investigated values of θ were: 1.39°, 1.45°, 1.80°. θ = 1.45° is the critical angle, i.e. the angle for which the gravity current reaches the right end wall of the tank with a front’s speed close to zero. The subcritical angle is defined as the angle for which the gravity current reaches the right end wall with a front’s speed higher than zero (i.e. θ = 1.39°), while the supercritical angle is defined as the angle for which the current doesn’t reach at all the right end wall of the tank (i.e. θ = 1.80°). The experimental parameters used for the experiments are shown in Table 1.



3 MATHEMATICAL MODEL

A two-layer, one-dimensional, shallow water model was tested by the performed experiments simulating gravity currents propagating up-slope. As in Adduce et al. (2012), the present model takes into account the entrainment between the two layers and the free surface.

As shown in Figure 2, the gravity current is modeled as a one-dimensional dense layer of height h1(x, t) and density ρ1 flowing with velocity V1 below a lighter layer of velocity V2 height h2(x, t) and density ρ2 bounded at the top by a free surface. The dense layer moves on a bed with a sloping angle θ. For the mathematical model, negative values of θ are referred to up-sloping beds.

The system of evolution equations is obtained by the model of Adduce et al. (2012) removing the hypothesis ρ1 = ρ1(t). In the present model not only the temporal variation of ρ1, but also its spatial variation is taken into account. On this purpose, a fifth evolution equation for the density ρ1 is added to the previous model:

∂ρ1∂t+V1∂ρ1∂x=−(ρ1−ρ2)Veh1+Cd∂2ρ1∂x2 (1)

in which Ve is the entrainment velocity and Cd is the diffusive coefficient. The two terms on the left hand side of Equation 1 are the local variation and the convective transport of ρ1, respectively. The second term on the right hand side of Equation 1 stands for a diffusive term. In this work the calibration value Cd = 0.02 m2/s was used for all the simulations. Such a value is consistent with the expected order of magnitude of Cd given by:

Cd∼H⋅V∼0.1m⋅0.1m/s∼10−2m2/s (2)

where H and V are the characteristic length and speed of the dense fluid.

The first term on the right hand side of Equation 1 represents a sink term obtained by considering the volume per unit width δΩ = h1dx, of mass δM = ρ1δΩ, shown in Figure 2. To obtain the temporal rate ∂ρ1/∂t, a suitable calculation of the following limit was performed:
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Figure 2. Sketch of the frame of reference used for the mathematical model.



limΔt→0 [ ρ1(x,t+Δt)−ρ1(x,t)Δt ]=(ρ2−ρ1)Veh1 (3)

As the local derivative of ρ1 is proportional to the difference between the densities of the dense and the ambient fluid, as shown in Equation 3, the space-time evolution of ρ1 can be modeled by Equation 1 instead of applying a conservation equation for the salt concentration, which would require a change of variables.

An improved entrainment coefficient E, obtained by a modified Turner (1986) formula, is used in the present model and is given by:

E=Ve| V1−V2 |=k⋅Fr2Fr2+5 (4)

The structure of Equation 4 is the same used in Adduce et al. (2012), but in this work an improved velocity scale given by the modulus of the difference V1 – V2 is used. Equation 4 shows that the entrainment velocity Ve is directly proportional to the dimensionless coefficient k.

The calibration value of k has to balance both a correct evaluation of the gravity current’s depth and a good simulation of the front’s speed. The same calibration value k = 0.48 obtained by Adduce et al. (2012) was used for all the simulations of this work.

The local densimetric Froude number of the dense fluid is given by:

Fr=V1(h1ρ1−ρ2ρ2gcos θ)1/2 (5)

The mathematical model was numerically solved by using an explicit Mac-Cormack’s finite difference method (Aureli et al. 2000). Details regarding the numerical model can be found in Adduce et al. (2012).



4 COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS

In Figure 3 experimental front’s positions versus time are shown for all the performed runs. As it was difficult to measure the profile of the current during its initial stage of development, the laboratory measurements started about 0.5 s after the removal of the gate. Figure 3 shows, as expected, that the current’s speed decreases as the up-sloping angle θ increases.



[image: ]

Figure 3. Plot of the experimental front position versus time for all the performed runs.



Gravity currents realized with critical and sub-critical up-sloping angles reach the end of the tank, while the runs performed with supercritical up-sloping angles stop before reaching the end wall of the tank.

Experimental and numerical results were compared in order to test the ability of the proposed model in simulating both the current’s shape and the front’s advancing in time.

For this purpose numerical results obtained accounting for both the temporal and the spatial variation of the current’s density ρ1 are compared with the previous model of Adduce et al. (2012), which takes into account only the temporal variation of ρ1.

In Figures 4a–d and 5a–d the gravity current’s profiles (i.e. the interface between the dense and the ambient fluid) predicted by both the numerical models overlapped to the images acquired by the camera for Run 1 (i.e. flat bed) and Run 4 (i.e. up-sloping bed with θ = 1.8°) at four different time steps are shown.

Figures 4a–b and 5a–b, which refer to the initial time steps after the gate removal, show that the numerical simulations obtained with both the present model (solid line) and Adduce et al. (2012) model (dotted line) agree well with laboratory experiments. However for both the flat and the up-sloping configuration the numerical simulation obtained using Adduce et al. (2012) model can reproduce the current’s shape and the front’s position just for the first stage of development of the gravity current. The simulation obtained with the present model shows a better agreement with the laboratory current during the whole duration of the experiment (see Figs. 4c–d and 5c–d). In particular, for Run 1 performed on a flat bed (Figs. 4c–d), the numerical simulation with Adduce et al. (2012) model overestimates the current’s speed, while the numerical results obtained with the present model agree well with the experimental gravity current in simulating the current’s speed.

For Run 4 performed on an up-sloping bed (Fig. 5a–d) the numerical profile obtained by the Adduce et al. (2012) model underestimates the current’s height after a certain time, while the simulation obtained by the present model agrees with the experimental current’s shape for the last two time steps shown in Figures 5a–d.

A percentage error Ep, given by the modulus of the difference between the area under the interpolated numerical profile and the area under the interpolated experimental profile, was computed, in order to quantify the ability of both the present model and Adduce et al. (2012) model in reproducing the shape of the interface between the dense and the ambient fluid.

The error Ep was computed for each time step of the current’s evolution in the following way:

Ep=100h0L∫0L| hn−he | dx (6)

By way of example, in Table 2 and Table 3 computed values of Ep are shown for Run 1 (i.e. flat bed) and Run 4 (up-sloping bed with θ = 1.8°), respectively, for the same time steps shown in Figures 4a–d and 5a–d. The error Ep for the simulation obtained with the present model is lower than the error computed for the simulation performed by Adduce et al. (2012) model for all the considered time steps. Therefore the present model is able to reproduce the current’s shape better than the Adduce et al. (2012) model for both flat and up-sloping bed’s configurations.

In Figure 6a–d the comparison between experimental and numerical front positions versus time is shown for all the performed runs. The results obtained by the present model are given by black lines, while the results obtained by the Adduce et al. (2012) model are represented by grey lines. The comparison shows a better agreement between experimental front positions and numerical predictions obtained with the present model, if compared to Adduce et al. (2012) model, which agrees with laboratory measurements only for the first stage of development of the gravity current.

The capability of the model in predicting the front’s advancing in time was quantified by computing a mean percentage error Exf by:

Exf=100N∑​j=1N (| xnf,j−xef,j |xef,j) (7)

where N is the number of experimental data and xnf,j and xef,j are the numerical and experimental jth front’s position, respectively.
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Figure 4a–d. – Comparison of numerical gravity current’s interface for Run 1 (flat bed) and the images acquired by the camera at four different time steps: 3 s (a), 8 s (b), 16 s (c), 21 s (d); Adduce et al. (2012) model (dotted line) and present model (solid line).
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Figure 5a–d. – Comparison of numerical gravity current’s interface for Run 4 (up-sloping bed with θ = 1.8°) and the images acquired by the camera at four different time steps: 6 s (a), 10 s (b), 18 s (c), 23 s (d); Adduce et al. (2012) model (dotted line) and present model (solid line).






Table 2. Percentage error Ep computed for run 1.




	Run 1 t [s]

	Ep [%]




	Present model

	Adduce et al. (2012)






	3

	2.7

	3.2




	8

	7.6

	11.0




	16

	11.9

	19.8




	21

	13.3

	23.1







The evaluated Exf for the simulations obtained by both the present and Adduce et al. (2012) model for all the performed runs are shown in Table 4. For the present model Exf reaches a maximum value of 4.6% for Run 2. Although Exf is of the same order of magnitude for the simulations obtained by both the numerical models, its values are lower for the results provided by the present model than the ones obtained with Adduce et al. (2012) model. Therefore the agreement between numerical results obtained with the proposed model and measured front position is good, being the error reasonable for all the investigated experimental conditions. In particular, the present model is able to predict the time history of front’s position better than Adduce et al. (2012) model, especially for gravity currents flowing up-slope.




Table 3. Percentage error Ep computed for run 4.




	Run 1 t [s]

	Ep [%]




	Present model

	Adduce et al. (2012)






	6

	6.0

	7.0




	10

	7.8

	10.6




	18

	8.1

	12.8




	23

	6.9

	12.2
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Figure 6a–d. Comparison of experimental and numerical front position versus time for the runs performed with different values of θ: 0.0° (a), 1.39° (b), 1.45° (c) and 1.80° (d), respectively; Adduce et al. (2012) model (grey lines), present model (black lines).






Table 4. Percentage error Exf computed for all the runs.




	Run 1

	Exf [%]




	Present model

	Adduce et al. (2012)






	1

	3.0

	5.4




	2

	4.6

	6.8




	3

	3.4

	7.1




	4

	3.0

	6.8









5 CONCLUSIONS

The object of the present work was the study of the dynamics of gravity currents moving on both flat up-sloping beds. Laboratory gravity currents were realized by lock exchange technique and the experimental results were used to validate a new shallow water model. In particular the capability of the presented model in simulating both the gravity current’s shape and the front’s advancing in time was tested.

Four lock release experiments were carried out keeping constant the initial volume of the lock fluid and the initial density of both the dense and the ambient fluid and testing four values of the bed’s slope. The movie of each experiment was acquired by a digital camera and an image analysis technique based on the threshold method was applied in order to detect the interface between the gravity current and the surrounding fluid. Experimental results show that, as expected, the current speed decreases as the bed up-slope increases.

Numerical simulations were performed using both the present two layer shallow water model and Adduce et al. (2012) model. As in Adduce et al. (2012), the present model accounts for both the space-time evolution of the free surface and the entrainment between the dense and the lighter fluid. Unlike the Adduce et al. (2012) model, that accounts for only the temporal variation of the gravity current’s density, the present model accounts for both the spatial and the temporal evolution of the gravity current’s density. Moreover, an improved velocity scale was used for the definition of the entrainment coefficient.

The comparison between laboratory measurements and numerical results obtained by both the present and Adduce et al. (2012) model shows that for both the horizontal and the up-sloping configuration the present model is able to reproduce the gravity current’s shape during the whole duration of the experiment, while Adduce et al. (2012) model agrees with laboratory measurements only during the first stage of development of the current. In addition the present model is able to predict the front’s position better than the Adduce et al. (2012) model, especially for the up-sloping configuration.

In conclusion the present model is able to simulate the gravity current’s dynamics better than Adduce et al. (2012) model, showing a remarkable capability in both reproducing the gravity current’s shape and predicting the position of the gravity current’s nose.
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ABSTRACT: The turbulence in two boundary layer regions in an open channel flow was investigated in this paper. The 5 m long flume was divided into 4 identical pools along its length, each pool separated by a trash rack composed of two regular grids. Tomographic Particle Image Velocimetry (TPIV) was used to measure the flow field. Two regions in the third pool downstream were considered, one at x/L = 0.5 and the other x/L = 0.85, where x is the streamwise coordinate and L the pool length. Ejections (Q2) and sweeps (Q4) were identified as were coherent vortices in the 3D flow field. The TPIV data yield allowed for the statistical analysis of the Reynolds stress distribution through the boundary layer along with the distribution of the turbulent energy dissipation. The turbulence properties of the flows were analysed and characterised by the location and by the turbulence in the free stream produced by the grids.



1 INTRODUCTION

Studying turbulence in open channel flows is an important endeavour to predict the transport of turbulent energy and momentum, and the processes of mixing and vortex structures. The aim of this paper is to investigate the turbulence in an open channel flow to gain an insight in its energy dissipation, generation, and anisotropy. In the flow considered in this work, the turbulence is generated at the wall and through a series of trash racks. An objective is to investigate the influence of the turbulence generated at the grid compared to the generation at the wall, and hence measurements are conducted near the channel bottom. Other motivations for measurements of wall bounded turbulence in fluvial studies is to understand the mechanisms of sediment transport. In this work, Tomographic Particle Image Velocimetry (TPIV) was used to capture full three dimensional velocity fields in an open channel flow at the wall.

Open channel flows can be divided into three main regions as a function of the depth of the flow h in the wall normal direction y (Nezu and Nakagawa 1993): (1) the wall region (y/h ≲ 0.15), where the classical ‘inner’ boundary layer treatments are applicable; (2) the free surface region (y/h ≳ 0.6), where the global flow properties such as h and the bulk velocity defines turbulent structure. This is also where the free surface acts to dampen out turbulent fluctuations normal to its surface, and; (3) the intermediate region (0.15 ≲ y/h ≲ 0.6), which is not strongly influenced by the wall nor the free surface (Fig. 1). The TPIV measurement regions in this paper are 0 < y/h < 0.12, and therefore in the wall region.
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Figure 1. Schematic of an open channel flow showing the coordinate system and the three main regions according to depth in the flow. S is the slope (also represented as angle θ) and h is the depth of the flow measured along the y-axis.



A prominent feature of wall bounded shear flows is the presence of coherent vortex structures that occur at a range of scales as a function of the distance from the wall. These features include streaks, omega vortices, hairpin structures, ejections and sweeps that travel together in packets (Hurther et al. 2007). These structures have been shown to propogate from the inner to the ‘outer’ boundary layer (Adrian et al. 2000). The outer boundary layer is outside of the inertial sublayer, from the definition of boundary layer theory, within the wall region of an open channel flow. A schematic of the division of the wall region flow into the boundary layer regions and their respective heights is presented in Figure 2.

Turbulence measurements in open channel flows had heightened interest from the 1980s with the feasibility of Laser Doppler Anemometry (LDA) (Nezu and Nakagawa 1993). These measurement replaced probe measurements such as hot film anemometry, which are sensitive to low velocities, water impurities, temperature changes and entrained air bubbles in the flow. Despite the ability of point measurements to resolve the finer scales of turbulence at the smallest timescales, they are unable to resolve turbulent structures without the assumption of frozen turbulence and isotropy of the gradients.

Sweeps, or Q4 regions, occur when v′ < 0, u′ > 0, and ejections, or Q2 regions, occur when v′ > 0, u′ < 0, where the primes indicate the velocity fluctuation from the mean field (Adrian et al. 2000). Sweeps and ejections are coherent packets of flow that are correlated with the wall generated vortex structures. The ejections are low momentum flow events, and vortices tend wrap around these regions in hairpin or cane like structures. The direction and relative magnitude of these turbulence structures are indicated in Figure 2. Using 2D PIV, Adrian et al. (2000) were able to capture these regions, and significant contributions to the identification and analysis of these regions were made by Stanislas et al. (2008) with stereo PIV. Hurther et al. (2007) linked the concept of outer boundary layer flow structures with the turbulent kinetic energy and momentum using an acoustic Doppler velocimetry profiler.
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Figure 2. Schematic of the regions in classical boundary layer treatment. y+ is the dimensionless wall unit (see Section 2.3), BL is shorthand for boundary layer. Sweep and ejection phenomena (Q4 and Q2 regions, respectively) are shown.



Studying the turbulent boundary layer with three component, three dimensional (3C-3D) techniques such as TPIV (Elsinga et al. 2006), enables the investigation of the vortex structures at the wall. Additionally, TPIV yields the full velocity gradient tensor ∇u, and with it the possibility to study the energy dissipation directly, providing sufficient measurement resolution. Atkinson et al. (2011) recently analysed the errors associated with boundary layer measurements with TPIV.

Regarding analysis of the classical boundary layers over flat plates and the structures in them, TPIV has been employed to investigate turbulent boundary layers in the buffer and inertial boundary layer regions, equivalent to this paper. To take one example, Schröder et al. (2011) used time resolved TPIV along a flat plate that enabled the visualisation of turbulent boundary layer phenomena such as low speed velocity streaks and hairpin vortices, as well as turbulence characteristics. The authors made spatial correlations of the events to form averages of their structures to give an insight to their behaviours. Crucially, despite not resolving the viscous length scales, they found that their measurements captured approximately 85% of the turbulent kinetic energy.

Unlike classic boundary layer investigations, the flume used in this study is divided by a series of trash racks. Trash racks are commonly used in spillways and fish passageways to convert the mean flow energy into turbulence energy. The goals of this study are to characterise the turbulence, turbulence structures, the boundary layer and the energy dissipation and generation a pool in this open channel flow behind a trash rack. This work accompanies an earlier investigation by the same authors that studied the evolution of the energy dissipation in the intermediate region, in the same flume (Earl et al. 2013). In this study, a higher resolution TPIV setup is employed to characterise the turbulence at the wall.



2 EXPERIMENTAL SETUP

Experiments were conducted in an open channel (Fig. 3a) at Institut Pprime at the University of Poitiers, France. The inclined channel was rectangular in cross section with dimensions 500 × 304 mm (height, H × width, W) and had 30 mm thick perspex walls and base to allow full optical access. The channel was divided into 4 identical pools of length L that were separated by trash rack assemblies (Section 2.1). The water was pumped from the lower reservoir into the upper reservoir, and propagated down the channel by gravity. The slope of the channel was S = 5% or θ = 2.9°; the flow was subcritical. The weir gate height was adjusted so that there was a regular head loss, ΔH (see Fig. 5), across each trash rack with a constant flow rate of Q = 34 L/s.
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Figure 3. (a) Schematic of inclined open channel, divided into 4 identical pools by 5 trash rack assemblies. (b) Grid geometries used in pairs to form the trash racks that divided the channel into pools.




2.1 Trash rack and grid details

Each pool was separated by a vertical trash rack assembly. The trash racks were comprised of, from upstream to downstream, a fine wire mesh and a pair of regular grids that were fabricated from 2 mm thick stainless steel plates. The fine wire mesh ensured that any large eddies from the previous pool were broken up before entering the next pool, resetting the flow. The G1 grid was upstream of G2 to make a G1G2 configuration, with square opening geometries as shown in Figure 3b. The solidity ratios, defined by σ = (D/M)(2 – D/M), are given in Figure 3b, where D is the width of each bar and M is the centre-to-centre bar spacing of the grid. Streamwise spacing between the grids in the trash rack was 90 mm. There was a fine wire mesh upstream of the grids to break up any large vortex structures and reset the flow. The trash racks housings wrapped around the flume walls and protruded 15 mm into the flow on the sides and base. The upstream edges of the housings were chamfered at 45°.



2.2 Flow properties

The water temperature was 15.4 ±0.5 °C with associated kinematic viscosity v = 1.15 · 10−6 m2/s. A table containing the key parameters for this flow is presented in Table 1. The hydraulic radius is defined as Rh = hcW/(2hc + W), where hc is the flow depth at the centre of the pool, measured normal to the bottom. The bulk mean velocity of the flow through each pool is U0 = Q/(hcW). The Froude Number is defined as Fr=U0/ghc and the Reynolds number with respect to hydraulic radius is denoted ReRh, while with respect to the grid mesh size as ReM. TPIV measurements were conducted in pool 3, discussed further in Section 2.4.



2.3 Wall region scaling parameters

To enable direct comparison with other turbulent boundary layer studies in the literature, the following scaling was used. The friction velocity U* is computed by fitting a log law (Eq. 1) to the measured velocity profile U(y) from the TPIV measurements (Section 2.4),

UU∗=1κlnyU∗V+B+w (yh) (1)

where κ is the von Kármán’s constant (0.4), B is the additive constant (5.0) and w represents the wake function. Only the lower quarter of the measurement region is used to fit the profile, and from this analysis, U* = 0.019 m/s. Figure 4 shows the fit of Eq. 1 for the R1 measurement region, which is defined in Section 2.4 and shown schematically in Figure 5a.

The scaling variables are thus listed in Table 2. The wall unit y* = v/U* is used here to normalise the wall normal distance and is equal to the viscous length. The wall unit also indicates how well the flow has been resolved (Section 2.8). All results are plotted against the dimensionless wall distance y+ = y/y*.



2.4 TPIV measurements

TPIV measurements were taken in two regions on the channel bed in pool 3 in order to investigate the dissipation of the turbulent energy. Pool 3 was chosen to ensure a fully developed flow (Figure 3). The two regions were named as follows: R1 denotes a region midway down the pool, (Figure 5a), and R2 the same sized region further downstream near the following trash rack (Figure 5b). These two regions are both located in the central xy-plane of the flume.




Table 1. Global flow properties.




	Parameter

	Value






	ΔH [m]

	0.06




	hc [m]

	0.32




	U0 [m/s]

	0.350




	Rh [m]

	0.10




	ReRh[−]

	31 300




	ReM [–]

	4 300




	Fr [–]

	0.20
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Figure 4. Log law fit (from Eq. 1) to the mean velocity profile of region R1, with R2 > 0.99.
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Figure 5. Schematic of Tomographic PIV locations along the boundary in pool 3 of the (a) region of interest R1 in the centre of the pool, and, (b) R2 with centre of region 75 mm from the trash rack. The camera positions were adjusted for R2 due to the optical impediment of the trash rack. Only the cameras in the foreground are shown, however there were four in total, with the omitted cameras symmetrically opposite on the other side of the flume.






Table 2. Summary of wall region inner boundary flow variables.




	Variable

	R1

	R2






	U* [m/s]

	0.019

	0.016




	y* = v/U* [mm]

	0.079

	0.094







The TPIV system was comprised of four 1600 × 1200 px 8 bit cameras. For R1, the cameras were positioned symmetrically in an inverted pyramid configuration, with declination and inward angles of approximately 20°. The positioning results in a camera angle subtended from the normal of the side walls of ~ 30°. For R2 the downstream cameras were required to be positioned centrally above the measurement region in the y-direction, as the trash rack housing obstructed optical access. Both camera orientations were a balance between approaching the optimum camera subtended angles for TPIV (shown to be between 30–45° for synthetic images, (Thomas et al. 2010) and reducing the aberrations of the particle images due to the high refractive index change at the interface of the air and the channel.

All cameras were fitted with 105 mm lenses, 532 nm pass optical filters (corresponding to the laser frequency) and 2-axis lens mounted adapters to ensure the Scheimpflug condition. The apertures were set at f# = 16 during acquisition. Neutrally buoyant, spherical, polyamide particles of mean diameter d50 ≈ 20 μm and density ρp = 1.02 g/cm3 were used to seed the flow. The particle density, size and quantity were carefully selected to achieve a compromise between signal to noise ratio, resolution, particle image size, particularly in the study of turbulence calculations, to ensure that the particles follow the flow truthfully.

A 10 mm thick laser sheet was made to illuminate the measurement volume, realised with a double head YAG laser with 120 mJ per pulse. The laser and laser optics were positioned under the channel, independent from the channel structure. Both R1 and R2 were 50 × 60 × 10 mm3 (x × y × z). The laser sheet thickness was regulated with parallel plates spaced at 10 mm. The time between corresponding images, Δt, was 2 ms, chosen to achieve mean particle displacements of ~8 px for each camera. These image double-quadruplicates (8 of which make a velocity field) were acquired at 2.5 Hz.



2.5 Image processing

For each camera and for corresponding laser pulses, the median image from 50 sequential images was subtracted to remove the background noise. This method was shown to be more effective than local window filters, due to the nature of the background noise, which included laser light dispersion on the channel bottom. The processed images to be reconstructed had a homogeneous particle per pixel of ppp ≈ 0.03, or an image source density Ns ≈ 0.7 (Scarano 2013), for all cameras at both time-steps. A gaussian filtering kernel was then applied to smooth particle images.



2.6 Volume reconstruction

The tomographic reconstructions and correlations were made using the SLIP library developed at the University of Poitiers (Tremblais et al. 2010). A pinhole model was used to calibrate the cameras, improved with a volumetric self calibration technique analogous to Wieneke 2008. Reconstruction was split into a volume initialisation and volume reconstruction phase, with the aim of optimising the available reconstruction algorithms.

The volume initialisation step was performed by a MinLOS (Putze and Maas 2008) that was proceeded by 2 iterations of SMART (Atkinson and Soria 2009). The SMART algorithm has been shown to perform faster than MART for reconstruction, however it also requires more iterations to obtain similar reconstructed volumes. SMART is therefore used to improve the quality of volume initialisation at minimum computational cost, and to speed up convergence of the subsequent reconstruction algorithm. The volume reconstruction was computed with 4 iterations of the BiMART algorithm (Byrne 2009), as implemented by Thomas et al. (2014).

A 2D gaussian filter was passed through each x–y voxel plane in the first 2 iterations and a volume thresholding was applied (Discetti and Astarita 2011). This increases the correlation quality and has the effect of reducing ghost particles.

The reconstruction programmes developed from the SLIP suite run on multiple processors. For a reconstructed domain of 1089 × 851 × 202 voxels, the complete reconstruction of each volume is in the order of 15 minutes running on 4-cores of an Intel i7 2.93 GHz processor. As the weighting coefficients are calculated on the fly, and only non-zero voxel elements carried, the RAM required per volume is in the order of 2GB, enabling analysis on desktop computers.



2.7 Vibration correction with self-calibration

During the experiments, the flume and camera rig vibrated due to the power of the water flowing down the channel. The vibration randomly changed each camera’s position at any given time. Hence, the camera calibration is no longer valid and the particles cannot be reconstructed because the particle images’ lines-of-sight no longer intersect. In a process analogous to Michaelis and Wolf (2011), each acquisition had its calibration updated by a volume self calibration (Wieneke 2008) to correct this.



2.8 Velocity field calculation

A two pass 64 × 64 × 64 voxel correlation volume with 75% overlap was used to find the most probable displacement of particles across the two reconstructed volumes. This resulted in 20992 vectors per acquisition at a spatial resolution of δx = 0.84 mm or ≈ 11y* for R1 and ≈ 9y* for R2. A median vector replacement regime was implemented as per Westerweel and Scarano 2005, with the number of spurious vectors found to be approximately 8% per volume. As tomographic reconstruction had been shown to be particularly susceptible to noise (Worth et al. 2010), a bilateral filter was used to filter the velocity fields, which was preferred over a gaussian filter as it preserves edges. Spatial velocity gradients have been calculated with a second order central difference scheme. Due to the reflection of the laser light on the bottom of the channel and subsequent image filtering, there is no data available in the lower 2 mm of the flow (y+ < 25).




3 RESULTS

u, v, and w are the instantaneous components of velocity and primes denote the root mean square of the fluctuations from the means U, V, and W, in the x, y and z directions respectively. 350 statistically separated flow fields for eachregion are considered.


3.1 Instanteous velocity fields

The velocity vectors presented in this section are from the perspective of an inertial frame of reference moving at 0.8 U0 in the x-direction. For clarity, only a quarter of the vectors in the xy-plane are plotted. The instantaneous fields are analysed to show the vortex structures and velocity fields that are extracted.

Figure 6a & 6b show instantaneous velocity fields in the R1 region where the Q2 and Q4 regions can be identified. The blue surfaces bound ejections (Q2) while the red surfaces bound sweeps (Q4). In Figure 6a, at a position x/L = 0.47, y+ = 60, a classic formation of the ejection and sweep interaction can be seen that extends vertically upward towards the downstream at approximately 45°. The green regions are vortices, highlighted by the Q-criterion (Hunt 1988). The Q-criterion is defined as Q=12(∣Ω2∥−∥S2∥), where Ω is the rate-of-rotation tensor and S is the rate-of-strain tensor. Although the vortices identified in Figure 6a don’t have a hairpin or cane like vortex shape, it can be seen that small vortex packets populate the region between the two zones. In Figure 6b on the other hand, a coherent and large ejection can be seen, also orientated at approximately 45°, where fingers of vorticity wrap around the low speed region. This low momentum region is bounded by two sweep regions.
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Figure 6. Instantaneous velocity field at a moving frame of reference at 0.8 U0. Flow is from left to right, with only a quarter of the vectors in the xy-plane plotted. The blue surfaces bound Q2 while the red surfaces bound regions of Q4. The green levels are isosurfaces of the Q-criterion indicating vortex locations.



Figure 6c presents the same fields for the R2 measurement region. Further downstream, the large Q2 and Q4 events observed in R1 appear to be larger, and the accompanying vortices are less frequent. The larger scale structures also appear more often in the buffer and inertial sublayers and occupy the upper regions of the measurement domain (y+ > 300). The figure also shows evidence of smaller vortices and Q2 and Q4 events in the lower buffer layer, which have been generated at the wall.

The organisation of the sweep and ejection phenomena observed in Figure 6 can be analysed further by considering the histograms of the velocity components. Figure 7a shows the Probability Density Functions (PDFs) of the normalised streamwise component for R1 and R2. Both regions contain 4 distinct peaks, where the peaks u/U0 > 1 correspond to high momentum, Q4 flow events. The next peak lower to Q2, low momentum flow events. The Q2 and Q4 events, as identified by the PDFs, indicate that they occur with approximately equal probability. The two lowest peaks are due to the slow flow next to the wall. Figure 7b shows the normalised wall normal velocity PDFs. There is a skewness, or shouldering, towards v/U0 < 0, equivalent to −v′ events for R1 (Q4) and a peak in of positive v′ for R2. The positive v′ peak is believed to be due to the flow beginning to turn upwards as it approaches the downstream trash rack housing. It was verified that the observations are physical flow phenomena and not bias errors due to peak locking.



3.2 Mean velocity fields

To highlight the type of velocity fields being measured, a 2D field of U/U0 (Figure 8a & 8b) and V/U0 (Figure 8c) are shown. Comparing the downstream region R2 with R1, the influence of the trash rack screen and housing can be seen particularly by the upwelling observed. The global reduction in the U/U0 levels at R2 is attributed to the increase in depth in the pool along x.



3.3 Reynolds stresses

From the 3 components of velocity, it is possible to retrieve the full Reynolds stress tensor 〈 ui′vj′ 〉. Figure 9 shows the 6 unique Reynolds stress terms normalised by U02 and the evolution with height from the boundary. In Figure 9a, which considers R1, this analysis shows that the turbulence energy is anisotropic, with The streamwise component 〈u′2〉 containing the most energy. Further downstream in R2 (Figure 9b), there is greater tendency for isotropy.
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Figure 7. Probability density function (PDFs) of the streamwise component of velocity u/U0 of R1 and R2 show high and low momentum flow events.
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Figure 8. For the G1G2 grid configuration, contour maps of the streamwise component of velocity U/U0 for (a) R1 and (b) R2 are shown. (c) Shows the contour maps of the wall normal component of velocity V/U0 for R2. Flow is from left to right. Note that the contour scale in (c) has changed from (a) and (b) to reveal the flow features.



Figure 9 shows the influence of the trash rack on the flow field. In this case, the Reynolds stresses are completely dominated by the grid generated turbulence. In most boundary layer studies, the free stream turbulence is kept to a minimum, and the turbulence is generated only at the wall, which then propagates up through the fluid through turbulent diffusion. In those cases, the Reynolds stresses are highest near the wall and decay in the wall normal direction. For the measurements in this flume, the turbulence generated at the trash racks dominates, particularly at R1, where there is a slight tendency for the stresses to reduce closer to the wall compared to the turbulence generated by the grids. Further downstream in R2 however, the grid generated turbulence has decayed. In this region, the turbulence generation at the wall (y+ < 80) tends to be higher than further away from the wall.



3.4 Turbulent energy dissipation

Finally, the energy dissipation averaged over all of the available velocity fields 〈ε〉 is considered. The energy dissipation acts to reduce the turbulent energy fluctuations that are associated with the energy of the vortices, at the smallest scales y*. To calculate 〈ε〉 requires the full velocity gradient tensor:

〈 ε 〉=2v 〈 sijsij 〉 (2)

where sij= (∂uj/∂xi + ∂ui/∂xj) is the instantaneous rate-of-rotation tensor. Figure 10 shows the evolution of 〈ε〉 along the wall normal direction for R1 and R2. It can be seen that the energy dissipation is globally higher for R1 than R2. For R1, there is a tendency for the energy dissipation to reduce as y+ increases. This tendency is less pronounced for R2.
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Figure 9. Reynolds stresses and their distribution along the wall normal direction.
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Figure 10. Energy dissipation plotted distribution along the wall normal direction.



The fluctuations in that data indicate that more velocity fields are required for statistical convergence. As per investigations by Tokgoz et al. (2012), as the velocity fields are under resolved, the energy dissipation is underestimated. However, in this case, it is what the global trends of the data indicate, rather than absolute magnitude, that are most important for this discussion.




4 DISCUSSION

TPIV measurements enable a whole field insight into turbulence flows. This study shows the applicability of TPIV to the analysis of open channel flows. Open channel flows tend to be difficult to measure with optical techniques owing to the scattering of the undulating free surface, and air entrainment. With this technique, turbulent structures such as sweeps and ejections have been identified. Within these event, vortex structures that appeared to wrap around the low momentum events were identified. The data enabled the analysis of the instantaneous velocity PDFs, which indicated the relative frequency of the events occurring.

The Reynolds stresses showed the anisotropy of the turbulence energy. The anisotropy was found to be higher upstream owing to the turbulence generated by the trash racks. Downstream, lower turbulence energy and a more isotropic flow were observed. Downstream, the generation of turbulence is greater at the near wall region. Finally, the energy dissipation tended to reduce away from the wall region and was considerably lower in the downstream region.



5 CONCLUSIONS

Two regions in the open channel flow were investigated at the boundary layer. TPIV was used to measure the flow at x/L = 0.5 (R1) and x/L = 0.85 (R2). Ejection (Q2) and sweep (Q4) regions were identified in the 3D velocity field, and the location of coherent vortices marked by high values of the Q criterion in both. TPIV allowed for the statistical analysis of the Reynolds stress distribution through the boundary layer. The turbulence properties of the flows were analysed and characterised by the location and by the turbulence in the free stream produced by the grids. This study has shown the applicability of TPIV to measure a vast range of turbulent properties in full 3D in open channel flows in the wall region.
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Effect of spatial average on turbulence measurement
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ABSTRACT: Mean and turbulent characteristics are commonly evaluated by spatially averaging over a finite fluid volume. For Particle Image Velocimetry (PIV), the spatial averaging is accomplished over the interrogation area during image processing; for Particle Tracking Velocimetry (PTV), the spatial averaging is made in the sampling bins during post-processing. For both techniques, the obtained values are attributed to the center of the sampling volume under the assumption that the volume size can be set to be indefinitely small. In practice, however, a finite sampling volume has to be used in PIV to facilitate correlation analysis, and in PTV to collect enough samples for statistical analysis. While the spatial-averaging measurement approach is accurate for flow areas that are uniform, the presence of velocity gradient across the sampling volume will inherently introduce bias errors. This study presents both analytical and experimental evidence to show that the spatial averaging effect differs for PTV and PIV in quantifying turbulence intensity. Due to the spatial averaging effect, turbulence intensity is likely to be underestimated by PIV but overestimated by PTV. Therefore, care needs to be taken when results from various measuring techniques are compared to describe turbulence modifications.



1 INTRODUCTION

The imaging techniques have become an effective and efficient tool for velocity measurement in open channel flows (Muste et al. 2011, Adrian & Westerweel 2011). The most notable imaging velocimetries are Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV). The PTV technique determines randomly located Lagrangian velocity vectors; the PIV method delivers Eulerian velocity vectors on a regular grid. These two methods yield instantaneous velocity samples, and investigation of flow characteristics necessitates repeated measurement and ensemble average.

In the entire measuring process, both PIV and PTV techniques evaluate mean and turbulent characteristics by averaging over a finite fluid volume. The averaged values are conventionally attributed to the center of fluid volume under the assumption that the fluid volume can be considered indefinitely small. For the PIV approach, the spatial average is made during image processing over the interrogation window; for the PTV approach, the average is made during post-processing across a series of sampling bins.

The difference between PTV and PIV in the spatial average process leads to implications that may alter the interpretation of turbulence modification in open channel flows. In this study we present some preliminary results to highlight the issue.



2 MATHEMATICAL FORMULATIONS


2.1 The PTV approach

The PTV method yields randomly located instantaneous velocities which are deemed to be accurate if the processing parameters are appropriately selected. The users are free to choose a sampling bin to calculate flow statistics based on a trade-off between maximizing the number of samples in each sampling bin and minimizing the effect of velocity gradient on the individual tracer velocities contained in the bin. To better capture the flow profile and minimize the gradient bias error, variable sampling bin sizes are often adopted in open channel flows experiments, with smaller bin sizes in the near-bed area and larger bin sizes in the upper flow.

Suppose a number of M repeated measurements are made at a fixed sampling bin, with the ith measurement capturing a number of Ni instantaneous velocity samples. Then the total number of the obtained velocity data is as follows

N=∑​i=1MNi (1)

The averaged velocity can be computed as follows,

U¯m=1N∑​i=1M∑​j=1NiUij (2)

where Uij denotes the jth instantaneous velocity in the ith measurement. The root mean square (rms) velocity is determined as follows,

um′2=1N∑​i=1M∑​j=1Ni(Uij−U¯m)2 (3)

For a steady open-channel flow characterized by a large aspect ratio, the velocity component can be expressed by

U(y,t)=UA(y)+u(y,t) (4)

where U(y, t), UA(y), and u(y,t) are the instantaneous, time-averaged, and fluctuating velocities, respectively, at time instant t and vertical distance y above the channel bed. At a sampling bin centered at ym with a height of Δh, the continuous forms of Eqs. (2, 3) can be readily deduced (Li et al. 2008)

U¯m=limT→∞1TΔh∫​0Tdt∫​ym−Δh/2ym+Δh/2U(y,t)dy (5)

um′2=limT→∞1TΔh∫​0Tdt∫​ym−Δh/2ym+Δh/2(U(y,t)−U¯m)2dy (6)

Eqs. (5, 6) can be reduced to the following form for steady flows (Li et al. 2008):

U¯m=1Δh∫​ym−Δh/2ym+Δh/2UA(y)dy (7)

um′2=1Δh∫​ym−Δh/2ym+Δh/2[ (UA(y)−U¯m)2+u2(y) ]dy (8)

where u2(y) represents the time-averaged value of u2(y,t). Eqs.(7, 8) can be used to investigate the spatial average effect involved in the PTV approach.



2.2 The PIV approach

In contrast to PTV, the PIV approach yields instantaneous velocity vectors on a regular grid. Each obtained instantaneous velocity involves averaging over the interrogation window.

Again, suppose a number of M repeated measurements are made at each interrogation window, and the ith measurement yields an instantaneous velocity of Ui, the computation of which involves multiple tracers (PIV does not recognize individual tracer particles; instead, it captures their motion as a unit.). The averaged velocity by the PIV approach is similar to that of the PTV method; it can also be calculated by using Eq. (2). However, the rms velocity is, different from that in Eq.(3). The rms velocity obtained by the PIV method has the following form,

um′2=1N∑​j=1N(Ui−U¯m)2 (9)

where Ui represents the instantaneous velocity obtained in the ith measurement. Note that the averaging process to obtain Ui is achieved ‘intrinsically’ during the image correlation analysis, and different algorithms introduce various averaging schemes.

At an interrogation window centered at ym with a height of Δh, the continuous form of Eq. (9) can be readily deduced as follows

um′2=limT→∞1TΔh∫​0T[ ∫​ym−Δh/2ym+Δh/2u(y,t)dy ]2dt (10)

Note that Eq. (10) is based on the underlying assumption of

U(ym,t)=1Δh∫​ym−Δh/2ym+Δh/2U(y,t)dy (11)

Eqs. (7, 10) can be used to investigate the spatial average effect involved in the PIV approach.



2.3 Analysis of the spatial average effect

There is no significant difference in PTV and PIV in quantifying mean velocity of the flow field. As indicated by Eq. (7), the measured mean velocity equals the spatially averaged velocity across the measurement volume, be it a sampling bin (PTV) or an interrogation window (PIV). Previous research has revealed that the bias error introduced is negligibly small when the measurement volume is in millimeter (Li et al. 2008).

A comparison of Eq. (8) and Eq. (10), however, shows significant difference between PTV and PIV in quantifying turbulent intensity.

The PTV approach contributes two parts to the rms velocity: the second part is indicative of the actual turbulence in the sampling bin whereas the first part is merely an artifact of the averaging process. The artifact produces an overestimation of the actual turbulence, and it may mislead a careless researcher to falsely interpret turbulence modification.

It is fairly obvious that the overestimation of turbulent intensity becomes more troublesome as the sampling bin size increases. In other words, a larger sampling bin size results in greater overestimation of turbulence intensity when PTV is used to measure turbulent statistics.

The PIV approach, on the contrary, tends to underestimate actual turbulence intensity due to the averaging process of image correlation. For an extreme case in which linear turbulence presents in an interrogation window such that

u(y,t)=u(ym,t)+ΔuΔh(y−ym) (12)

Eq. (10) yields zero turbulence intensity.

It is also easily seen from Eq. (10) that the obtained turbulence intensity will decrease if the interrogation window expands.




3 EXPERIMENTAL EVIDENCE

As the overestimation of turbulence intensity by the PTV method has been well recognized in the open channel flow community (Li et al. 2008, 2012), no further experimental results are necessary. Here we provide only some PIV measurements to illustrate the spatial average effect on turbulence intensity.

Experiments were conducted in a closed-circuit tilting hydraulic flume 5 m long and 0.2 m wide. The test section is 3.5 m downstream of the flow entrance. Honeycombs were placed at the flume entrance to minimize large-scale turbulent structures. A hinge tailgate controls water level at the flume exit. Flow discharge can be varied by adjusting the speed of pump and measured by an electromagnetic flow meter. A computer supervises the entire measuring system and coordinates operation of the pump, the electromagnetic flow meter and the ultrasonic water level gauges.

The measurements were made at steady, uniform flow condition. Instantaneous, two-dimensional velocity fields were measured in the streamwise–wall-normal plane (x-y plane) with a PIV system developed at Sediment Research Laboratory, Tsinghua University. Polyamid micro spheres (1.06 kg/m3 in density and 5 μm in diameter) were used as flow tracers. An 8W continuous wave laser provides 1-mm-thick light-sheet for illuminating the measuring plane. Particle images were captured by using a high speed, 768 × 576 pixel camera. The sampling frequency was fixed at 244 Hz. For each image, the exposure time was fixed at 150 μs based on a compromise between minimizing image streaking and maximizing image lightness. A total number of 38,304 image pairs were obtained. Particle images were analyzed through correlation analysis with the algorithm proposed by Scarano (2002). Three different interrogation windows were used for interrogation, namely, 16 × 4, 32 × 8, and 64 × 16 pixels. Other parameters of the PIV were the same.

Flow parameters are as follows: water depth h = 2.9 cm, bed slope J = 0.6%, cross-sectional velocity U = 0.26 m/s, Reynolds number Re = 4770, and friction velocity u* = 0.014 m/s.

The measured mean velocity and turbulent intensity are shown in Figure 1. It is seen that the measured streamwise velocity profiles collapse together under different size of interrogation window, with a discrepancy less than 1.0%. There exist some variations in the vertical component of mean velocity, which deviates slightly from zero. It is possibly due to minor error in the set-up of the coordinate system.
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Figure 1. Measured average velocity and turbulent intensity using different interrogation window sizes.



The measured turbulent intensity profiles, in contrast, differ greatly when the interrogation window varies. In particular, the streamwise component in the near-bed region show a departure of about 5%, and the vertical component show a decrease of more than 30% in the entire flow when the interrogation window expands from 16 × 4 pixels to 64 × 16 pixels.

The experimental results indicate that the size of interrogation window has limited influence on the measured mean velocity, but it can significantly alter the measured turbulent intensity, especially the vertical component. Figure 1 reveals that the vertical component is more sensitive to the interrogation window size than the steam-wise component. A plausible interpretation is still lacking.



4 CONCLUSIONS

Both PIV and PTV methods involve spatial averaging over a finite fluid volume; the spatial averaging is accomplished over the interrogation area during image processing for PIV and is made in the sampling bins during post-processing for PTV. Analytical and experimental considerations reveal the following findings:


	The spatial-averaging measurement approach is accurate for homogeneous flows. When velocity gradient presents across the sampling volume, however, bias errors will occur due to the averaging effect.


	For both PTV and PIV, the averaging effect is negligibly small when evaluating mean velocity of the flow.


	The PTV method tends to overestimate actual turbulent intensity. The extent of overestimation is closely related to the size of sampling bins.


	The PIV method tends to underestimate actual turbulent intensity. The extent of underestimation is closely related to the size of the interrogation window.


	Care needs to be taken when results from various measuring techniques are compared to describe turbulence modifications.
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ABSTRACT: Turbulence is a fundamental phenomenon in fluid mechanics and plays an important role in many fluvial processes. The key objective of this paper is the experimental characterization of the near-wall turbulence in supercritical open-channel flows. The work explores a laboratorial database of two-component instantaneous velocity series, collected in the vicinity of the bed, by means of Laser Doppler Anemometry. Different flow conditions were analyzed, with Reynolds number ranging from 104 to 4 × 104 and Froude numbers between 1.3 and 1.8. Turbulent flow variables were measured in order to analyze the behavior of the flow near the wall. The obtained data for the different flow conditions allowed for the quantification of turbulence through statistical moments, spectra and second and third-order structure functions. A comparison between the obtained and the literature values was also performed and discussed.



1 INTRODUCTION

Fluid flow can be divided in three regimes: laminar, transitional and turbulent. It was Reynolds (1895) who first performed detailed studies on the regime transitions and proposed a non-dimensional parameter to classify the different regimes, i.e., the Reynolds number.

Turbulent flows are ubiquitous in Nature, e.g. in atmospheric flows, ocean flows and many human-related applications. Turbulence plays an important role in fluvial hydraulics, contributing, amongst other things, to the initiation of sediment motion. The analysis of turbulence is therefore fundamental to a complete comprehension of the fluvial phenomena.

Turbulence is a rather complex subject. No general solution of the Navier-Stokes equations exists and, therefore, the use of numerical methods is often required to solve flow problems. Numerical models often required validation by means of experimental data obtained from careful and detailed experiments.

Nowadays it is possible to obtain detailed turbulent measurements using accurate measurement techniques such as the Laser Doppler Anemometry (LDA). Using this technique it is possible to obtain, with a high time resolution, instantaneous velocities representatives of a small region of space.

This paper presents an experimental study on the near-wall turbulence over a rough bed. The main objective is to discuss the behavior of turbulent variables related to second-, third—and fourth-order moments of the instantaneous flow field in the near bed region of a supercritical flow. The variables under analysis include turbulence intensities, auto-correlation functions, spectral density functions, second-order structure functions, turbulent scales, skewness, third-order structure functions and flatness.

The flow conditions are defined by the Reynolds (Re ≈ 104) and Froude numbers (Fr > 1). The data was obtained with the LDA and processed by means of statistical tools, including the use of spectral estimators.

The calculation of the moments of the instantaneous velocities allowed for a time-averaged characterization of the flow, while the spectra and the structure functions provided detailed information about the flow structure.

The main theoretical definitions necessary for understanding the obtained experimental results and the corresponding discussion are presented in section 2. A brief description of the experimental setup, instrumentation and test conditions can be found in section 3. The presentation and discussion of the experimental results are exposed in section 4 and, finally, the conclusions are presented in section 5.



2 DEFINITIONS


2.1 Statistical moments of the instantaneous velocity field

A turbulent signal obtained from a stationary flow can be described as a random function of time with a constant time-average. This characteristic allows for the use of the Reynolds decomposition, i.e., the turbulent signal can be obtained from (Reynolds, 1895):

u(t)=u¯+u′(t) (1)

where u = instantaneous velocity; u¯ = time-averaged velocity; and u′ = velocity fluctuation.

The mean velocity, u¯, is the first order statistical moment and is defined by (e.g. Lumley, 2007):

u¯=1T∫tt+Tu(t)dt (2)

where u = instantaneous velocity.

Turbulence intensity is often determined by means of the standard deviation, corresponding to the second order statistical moment:

σu2=1T∫tt+T(u(t)−u¯)2dt (3)

where σu2 = variance; u(t) = instantaneous velocity; and u¯ = mean velocity. The square root of (3) is the standard deviation or turbulence intensity.

The skewness and kurtosis are respectively the statistical moments of 3rd and 4th order and are given by equations (4) and (5), respectively. These moments represent the asymmetry of the turbulence distribution (skewness) and its flatness (kurtosis).

Su=1σu3T∫tt+T(u(t)−u¯)3dt (4)

Fu=1σu4T∫tt+T(u(t)−u¯)4dt−3 (5)

where Su = skewness; Fu = kurtosis; and σ = standard deviation.

Expressions (1) to (5) are easily generalized for the vertical component.



2.2 Correlation functions and turbulent scales

The integral length scale, characteristic of the larger eddies, can be defined based on the correlation function given by (Lumley, 2007):

Qij=ui′(x)uj′(x+r)¯ (6)

This function expresses the degree of correlation of u′i(x) and u′j(x+r) and is equal to zero if these variables are statistically independent. If i = j one obtains the autocorrelation function. Considering the fluctuations of the two velocity components, u′ and v′, the corresponding autocorrelation functions are defined as:

Quu=u′(x)u′(x+r)¯ (7)

Qvv=v′(x)v′(x+r)¯ (8)

Equations (7) and (8) can be rewritten as (Davidson, 2004):

Quu=u′2f(r) (9)

Qvv=v′2g(r) (10)

where f(r) and g(r) are non-dimensional functions and f(0) = g(0) = 1.

In isotropic turbulence, the integral scales can be defined as (Pope, 2000):

Lu=∫0∞f(r)dr (11)

Lv=∫0∞g(r)dr (12)

where Lu = longitudinal integral scale; and Lv = transverse integral scale.

Should local isotropy hold, the Taylor micro scales, λu and λv, are defined from the curvature of the correlation functions:

λu=(−12d2dr2f)−1/2 (13)

λv=(−12d2dr2g)−1/2 (14)

The two Taylor scales can be related by (Pope, 2000):

λu=2λv (15)

According to Pope (2000) and Lumley (2007):

(∂u∂r)2¯=u′2λ2u¯ (16)

The dimension of the smaller eddies is given by the Kolmogorov scale (Kolmogorov, 1941a, Frisch, 1995):

η=(v3ε)1/4 (17)

where η = Kolmogorov scale; v = kinematic viscosity coefficient; and ε = rate of energy dissipation of Turbulent Kinetic Energy (TKE).



2.3 Turbulent power density functions

The spectral density function of null-mean turbulent velocity fluctuations allows for the determination of the TKE along the different sized eddies.

The energy in the wavenumber range (k1, k2) is defined as:

K(k1,k2)=∑​k1k2E(k)dk, (18)

where E = spectral density function; K(k1, k2) = TKE associated with the l scale; k = 2π/l; and l = length scale of the vortices.

In the inertial range, the spectrum can be defined as:

E(k)=C1 ε2/3 k−5/3 (19)

where C1 is, according to Kolmogorov (1941c), an universal constant and ε is the rate of energy dissipation of TKE. In isotropic turbulence, the dissipation rate is equal to:

ℰ=15v(∂u′∂x)2¯. (20)



2.4 Structure functions

For the longitudinal component, the associated structure function of order n is given by (Kolmogorov, 1941a, Monin and Yaglom, 1971):

SLL(n)(r)=(u(x+r)−u(x))n¯ (21)

where u(x + r) = velocity measured at point x + r.

In this case it is possible to verify that only the vortices with dimensions smaller than r will contribute significantly for the SLL (Davidson, 2004). If n = 2 one obtains the second order structure function expressed as:

SLL(2)(r)=(u(x+r)−u(x))2¯ (22)

Second order structure functions are often used as an indicator of the kinetic energy per unit mass of vortices with dimensions smaller than r (Davidson, 2004). It is possible to demonstrate that:

limr→∞ SLL2≈43K (23)

where K = (u′2 + v′2 + w′2) = TKE. According to Pope (2000), in isotropic turbulence, it is possible to write the second order structure function for the normal component as:

SNN(2)≈43SLL(2)=43C2(εr)2/3 (24)

where C2 is, according to Kolmogorov’s theory,

a constant, C2 = 2.0 (Pope, 2000).

The 3rd order structure function is given by:

SLL(3)=(u(x+r)−u(x))3¯ (25)

Under conditions of locally homogeneous isotropic turbulence it is possible to demonstrate (Monim & Yaglom 1971) that, for small scales, equation (25) can be written as

SLL(3)=−45εr (26)

Kolmogorov defined an expression for the so-called structure function symmetry expressed by:

S′=SLL(3)(SLL(3))3/2=C (27)

where C = constant. Equation (27) can be used to determine the value of C2.

Following the reasoning of Kolmogorov, as presented in Pope (2000), it is possible to write:

C2=(−45C)2/3. (28)

Existing databases of homogeneous and isotropic turbulence and of boundary-layer turbulence indicate that C2 = 2.0 for most practical applications (Saddoughi and Veeravalli, 1994).





3 EXPERIMENTAL SETUP


3.1 The flume

The experiments were performed in a rectangular open-channel flume of the Hydraulics Laboratory at the Faculty of Engineering of Porto University (FEUP), depicted in Figure 1. The channel is 17 m long and has a uniform rectangular section of 0.4 m × 0.6 m (width × height). Its slope can be adjusted by means of a pivoting support. A sluice gate place at the channel’s outlet allows the water level control. Both sides of the flume are equipped with glass windows, allowing for the use of Laser Doppler Anemometer in forward scatter mode. A pipe connected to a trop-plein feeds the channel and the flow rate is controlled by means of a valve installed in the feeding pipe. Downstream of the valve, there is an electromagnetic flow meter to measure the flow rate.

A perspex plate, with 0.4 m wide and 8 m long, was installed over the channel’s original bottom, allowing for different roughness elements to be tested with minimum modifications. The rough test section of uniform glass spheres, with 1 m long, was placed at the end of that perspex plate, at a distance of 12.5 m of the inlet (Fig. 2).
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Figure 1. Open-channel flow of hydraulics laboratory of FEUP.
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Figure 2. Scheme of the perspex plate: (1) Perspex plate, (2) uniform spheres bed, (3) channel bottom in Perspex, (4) channel bottom in steel, (5) support bars, (6) glass spheres, (7) Perspex plate support.





3.2 The artificial bed and tested conditions

The artificial bed used in the experiments was made by uniform glass spheres with a diameter of 4 mm, glued side by side in a triangular arrangement, as depicted in Figure 3.

Measurements were carried out for different supercritical flow conditions. The mean flow parameters such as flow rate, Q, flow depth, h, Reynolds number, Re, and Froude number, Fr, are presented in Table 1.

The time series of the two components of the velocity was obtained for these sets of conditions, allowing for the characterization of the turbulence.



3.3 Laser Doppler Anemometry

The instantaneous velocity of the flow was measured by means of a Laser Doppler Anemometry (LDA) system. LDA is, nowadays, a well-established and mature measurement technique (Durst et al. 1981, Tropea et al. 2007).

The LDA used in the experiments was a 2 component LDA made by DANTEC. The signal was processes by the Burst Spectrum Analyzer, connected to a computer for data storage. The characteristics of the LDA are listed in Table 2.

The main advantages of this technique are: its non-intrusive character, the fact that measures directly the velocity components, no need for calibration and with proper seeding it has a good acquisition frequency. One of its disadvantages is the particle dependent sampling that results in a random sampling rate. In order to calculate the spectrum, which requires equally spaced data, the LDA signal had to be processed. To re-sample the signal, the original signal was linearly interpolated into a discrete uniform grid. In Figure 4 an example of the signal resampling is shown.
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Figure 3. Scheme of the uniform glass spheres arrangement.






Table 1. Mean flow characteristics for the different flow conditions.




	Condition

	Q (L/s)

	h (mm)

	Re

	Fr






	1

	5

	20.5

	1.1 × 104

	1.37




	2

	10

	29.8

	2.1 × 104

	1.55




	3

	15

	35.5

	3.4 × 104

	1.79




	4

	20

	44.5

	4.2 × 104

	1.70











Table 2. Laser doppler anemometer characteristics.




	Setting

	LDA1

	LDA2






	Control volume dimensions

	



	Major axis

	2.825 mm

	2.679 mm




	Minor axis

	0.08189 mm

	0.07767 nm




	Frequency shift

	40 MHz

	



	Wavelength

	514.5 nm

	488 nm
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Figure 4. Example of the LDA signal resampling.






4 EXPERIMENT RESULTS AND DISCUSSION


4.1 Second- to fourth-order statistical moments

For the conditions defined by Q = 5 L/s and Q = 20 L/s, the following profiles of the calculated standard deviations, skewness and kurtosis are plotted in Figures 5 and 6, as a function of the wall coordinate y+. This was done so as to compare the observed results with data from other authors.

From the analysis of Figures 5 and 6 it is possible to see that, near the bed, smaller values of kurtosis were obtained (Fu < 3), corresponding to a flatter velocity distributions. The skewness is positive near the wall, which means that velocity distributions are positively skewed.

The condition Q = 5 L/s, depicted in Figure 5, indicates that the change in the signal of the skewness occurred at a distance y+ ≅ 130, the minimum value of the kurtosis at y+ ≅ 170 and the maximum value of turbulence intensity occurred at y+ ≅ 100. For higher flow rates, as exemplified in Figure 6, for 20 L/s, different results were obtained in the upper flow region, while in the near-bed region, differences are less relevant: the change in the signal of the skewness occurred at a distance y+ ≅ 250, the minimum value of the kurtosis at a higher value, y+ ≅ 400, and the maximum value of turbulence intensity occurred at y+ ≅ 90.
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Figure 5. Variation of the second, third and fourth order moments of longitudinal velocity component, u, along the wall co-ordinate for Q = 5 L/s. The dotted vertical line represents the top of the spheres level.
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Figure 6. Variation of the second, third and fourth order moments of longitudinal velocity component, u, along the wall co-ordinate for Q = 20 L/s. The dotted vertical line represents the top of the spheres level.



The obtained values for supercritical flows, over a uniform bed of spheres with 4 mm of diameter, are, in general, higher than the ones presented by Dittrich et al. (1996) for subcritical flows over rough beds. For staggered spheres, the following results were obtained by Dittrich et al. (1996): i) the change in the signal of the skewness occurred at a distance y+ ≅ 90; ii) the minimum value of the kurtosis occurred at y+ ≅ 115, and

iii) the maximum value of turbulence intensity occurred at y+ ≅ 100.



4.2 Turbulent scales

The turbulence analysis was based on the velocity time series, measured for different distances to the sphere’s top: 2.5 mm, 4.25 mm and 10 mm. In order to determine the dimensions of the turbulent vortices, the integral and Taylor scales were determined by means of expressions (11) to (14), for which Taylors’s frozen turbulence hypothesis was used. Figure 7 depicts the longitudinal and transverse correlation functions, respectively, f (eq. 9) and g (eq. 10).

The obtained values for the integral scales are presented in Table 3.
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Figure 7. Longitudinal (f) and transverse (g) autocorrelation functions for Q = 20 L/s and y = 4.25 mm.
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Figure 8. Longitudinal (f) and transverse (g) autocorrelation functions and correspondent parabolas used to evaluate the Taylor microscale for Q = 20 L/s and y = 4.25 mm.






Table 3. Longitudinal and transverse integral scales.




	Q (L/s)

	10

	12.5

	20






	y = 2.5 mm

	
	
	



	Lu (mm)

	25.3

	41.3

	38.7




	Lv (mm)

	240.1

	7.4

	23.2




	y = 4.25 mm

	
	
	



	Lu (mm)

	46.3

	51.5

	46.9




	Lv (mm)

	7.3

	10.3

	8.8




	y = 10 mm

	
	
	



	Lu (mm)

	52.3

	72.8

	83.5




	Lv (mm)

	12.5

	16.4

	16.6







According to Pope (2000), in isotropic turbulence, Lu/Lv = 2, meaning that the longitudinal integral scale is twice of the transversal one. From the analysis of the data presented in Table 2 it is possible to observe that the longitudinal scales are much higher than the vertical ones, except for Q = 10 L/s and y = 2.5 mm. Furthermore, it was observed that Lu/Lv > 2.

Table 4 presents the obtained values for the Taylor scales. From the analysis of these results, it was possible to verify that the longitudinal Taylor scale is also higher than the transversal one, with 1.2 < λu/λv < 1.8. Taking into consideration equation (15), λu=2λv was the expected result.



4.3 Energy dissipation and structure functions

The rate of dissipation of kinetic turbulent energy, ε, can be estimated from; the correlation functions, the structure functions and the spectrum. Based on the acquired experimental results, different estimates of dissipation rate were evaluated according to the expressions specified in Table 5.

From the 3rd order structure function, and taking into account equation (26), it is possible to calculate the dissipation rate. Figure 9 shows the 3rd order structure function, obtained for Q = 20 L/s and y = 4.25 mm. In the same Figure, the linear fit from which is possible to obtain ε3 is also represented.

From the resampled LDA data it was possible to estimate the spectrum which in turn was used to estimate ε4, based on equation (19). Figure 10 shows the spectrum obtained for a flow rate of 20 L/s at a distance from the sphere’s top of 4.25 mm. As it can be seen the obtained data follows the Kolmogorov −5/3 law, although isotropy at small scales is not completely observed.

The different estimates of the energy dissipation were used to determine the Kolmogorov constant, C2, by means of the longitudinal (SLL(2)) and transverse (SNN(2)) second order structure functions (eq. 24).





Table 4. Taylor microscales for the different flow rates at different heights.




	Q (L/s)

	10

	12.5

	20






	y = 2.5 mm

	
	
	



	λu (mm)

	7.2

	7.4

	12.8




	λv (mm)

	6.0

	4.8

	9.1




	y = 4.25 mm

	
	
	



	λu (mm)

	7.4

	7.3

	7.9




	λv (mm)

	4.5

	4.1

	5.1




	y = 10 mm

	
	
	



	λu (mm)

	12.5

	12.4

	15.3




	λv (mm)

	7.8

	7.3

	9.5










Table 5. Definition of the expressions used for energy dissipation estimation.




	Estimate

	Equation

	Remarks






	ɛ1

	(20)

	



	ɛ2a

	ε=30  νu′2¯/λu2

	λu evaluated by (13)




	ɛ2b

	ℰ=15  vu′2¯/λv2

	λv evaluated by (14)




	ɛ3

	(26)

	



	ɛ4

	(19)

	C1 = 0.5 (from literature)
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Figure 9. Third order structure function for Q = 20 L/s and y = 4.25 mm.



Figure 11 depicts the variation of parameter SLL(2)/(εr)2/3. In the inertial zone (maximum values in Fig. 11) this parameter should tend towards the C2 constant value. In the same Figure, the wide dispersion of values of this constant is evident. The C2 values obtained through the dissipation calculated with correlation functions are higher than the ones determined using the dissipation calculated from the spectrum and from the third order structure function. These last ones, however, are the closest to the universal value presented before, C2 = 2.0, as shown in Table 5.
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Figure 10. Spectrum of the two velocity components for Q = 20 L/s and y = 4.25 mm and comparison with Kolmogorov’s −5¡3 law.
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Figure 11. Compensated longitudinal second-order structure function for different energy dissipation estimates (Q = 20 L/s and y = 4.25 mm). In Figure legend 1 = ɛ1, 2a = ɛ2a, 2b = ɛ2b, 3 = ɛ3, 4 = ɛ4.



Figure 12 shows the representation of a second parameter 3SNN(2)/4(εr)2/3 which, in the same way, should approximate the C2 constant value in the inertial zone. The analysis of Figure 12 confirms the differences between the different estimates of energy dissipation, but in this case, the dispersion of values is smaller than the one in Figure 11. In this situation, the correlation function’s results are the closest to the theoretical value and, on the other hand, the third order structure estimate is much smaller.

As an example, the obtained values, for Q = 20 L/s and y = 4.25 mm, are presented in Table 6.
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Figure 12. Compensated normal second-order structure function for different energy dissipation estimates (Q = 20 L/s and y = 4.25 mm). In Figure legend 1 = ε1, 2a = ε2a, 2b = ε2b, 3 = ε3, 4 = ε4.






Table 6. Kolmogorov constant, C2, obtained from different estimates of dissipation rate for Q = 20 L/s and y = 4.25 mm.




	Estimate

	ε1,

	ε2a,

	ε2b,

	ε3,

	ε4,






	C2(SLL(2))

	11.4

	7.2

	6.3

	1.9

	4.6




	C2(SNN(2))

	3.1

	2.0

	1.7

	0.5

	1.3










5 CONCLUSIONS

An analysis of the near-wall turbulence in supercritical turbulent flow conditions was presented. The determination of statistical moments lead to the conclusion that, near the wall, the velocity distributions are flatter than the normal distribution (Fu < 3) and positively skewed (Su > 0). The skewness change of signal, the minimum value of the kurtosis and the maximum value of turbulence intensities occurs at approximately the same value of y+. For the same particle diameter, these values were shown to change with the flow rate. These results of y+, for supercritical flows are, in general, higher than the results presented by Dittrich et al. (1996) for subcritical flows.

The integral and Taylor scales, longitudinal and transverse, were also evaluated. In general, the measured longitudinal scales are larger than the transversal ones. The values of the scales ratios were 1.2 < λu/λv < 1.8, and thereby different from the expected value, λu/λv=2.

Different estimates of the dissipation rate were used to evaluate the Kolmogorov constant C2. The obtained values are different from the ones detailed

in the available literature, which in turn are considered to be universal by some authors.

The energy spectrum obtained for different flow conditions showed the validity of the −5/3 Kolmogorov law.
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Mechanical model for velocity profile and flow resistance

G. Smart

National Institute of Water and Atmospheric Research, Christchurch, New Zealand


ABSTRACT:

Explanation of turbulent flow structure will advance knowledge in fluid mechanics and assist modelling of geophysical flows. On the understanding that similar turbulent velocity signals over a wide range of scales arise from a similar underlying mechanism over the different scales, a simple eddy model is proposed for self-similar turbulence. It implies that the eddy-induced velocity fluctuations at a point depend only on the strengths of individual, self-similar eddies and the distances of these eddies’ cores from the measurement point. The eddy model is used to generate synthetic turbulence and, with further restraints, predict the vertical profile of downstream velocity. While the generated turbulence displays many of the properties of actual, high Reynold’s number turbulent flows and the model predicts a log law velocity profile, the main purpose of this work is to stimulate further discussion and provide a possible new avenue for the investigation and modelling of turbulent flows.



1 INTRODUCTION


1.1 Justification

If the physical processes that govern turbulent flows are better understood, better formulae and models can be developed to assess and manage geophysical flows. With regard to rivers, turbulence governs flow resistance (which determines flood depths and velocities) and shear stresses (which affect scour, sediment transport, pollutant, heat and nutrient dispersion). This work investigates and models the structure of turbulent flows.



1.2 Overview

For flow near a boundary, integration of a boundary-normal profile of the downstream velocity gives a mean downstream velocity (U) which, non-dimensionalised by shear velocity (U*), provides a flow resistance equation. While theoretical derivations and assumptions for flow resistance equations are well investigated in the literature, little has been published on fundamental models for the profile of downstream velocity. Similarly, statistical analysis of turbulent flows gives bulk turbulence properties but without a mechanistic understanding of the underlying processes. Fourier analysis of turbulent flow data show that turbulent velocities can be represented as a combination of sinusoidal waves with differing amplitudes and phase lags. Frequency spectra show the component wave energies decline following a power law function over a broad range of length scales. Although Fourier decomposition of turbulence is widely used it has conceptual drawbacks in terms of modelling what is observed in turbulent flows. Turbulence comprises intermittent “pulses” rather than continuous waves and positive velocity pulses are not necessarily immediately followed by equivalent negative pulses as occurs with a sinusoidal waveform. Some of these limitations are addressed by fitting filters of arbitrary shape using a wavelet transform (Farge, 1992) but so far, wavelets fall short of providing a mechanistic description of turbulence. While time-averaged turbulence is well described by statistical parameters, individual turbulent fluctuations appear chaotic yet are potentially predictable from initial conditions (Frisch, 1995). In 1941 Kolmogorov hypothesised that at high Reynolds numbers, a turbulent flow is “self-similar” over a broad range of scales (called the inertial range).



1.3 Eddy structures

When flow Reynold’s number is sufficient for turbulence, drag on a fluid boundary causes local low pressure zones which induce the flow to roll up and form vortices. Near-bed vortices are horseshoe shaped as they cannot theoretically end within the fluid (vortices extend to the boundaries or form a closed path, Kuethe & Schetzer, 1959). Eddies are herein regarded as large vortices and, for this 2-dimensional representation, eddies rotating about a span wise   axis are investigated. Examples of large eddy structures are shown in Figure 1.
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Figure 1. Examples of large horizontal axis eddies observed: (a) by Shvidchenko & Pender (2001) camera moving with mean flow velocity, mobile gravel bed, original image inverted to show flow from left to right and (b) by Sukhodolov et al. (2011).






2 MODEL DEVELOPMENT


2.1 Background

An observed consequence of Kolmogorov’s 1941 theory is that the spectrum of energy densities should display a –5/3 power law over a range of self-similar scales. This concept is developed as follows: If turbulence is self-similar over a range of scales, the process producing the turbulence must be similar over these scales. Assuming that turbulence is produced by eddies within a flow, then these eddies should be self-similar over the range of turbulence self-similarity. This property has been generally ignored because the observed larger flow structures are apparently not identical with smaller eddies. Although small vortices often appear symmetrical, larger structures appear asymmetric, persist for longer and have been termed “coherent structures”. The structures evident in Figure 1 can be described as wedge-shaped (Kirkbride, 1994). However, in boundary-induced turbulent flows, eddies are advected by a streamwise velocity which increases with increasing distance from a boundary. Consequently, the larger eddies are distorted when observed by usual flow visualisation techniques. It is shown below that the vertical profile of mean downstream velocity follows a log law. When a symmetrical (span wise   cylindrical) eddy is “sheared” by a log law (see Fig. 2) the resulting structure has a “wedge” form and bears some similarity to the structures evident in Figure 1.

Further observational complications are that two-dimensional vortices are distributed in three dimensions (so linear or planar measurements will usually show asymmetry) and that eddies may be carried (or superposed) within other eddies. The advection velocity of an eddy is the (temporary) local mean flow velocity, not necessarily the time-averaged streamwise velocity Uz as used in the Taylor hypothesis (u′ = u – Uz where u is the instantaneous streamwise velocity). Notwithstanding difficulties of visualisation, this model assumes there is a ubiquitous, “standard” eddy form.
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Figure 2. Illustration of a cylindrical eddy sheared by a horizontal offset which increases with the log of distance from the base of the eddy





2.2 Archetype eddy

The proposed, underlying, undistorted, self-similar turbulent eddies are referred to as archetype eddies. In the absence of external forces, eddies evolve into free vortices (known as “plughole” or irrotational vortices; irrotational means that particles within such an eddy rotate about the eddy core but do not rotate about their own axis). As our self-similar archetype eddies cannot (by definition) exist in different forms and the terminal state of an eddy is a free vortex, an archetype eddy must be a free vortex.

For a free vortex, at radius r the tangential velocity ut = s/r where s is the strength of the vortex. The strength can be interpreted as angular momentum per unit mass. An ideal free vortex is not possible as the velocity would grow to infinity approaching the vortex core line. In reality there is a core region surrounding the axis where tangential velocity decreases to zero as r goes to zero. Within that region, the flow is no longer irrotational and a more sophisticated model could assume a forced vortex core (known as a Rankine vortex). For simplicity, the vortex core region is assigned zero velocity in the present model.

An isolated free vortex passing a sampling point is shown in Figure 3. Taking an x direction velocity transect through the free vortex (A-A on Fig. 3) at perpendicular distance d from the vortex centre (where x = 0), shows:

u′=s dx2+d2 (1)

w′=s xx2+d2 (2)

u′w′=dx(w′)2 (3)

where u′ is the streamwise velocity fluctuation along the transect, w′ is the velocity fluctuation perpendicular to the boundary plane and u′ w′ represents the streamwise shear stress. At any reference point, the local velocity change due a passing free vortex can be described by the strength of the vortex (s) and the offset of the passing vortex core (x and d) from the sampling point. The sign of s and d determine whether the velocity u′ direction is upstream or downstream. The direction of w′ depends on the sign of s and x. The velocity and shear stress signatures of a single archetype eddy are shown in Figure 4. The functions are poorly defined when sampled near the very core of the vortex as noted above.

For this analysis we now attempt to model turbulence from pulses in velocity created as self-similar eddies pass a point in the flow. Typically there are limits on the sizes of turbulent eddies that can form within the flow boundaries. In a river, horizontal axis eddies cannot form larger than the flow depth, vertical axis eddies are limited by channel width and all eddies have a lower size limit dictated by the viscosity of water; i.e. the offset distance d is limited by the flow boundaries and the vortex core. For this 2-dimensional representation, rotation about the span wise   axis of vortices is considered. In a flow of depth H, for a sample taken at elevation z above the bed, the maximum radius of a circular eddy that can exist above the z elevation is (H – z)/2. The maximum radius of a circular eddy that can exist below elevation z is z/2. Thus the range of possible offsets of cores of circular eddies that influence velocity at sampling elevation z is given by:
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Figure 3. Diagrammatic representation of an archetype eddy showing velocities u′ along a streamwise transect (A-A) through the free vortex.
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Figure 4. Velocity and shear stress signatures of an archetype eddy at offset d = 0.7 m, with strength s = 0.005 m2/s, fluid density ρ = 1000 kg/m3.



−(z/2)<d≤(H−z)/2 (4)

For a given eddy the d offset is purely geometric, i.e. d has a uniform distribution over the interval of Eq. (4) and is not related to eddy strength.

Within the inertial range of eddy sizes the distribution of eddy strengths (s) is assumed to follow a normal distribution with mean of zero. This has the following consequences: (i) “eddies” fill the flow domain but many of these eddies have strength zero or close to zero, (ii) there is an equal balance of clockwise and counterclockwise rotating eddies, and (iii) the eddy field is described by a single parameter,

the standard deviation of eddy strengths σs, which determines turbulence intensity σu.

A synthetic timeseries of turbulent velocities can now be created by superposing eddies; each generated from a random normal distribution of strengths and a uniform distribution of offsets.



2.3 Vertical profile of streamwise velocity

The effect of vortices on velocity profile is now investigated. Within a free vortex, fluid moves at different speeds on adjacent streamlines and friction causes energy loss within the vortex. The model consequently considers conservation of momentum. Streamwise momentum per unit mass is streamwise velocity. For a velocity profile model the following assumptions are made:


	The near-boundary region or “roughness sub-layer” flow is not modelled.


	The overlying turbulent flow comprises two types of eddy, those that interact with the boundary (boundary eddies) and those that do not (internal eddies which include those discussed above). Boundary eddies transfer momentum to the boundary, internal eddies transfer momentum within the flow.


	A boundary eddy is constrained by its boundary interaction and forms an outer rim of thickness lo (related to boundary properties) in which momentum is exchanged from the fluid, via the eddy, to the boundary. On a streamwise transect through the eddy the streamwise component of the rim velocity is the same on the upstream and downstream sides of the transect so that there is no net streamwise momentum transfer from the flow except at the apex of the eddy (like an inverted undershot water wheel). For a boundary eddy with rim apex at z above a bed, momentum u (per unit mass) is transferred to the boundary via the eddy rim (thickness lo). For an incremental height Δz the incremental momentum Δu (per unit mass) extracted is u Δz/lo. This is written:

ΔuΔz=ulo (5)


	The initial eddy size generated by the boundary has average initial size lo and average tangential velocity kU* (i.e. the tangential velocity of the smallest boundary eddies is proportional to the boundary friction velocity).


	Boundary eddies grow outwards. A growing eddy sequence is shown by B2 B3 B4 in Figure 5. For such eddies to remain stable, there can be no significant unbalanced torque, i.e. forces transferred between the fluid and the eddy and the eddy and the bed must be equal and opposite and the eddy rim will maintain constant angular momentum (per unit mass) equal to its initial angular momentum = kU* (lo/2). The eddy rim at distance z from the boundary has radius z/2 and angular momentum = u z/2. Conservation of the angular momentum shows:
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Figure 5. Momentum extraction by span wise   eddies at distance z from the boundary. Diagram has mean profile of downstream velocity removed to show “unsheared” boundary eddies (B) and internal eddies (I). Boundary eddies interact with the boundary over a rim with thickness lo.



uz=kU∗lo (6)

Substitution of (6) in (5) gives:

ΔuΔz=kU*z (7)



	As each boundary eddy grows from an initial boundary eddy (average size lo), the distribution of boundary eddy sizes is uniform.


	Boundary eddies “block” the flow (Figs. 1, 5) and downstream of a boundary eddy there is a momentum deficit which is replenished with faster fluid from the overlying flow (“sweep” on Figs. 1, 5). The downstream velocity increases so that, on average (with non-accelerating mean flow) by section 3 on Figure 5 the velocity u3 returns to match u1. From section 2 to section 3 momentum is transferred inwards towards smaller boundary eddies.


	For non-accelerating mean flow at distance z from the boundary, the momentum supply (mean downstream velocity Uz) equals the streamwise momentum abstracted at that distance from the boundary. The abstraction comprises momentum extracted by boundary eddies (diameter z) and momentum transferred inwards to smaller boundary eddies; i.e. Uz is balanced by the boundary eddy momentum loss from section 1–2 (on Fig. 5) and the section 2–3 momentum transfer towards the boundary by internal eddies or structures which, in turn, feed momentum to lesser boundary eddies. The section 2–3 momentum loss supplies the cumulative momentum loss of the boundary eddies with sizes smaller than z.




From Eq. (7), the total momentum extracted at distance z from the boundary is the sum of momentum losses from boundary eddies with sizes from lo up to z:

Uz=∫lozkU*z dz (8)

Which gives the vertical profile of streamwise velocity as:

Uz=kU∗ln(zlo) (9)

This is equivalent to the well-known log law provided k = 2.5 (reciprocal of von Karman’s constant) and lo = the boundary roughness parameter zo.




3 APPLICATON


3.1 Implementation

Generation of a synthetic time series of inertial range turbulent velocities is now attempted assuming locally “frozen turbulence” (i.e. an incremental time step is linearly mapped as an incremental distance step). Eddy descriptors (strength and core offset) are generated randomly and used to create an individual eddy-induced ue′(x) velocity pulse according to Eq. (1). An incremental time step later another random eddy pulse is created and superposed on the first eddy pulse but offset by one distance (x) increment. The process continues generating and superposing velocity pulses with each time step and, as individual velocity pulses decay to zero, the older pulses cease to contribute to the resultant time series and new ones take their places. For discrete simulation such as this, the resolution at which co-ordinates of each pulse are generated and the relation of this to the x step is important. For this “proof of concept” exercise a time series of field-measured turbulence was used as an example and the simulation resolution was adjusted until the simulated turbulence resembled the measured turbulence. Variables x and d of Eq. (1) were rendered dimensionless (to X and D) by scaling with flow depth H. The simulation procedure was as follows:


	The X simulation increment was set at H/100. The eddy core diameter was set at H/100. The standard deviation of eddy strengths was set


	A dimensionless Z elevation above the bed for the “measurement height” of a turbulence time series was selected.


	A random dimensionless Zc eddy core elevation was generated from a uniform distribution over the interval (0,1). The core offset D = Zc – Z was calculated.


	A random eddy strength s was generated from a normal distribution with mean zero, standard deviation σs.


	If D was smaller than the eddy core diameter or outside the range of Eq. (4) the eddy strength was set to zero. [An alternative is to generate a core offset D within the range of Eq. (4). For the parameters simulated here this gives similar results to the above method].


	Streamwise velocity values were calculated according to Eq. (1) using D and s for 800 X steps over the interval [–4H, 4H]. Velocities were insignificant outside this range for the parameters used in this simulation.


	The velocity pulse of (vi) was added to the time series, the position of superposition on the time series was incremented by one X step and the process was repeated from step (iii).






3.2 Results

The simulation process was investigated by comparison of results with field turbulence measured during a small flood in the North Ashburton River in Canterbury, New Zealand. The river conditions were: H = 3.32 m, Z = 0.64 (2.12 m), mean velocity = 1.21 m/s, sampling frequency 28 Hz, velocity standard deviation = 0.40 m/s. Flow uniformity unknown.

Figure 6 shows a comparison of measured and simulated velocities. For the simulated velocities the standard deviation = 0.42 m/s. The simulated series has only a turbulent component and no mean (streamwise) velocity. While the measured velocities are plotted against a time axis the simulated velocities are plotted against the incremental simulation step. If it is assumed that the simulated turbulence is advected at the mean velocity of the measured turbulence the implied simulation time step is (3.32/100)/1.21 = 0.027 s and the simulated trace on Figure 6 should be compressed by 1.3 times to match the measurement timestep of 0.036 s. The time step question is more complicated than it first appears and this is considered further in the discussion.

Figure 7 shows that the energy spectrum for the turbulence measured in the Ashburton river displays a wide inertial range, agreeing with a –5/3 power law.

The equivalent energy spectrum for the simulated turbulence is shown in Figure 8.
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Figure 6. Turbulent streamwise velocities measured in a river (top trace) and simulated as described in 3.1 (bottom trace).
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Figure 7. Energy density spectrum for streamwise velocities measured at 28 Hz in the Ashburton River.
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Figure 8. Energy density spectrum for simulated turbulence created by superposing streamwise velocities of randomly generated free vortices.







4 DISCUSSION

While there is encouraging similarity between the actual and simulated turbulence it should be pointed out that the simulation increment (H/100 = eddy core size) and standard deviation of eddy strengths (σs = 0.022 m2/s) were fitted to achieve this result. Although the measured and simulated streamwise velocity series have similar standard deviations, velocity spikes appear more pronounced in the simulated series and, while not evident in Figure 8, some spectra of synthetic turbulence show this effect. Explanations for this could be (i) that the free vortex equation (1) becomes un-representative at small core offsets and does not model moderation of the velocity as the viscous vortex core is approached or perhaps (ii) the volume sampled in turbulence measurements is not small enough to resolve actual spikes as eddy cores pass very close to the instrument. The range of the –5/3 power law slope is also sensitive to simulation parameters. For example, a finer simulation increment (say H/400) will cause a steeper fall off of very high frequencies. A smaller eddy core size (say H/200) will increase the energy of high frequencies. The simulation increment serves a de-facto purpose of setting the generation rate of internal eddy vortices. The turbulence intensity (σu) is directly proportional to the standard deviation of eddy strengths (σs).

There may be conceptual issues regarding intermittency of turbulence being modelled by eddies at regular intervals, but potentially having zero or near-zero strength as a result of random Gaussian production from a population with mean zero.

Further work is needed to relate internal eddy strengths via the strength of boundary eddies to the boundary shear stress and to accommodate effects of bulk flow acceleration or deceleration.



5 CONCLUSIONS

Assuming that turbulence self-similarity over a wide range of scales arises from a facsimile production mechanism over the different scales and the stable form of a vortex is a free vortex, it is suggested that the “universal” turbulence decay mechanism is the free vortex. A simple model of streamwise velocities created by a passing free vortex can be used to superpose velocities and simulate turbulence time series. By placing a constraint that momentum transfer to a boundary occurs only in the rim of blocking eddies which touch the boundary, a logarithmic law can be derived for the vertical profile of downstream velocity.
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Investigation of the impacts of coherent flow structures upon turbulence properties in regions of fluvial scour
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ABSTRACT: Erosive action of water in streams by excavating and transporting the bed materials along downstream caused by the swirling of water and the reverse current, when water flows past an obstacle. River process is known as “fluvial” (e.g. fluvial erosion/scour and deposition patterns are related to running water, ..etc.). The importance of the inherent resistance of bed materials to the erosional process, or erodibility, is generally recognized in obstacle-shape and fluvial geomorphology, but the full implications of the dynamics of sand properties that affect erodibility are seldom considered. The rate of scour is a key problem for understanding of scour process. More than 38 experiments with clear water flows were conducted to investigate the fluvial scouring process around obstacles.

This paper aims to present the work in an international framework of research on scouring processes around obstacles due to water flows, and to identify critical emerging research questions. It focuses particularly the experimental research on fluvial environments. The obstacles placed on a sand bed, on the way of a unidirectional flow, develop a scour mark on the bed. The scour is caused by generation of vortex developed on the upstream side of the obstacle. Sand grains eroded by this vortex are deposited on the downstream side of the obstacle as wakes. The turbulent flow field within the equilibrium scour mark was measured in a laboratory flume using 3-D Micro Acoustic Doppler Velocimeter (Micro-ADV). The scours marks may be named as “current-crescent” preserved in geological record are traditionally used as indicators of palaeo current direction. This study is to identify the contribution of busting events and predict the trend of coherent phenomena of flow over the plane surface and within the equilibrium scour hole using quadrant threshold technique and cumulant-discard method to the Gram-Charlier. Also in this paper, we generalized the quadrant threshold technique in (x, y), (x, z) and (y, z) planes; to identify the leading shear stress plane, which are responsible to form the scour geometry.



1 INTRODUCTION

The purpose of the present study is to extend the work of Maity and Mazumder, 2013 to determine the fractional contributions of burst-sweep cycle to the Reynolds shear stresses over smooth surface and within the scour hole generated by upstream of short horizontal static cylinder. Much of the environment consists of fluids. Many flows of interest in environmental fluid mechanics, e.g. flows in channels, rivers, lakes, estuaries and seas, are turbulent flows. Oceans and atmosphere consist of fluids in large scale motion. The most obvious common examples of a fluid in motion that of the mechanics of rivers. For example, Figures 1 and 2 shows the typical river flow and “Current Crescents” around pebble barriers in a recent stream bed at Subarnarekha River, Jharkhand, India. River flow itself occurs on river beds that are typically turbulent. Turbulence in a river occurs when rocks, holes, or sudden changes in the river channel obstruct the flow of the water. River dynamics involve complex, incompletely understood interactions among flow, sediment transport and channel form. The capacity to predict these interactions is essential for a variety of river management problems, including erosion/scouring and deposition, channel migration, width adjustment and habitat development. To address this need, statistical model increasingly are being used by river engineers, fluvial geomorphologists and river biologists to explore the complexity of river dynamics and predict fluvial behavior.
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Figure 1. Subarnarekha River, Jharkhand, India.
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Figure 2. A series of “Current Crescents” around pebble barriers in a recent stream bed at Subarnarekha River. Most of the pebbles are covered up by leaves and other plant materials carried by the stream.



In the light of the above, this paper will examine the nature of bursting events using quadrant threshold technique over smooth surface and scour surface to identify the contribution of bursting events and verify the existing theory formulated by Nakagawa and Nezu, 1977. Also in this paper, we generalized the quadrant threshold technique in (x, y), (x, z) and (y, z) planes; to identify the leading shear stress plane, which are responsible to form the scour geometry.



2 EXPERIMENTAL SETUP

Experiments were conducted in a re-circulating ‘closed circuit’ laboratory flume (Mazumder et al. 2005) specially designed at the Fluvial Mechanics Laboratory (FML) of Physics and Earth Science Division, Indian Statistical Institute, Calcutta. Both the experimental and the re-circulating channels of the flume have identical dimensions of 10 m length, 0.50 m width and 0.50 m height. For details of test channel, experiments, experimental conditions and the results associated with the mean flows and turbulence characteristics around the scour geometry. The paper by Mazumder et al. (2011) may be refereed.

A sand bed of thickness h′ = 4 cm and 5 m long covering the entire width (50 cm) of the flume was laid at the bottom. The median particle diameter d50 of the sand was 0.25 mm and the standard geometric deviation σs = 0.685. The specific gravity of sediments used for the experiments was 2.65. A series of experiments was conducted over the sediment bed of known grain-size distribution using different circular cylinder diameters of fixed length L = 10 cm placed at the centerline  of the flume. For each experiment, single cylinder was placed at the centerline  over the sand bed transverse to the flow at the measuring station 6 m downstream of the channel inlet. Flow depth was kept constant at Hw = 0.30 m. The effective flow depth was h = Hw – h′ = 0.26 m. The flow discharge Q = 0.015 m3/sec was chosen in such a way that the bottom shear stress was below the threshold value for sediment movement, i.e., when there was no sediment transport at the bed, which indicated clear water scour conditions (Raudkivi and Ettema, 1983). The discharge setup was left undisturbed to form a scour-shaped structure around the cylinder and consequently to attain perfect equilibrium conditions in the scour mark. The hydraulic slope of the flume was negligible and it was an order of 0.0001. Once the equilibrium is attained, the vertical velocity profiles from upstream to downstream along the flume centerline were measured using a Son Tek 5 cm down-looking 3-dimensional Micro-Acoustic Doppler Velocimeter (ADV) for three minutes at a sampling rate of 40 Hz to ensure full characterization of the turbulence phenomena. Schematic diagram of the experimental set-up are shown Figure 3. The equilibrium scour mark and schematic diagrams of equilibrium scour mark developed in the upstream sides of cylinder are shown in Figures 4 and 5.

The velocity data were collected along the scour marks with the lowest point in each profile being 0.30 cm above the flume bed and the highest point being 18 cm for each profile for the flow Reynolds number Re(= (umh)/V)≈ 6.87 × 104, where um is the maximum fluid velocity, h = Hw–h′ is the depth of water above the sand bed and v is the kinematic viscosity of fluid, and the Froude number Fr(=um/gh)≈0.165. The ADV data were processed to remove spikes using a phase space threshold despiking method described by Goring and Nikora (2002). The velocity data were analyzed for all three horizontal locations and found almost no change amongst the results of those velocity data.
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Figure 3. Schematic diagram of the experimental set-up.
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Figure 4. The equilibrium scour hole developed at the upstream of cylinder diameter (Dc = 3.2 cm) with Q = 0.015 m3/sec.
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Figure 5. Schematic diagram of equilibrium scour mark developed at the upstream of the cylinder of diameters (Dc = 3.2 cm).





3 ANALYSIS OF VELOCITY DATA

In turbulent flow, the instantaneous velocity components (u,v,w) in the (x,y,z) directions, the following three relations can be written as

u=u¯+u′,v=v¯+v′,w=w¯+w′ (1)

where over bar denotes time-averaged velocity and the prime denotes its fluctuations. The collected velocity data are processed to calculate the mean flow and turbulence characteristics at each point. The time averaged streamwise velocity u¯, vertical mean velocity w¯, streamwise turbulence intensity u′2¯, vertical turbulence intensity w′2¯ and local Reynolds shear stress τ are defined as;

u¯=1n∑​i=1nui;  w¯=1n∑​i=1nwi (2)

u′2¯=1n∑​i=1n(ui−u¯)2;w′2¯=1n∑​i=1n(wi−w¯)2 (3)

τ=−ρu′w′¯  ;   u′w′¯=1n∑​i=1n(ui−u¯) (wi−w¯) (4)

where ρ is the fluid density and n is the total number of velocity observations at each point.



4 QUADRANT ANALYSIS OF REYNOLDS SHEAR STRESS (QUADRANT THRESHOLD TECHNIQUE)

The aim in this section is to investigate the dynamics of coherent phenomena within and across the scour hole. The approach is consistent with the previous studies using quadrant analysis of bursting phenomena by Nakagawa and Nezu (1977) in (x,z)-plane. The bursting process consists of four categories of event, and these are defined by the quadrant of the event. Contributions to the total Reynolds shear stress originate from four different quadrants in the (u,w)-plane. Following Raupach (1981) these are defined as: (1) outward interactions (Q1)(i = 1 u′ > 0, w′ > 0); (2) ejections (Q2)(i = 2 u′ < 0, w′ > 0); (3) inward interactions (Q3)(i = 3 u′ < 0, w′ < 0); and (4) sweeps (Q4)(i = 4 u′ > 0, w′ < 0).

Here quadrants Q1 and Q3 give positive contributions and quadrants Q2 and Q4 negative contributions to the turbulent flux of momentum. Additionally, a hyperbolic hole H is defined, excluding from the analysis a region of instantaneous values of |u′w′| that are greater than H.| u′ w′ |. Systematic variation of the hole size H allows the investigation of the contributions of events to the total Reynolds shear stress, whether they are large, small or frequent. If 〈〉 denotes a conditional average, we have

〈 u′w′ 〉i,H=limT→∞1T∫​0Tu′(t)w′(t)Ii,H(u′(t),w′(t))dt (5)

where T is the averaging time and I be the indicator function defined as

Ii,H(u′,w′)=1 if (u′,w′) is in quadrant i and if| u′ ω ′ |≥H∣u′ ω ′∣¯Ii,H(u′, ω ′)=0,  otherwise.                                     }   (6)

The stress fraction Si,H for quadrant i is

Si,H=〈 u′w′ 〉i,Hu′w′¯ (7)

For H = 0 corresponds to including all the events, and by progressively increasing H, larger events are detected. The threshold value of H to delineate large flux events is often chosen arbitrarily, typically when the contribution of interaction events ceases.

It is interesting to note that sign of Si,H depends on sign of u′ w′ .

 If   u′w′¯¯<0,S1,H,S3,H<0 and S2,H,S4,H>0.  If   u′w′¯>0,S1,H,S3,H>0 and S2,H,S4,H<0. 

Since the stress fractions Si,H are normalized quantities, it always satisfies the relation

S1,0+S2,0+S3,0+S4,0=1 (8)

In addition, the time fraction Ti,H spent in making a contribution Si,H is defined as

Ti,H=Ii,H(u′,w′)¯=limT→∞ 1T∫​0TIi,H(u′(t),w′(t))dt (9)

The coherent structures which are observed in the present experiments are the vortex structures generated by the interaction of the incoming flow with the scour hole and the cylinder. Therefore, the perturbation in the flow field alters the ejection and sweep events, and thus it is necessary to study the conditional statistics of Reynolds shear stress.



5 MATHEMATICAL MODELLING

In order to estimate the stress fractions Si,H from the cumulant discard method (Nakagawa and Nezu, 1977; Raupach, 1981), we normalize the velocity fluctuations u′ and w′ by their standard deviation

(r.m.s) in each direction so that u^=u′/u′2¯ and w^=w′/w′2. Considering the joint probability function of û and ŵ by p(u^,w^), its characteristic function by χ(α,β) with the moment of u^s w^t¯ by mst and corresponding cumulant qst, the characteristic function χ(α,β) can be defined as

χ(α,β)=∬​−∞+∞ei(u^α+w^β)p(u^,w^)du^ dw^ (10)

where α and β are its arguments. Here mst and qst correspond respectively to the coefficients in Taylor series expansions of χ(α,β) and lnχ(α,β); and hence the relationships between the moments mst and the cumulants qst are successively obtained. Using inverse transform of Equation (10) in which the terms of χ(α,β) less than fourth order taken into account, p(u^,w^) can be written as

p(u^,w^)=12π∬​−∞+∞e−i(u^α+w^β)χ(α,β) dα dβ (11)

p(u^,w^)≡ϕ(u^,w^) [ 1+∑​s+t=34qsts!t!Hst (u^,w^) ] (12)

where

ϕ(u^,w^)=12π1−R2e−u^2+2Ru^w^+w^22(1−R2) (13)

Here ϕ(u^,w^) is the Gaissian distribution for two variables and Hst(u^,w^) is Hermite polynomial of order (s + t). Equation (12) represents a joint probability density distribution of the Gram-Charlier type in bivariate case.

Normalizing the Reynolds shear stress τn(=(u^w^/u^w^¯)=−u^w^/R) and using the change of variables, the probability distribution pτn(τn) of τn is given by

pτn(τn)=∫​−∞+∞R|u^|p(u^,−Rτn/u^)du^=Rπ1−R2eR2τn1−R2∫​0∞e−u^2+R2(τn/u^)22(1−R2)× [ 1+∑s+t=34qsts!t!12 [ Hst(u^,−Rτn/u^)  +Hst(−u^,Rτn/u^) ] ]du^u^ } (14)

where −R=(u′w′¯/σuσw) is the correlation coefficient.

Let pQi (τn) (i=1,2,3,4) denote the probability distribution of ith event, therefore total probability distribution pτv∣(τn) of all events is

pτn(τn)=pQ1(τn)+pQ2(τn)+pQ3(τn)+pQ4(τn) (15)

With

pQ1(τn)=pG(τn)+ψ+(τn) (τn<0). (16)

pQ2(τn)=pG(τn)+ψ−(τn) (τn>0). (17)

pQ3(τn)=pG(τn)−ψ+(τn) (τn<0). (18)

pQ4(τn)=pG(τn)−ψ−(τn) (τn>0). (19)

where

pG(τn)=R2πeRξK0(|ξ|)(1−R2) ξ=Rτn(1−R2) (20)


ψ+(τn)=R2πeRξK12(|ξ|)|ξ|(1−R)2{(1+R)                     ×(S+3+D+)|ξ|−((2−R)3S++D+) } } (21)

ψ−(τn)=R2πeRξK12(ξ)ξ(1+R)2{(1−R)                     ×(S−3+D−)ξ−((2+R)3S−+D−) } } (22)

and

S±≡Sw±Su2=q03±q302;D±≡Dw±Du2=q21±q122 } (23)

with Ki is the ith order modified Bessel function of second kind, Su and Sw are the skewness factors of u and w respectively, where Su=u^3¯ and Sw=w^3¯ and Dw correspond to turbulent diffusion in the x and z directions respectively, where Du=u^⋅w^2¯ and Dw=w^⋅u^2¯.

Then the contribution to the Reynolds stress Si,H corresponding to each event can be represented by

Si,H=∫​H∞τnpQi(τn)dτn>0 (i=2,4)Si,H=∫​−∞−HτnpQi(τn)dτn<0 (i=1,3) } (24)



6 RESULTS AND DISCUSSION

Contributions of stress fraction |Si,H| to the Reynolds shear stress are estimated from the velocity data and plotted against the threshold parameter H for each of the four quadrants for the cylinder diameter Dc = 3.2 cm at location A on the smooth surface for three different heights (z/h = 0.018, 0.158, 0.269) in Figure 6; at location D for three different heights (z/h = –0.080, 0.018, 0.269) from the bottom within the scour hole in Figure 7. It is observed that the contributions to the Reynolds stress from turbulent events: outward interaction (Q1) ejection (Q2), inward interaction (Q3), sweep (Q4) are fairly in good agreement with theoretical values calculated from equation (24). At location A on the smooth surface, sweep event (Q4) is much greater than the ejection (Q2) near the boundary at z/h = 0.018, whereas away from the boundary (outer region) at heights z/h = 0.158, 0.269, ejection dominates over sweep event.
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Figure 6. Plots of stress fractions Si,H against hole size H for Dc = 3.2 cm. At the location A (smooth surface): ο (· –), z/h = 0.018; + (- -), z/h = 0.158; ▷ (-), z/h = 0.269. Here dash-dot, dash and solid lines represent the theoretical value.
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Figure 7. Plots of stress fractions Si,H against hole size H for Dc = 3.2 cm. At the location D (within the scour hole) close to the cylinder: ο (• -), z/h = -0.080; + (- -), z/h = 0.018; ▷ (-), z/h = 0.269. Here dash-dot, dash and solid lines represent the theoretical value.



According to the instructions to shorten the length of the article, we were forced to give somewhat less detailed explanations of generalized the quadrant threshold technique in three planes. We have done all necessary work but due to space problem, only results have been highlighted here.




7 CONCLUSIONS

Field observations and flume experiments on the nature of fluvial scour marks have been investigated. Scour marks are defined as obstacle-induced, long erosional strips occurring on current affected river bottoms. Usually scours marks are found typically in shallow rivers where a thin layer of fine sand occurs on residual sediments. However, it is necessary to know more about the conditions of their formation. A flume experiment was designed to study the flow character in the wake of obstacles and their effects on a sand bed. The present investigations led to the following conclusions:

A 3-D Acoustic Doppler Velocimeter (ADV) has been used to perform velocity measurements in fully-developed open channel flow over scour marks region.

The main findings can be summarized as follows:


	According to field observations and flume experiments, scour marks can be considered as indicators of flow conditions acting on the river bottom.


	The velocity distribution in the wake of obstacles corresponds to a paired helical motion and an increased bottom stress with a component directed symmetrically outward.


	This ‘sweeping effect’ leads to erosion by carrying sediment particles out of a crescentically widening wake zone.


	‘Ideally shaped’ crescentic scour marks develop over a wide range of flow velocities and when the wake pattern is not disturbed by turbulent motions arising from adjacent areas. In natural fluvial environments, these conditions occur on hard bottoms with a thin covering of sand, and no morphological grouping related to flow conditions will be possible.


	An excavation zone behind the obstacles can be obtained also under conditions below the critical shear stress for erosion when an obstacle-triggered ripple field had developed. In natural fluvial environments, however, this mechanism probably does not play an important role.


	Thus we have confirmed that hydraulic similarity and partially also geometric similarity has been compared with the experimental results to the natural environments.


	The fractional contributions of burst-sweep cycle to the Reynolds shear stress over smooth surface and within the scour mark around the obstacle are investigated. It is found that the sweeps and ejections are most dominating events, but the outward and inward interactions are equally important in the scour regions.


	All the turbulent events: ejections, sweeps, inward and outward interactions are equally important in the near scour mark region.


	We have confirmed that even the third-order conditional probability distribution of the Reynolds stress shows fairly good agreement with the experimental results.


	The Reynolds shear stress structures over a smooth surface and scour hole for all the three planes (xz, yz and xy) were investigated experimentally. Quadrant threshold technique was applied to analyze the Reynolds shear stresses. It is interesting to note that the yz and xy-planes are much more important in the scouring regions, but reverse are true for the smooth surface.




This study is significantly important in the context of basic problem to understand the mode of formation of scour marks, the shear stress and dynamics of coherent flow structures in the scour marks generated by obstacles, which induce strong turbulent eddies in their neighborhood of the objects. Moreover, this is important to interpret the turbulence and flow structures across the crescentic scour marks available at the ancient sedimentary deposits in the light of modern analog as present is the key to the past. It is important to note that the current crescents preserved in geological record are traditionally used as an indicator of palaeo-current direction. This observation can be further utilized in turbulence modeling for studying the effects of turbulent events in sediment transport occurring due to the scour hole generated by cylinders/piers.
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ABSTRACT: Solid material advected by a fluid flow may contribute significantly to the momentum balance. Of special interest are highly unsteady free-surface flows like flash floods, dam-break flows or tsunamis propagating inland; these flows possess an enormous potential of incorporating solids, as exemplified by the debris-flow events in Madeira Islands, 2011, or shown in video footages of the Tohoku tsunami disaster. The motion of the solid mass may be difficult to predict due to the complexity of the modes of momentum transfer by the fluid motion and due to its interactions with other solids. A unified discretization of rigid solids and fluids that allows for detailed and resolved simulations of the fluid-solid phases is presented. The model is based on the fundamental conservation laws of hydrodynamics, namely the continuity and Navier-Stokes equations, and the equation of conservation of momentum of solid bodies. Details of contact mechanics are derived from state-of-the-art formulations considering normal and frictional contacts. The coupled numerical solution, based on the fully meshless lagrangean method Smoothed Particle Hydrodynamics (SPH) and Discrete Element Method (DEM), resolves solid-solid and solid-fluid interactions in a broad range of scales. This method allows for a detailed description of momentum transfer at solid boundaries and allows for upscaling the flow description to large scales typical of engineering problems, such as transport of debris or hydrodynamic actions on structures. Such class of simulations, due to the size of the domain and required resolutions, are made practical due to a careful implementation using novel, highly parallel, computational architectures as the GPU. General overviews of the conceptual models, numerical discretization and implementation are addressed, and results for complex multiphasic flows are shown. Initial validations based on experimental work are drawn and discussed.



1 INTRODUCTION

The transport of solid material by a fluid flow is a common phenomena and, at the engineering scales, it may be associated with dramatic events such as inundations in urban scenarios. The importance of means to allow for risk analysis and consequent planning can not be overstated by the very nature of such events. They are usually unpredictable in frequency and magnitude and the destructive potential can be almost boundless, both in terms of property as in terms of human lives, as demonstrated by the inundation resulting from the Tohoku tsunami in March 2011.

The main difficulties with modelling such class of events arise from the characteristics of the phenomena and scale. The latter poses a problem even for the simplest models, since modelling even a single event can require remarkably large domains. This relates directly with the former, since the type of interaction and its relevant scales may require very high resolution adding to such large domains. The kind of non-linear and multiscale problem that is being addressed poses severe limitations to the usage of simple models (Tomita & Honda 2011). Adequate closures for continuum models, for example, often require relevant simplifications from the rheological standpoint, greatly reducing their validity for generalized scenarios (Iverson 2003). Furthermore, experimental validation of such models is remarkably complex and also relies on simplifications, both on the setup and on the analysis of the data (Shu, Xia, Falconer, & Lin 2011, Xia, Teo, Lin, & Falconer 2011).

A model that can shed light into the mechanisms of these flows must attempt to characterize all relevant interactions at their proper scale. Within the meshless framework, efforts have been made on unifying solid and fluid modelling. Such is appealing since if the fluid phase is well discretized

then most of such scales should be represented. Koshizuka, Nobe, & Oka 1998 modelled a rigid body as a collection of Moving Particle Simulation (MPS) fluid particles, rigidified by default. This has become the standard approach due to its simplicity and good results. Rogers, Dalrymple, & Stansby 2010 modelled the effects of wave interaction on a caisson breakwater resorting to Smoothed Particle Hydrodynamics (SPH) and some special considerations for the particles that made up the solid body, including a form of frictional behaviour. For normal interactions, continuum potential based forces have been used (Rogers, Dalrymple, & Stansby 2010, Rogers & Dalrymple 2008), but are not based in mechanics of contact of rigid bodies. Contact laws like the non-linear Hertzian models have been used extensively in the Discrete Element Method (DEM) literature (Langston, Tuzun, & Heyes 1995), being regarded as one of the most physically based available class of contact laws. Further generalization allows for the inclusion and consideration of distinct materials in such interactions (Lemieux, Lonard, Doucet, Leclaire, Viens, Chaouki, & Bertrand 2008).

This work builds upon the DualSPHyics code (www.dual.sphysics.org), by introducing a model where inter particle forces of rigid body particles are taken from the contact law theories. The implementation allows for a generalization of the shape possible for a typical DEM particle. The very same particles are regarded by the fluid particles as SPH particles, possibly with a different density, allowing for a natural coupling between SPH and DEM. Buoyancy and drag are naturally present when considering the floating rigid body as a cluster of SPH nodes, and so no other forces needed to be included in the discretization of the equations. The implementation has been already validated for interaction between fluid and fixed structures (Crespo, Domínguez, A., Gómez-Gesteira, & B.D. 2011). The DualSPHysics code enables simulation of million particles at a reasonable computation time by using GPU cards (Graphics Processing Units) as the execution devices. This allows to somewhat alleviate the previously expressed concerns about requirements of scale and resolution, since the computations are made up tp two orders of magnitude faster than on normal CPU systems. a multi-GPU code was also developed (Domínguez, Crespo, Valdez-Balderas, Rogers, & Góimez-Gesteira 2013) to further phase out the increased memory consumption by running highresolution 3D models.

An experimental campaign portraying sets of rigid bodies subjected to a dam-break wave is used to validate model. Initial comparisons are made by direct visual comparison of the behaviour of the system.



2 FORMULATION

In SPH, the fluid domain is represented by a set of nodal points where physical properties such as mass, velocity, pressure and vorticity are known. These points move with the fluid in a Lagrangian manner and their properties change with time due to the interactions with neighbouring particles. The therm Smoothed Particle Hydrodynamics arises from the fact that the nodes, for all intended means, carry the mass of a portion of the medium, hence being easily labelled as Particles, and their individual angular velocity is disregarded, hence the Smooth. The method relies heavily on integral interpolant theory (Monaghan 2005), that can be resumed to the exactness of

A (r)=∫ΩA (r′) δ (r−r′) dr′, (1)

for any continuous function A(r) defined in r′, where δ is the Dirac delta function and r is a distance. The nature of the Dirac delta function renders this identity useless however, and an approximation at r can be obtained by replacing it with a suitable weight function W, called a kernel function. W should be an even function, defined on a compact support, i.e. if the radius is εh then W(r–r′, h) = 0 if |r–r′ |≥ εh, with limh→0W = δ and ∫Ω W(r′,h)dr′ = 1, where h is the smoothing length and defines the size of the kernel support. This leads to

A(r)=∫ΩA (r′) W (r−r′,h) dr′, (2)

known as the integral interpolant. An approximation to discrete Lagrangian points can be made, by a proper discretization of the kernel function

Ai≈∑jAjVjW (rij,h), (3)

called the summation interpolant, extended to all particles j, | rij | = | rŕ - r | ≤ εh, where Vj is the volume of particle j and Ai is the approximated variable at particle i. The cost of such approximation is that particle first order consistency, i.e., the ability of the kernel approximation to reproduce exactly a first order polynomial function, may not be assured by the summation interpolant, since

∑​jVjW (rij,h)≈1, (4)

which is speciality understandable in situations were the kernel function does not verify compact support, for example near the free surface or other open boundaries. Forcing the summation to equal 1 is called the Shepard correction

Ai=∑jAjVjW(rij,h)∑jVjW (rij,h), (5)

restoring up to 1st order consistency, for nonuniform distributions and incomplete support. A spacial first order derivative can be written as

∇A(r)=∫ Ω ′∇r′A (r′) W (r−r′) dr′⇒∇Ai≈∑iAjVj∇W (rij,h), (6)

but it is also subject to corrections in order to ensure consistency up to the desired precision (Monaghan 2005).



3 DISCRETIZATION OF GOVERNING EQUATIONS


3.1 Equations of motion in SPH

The nature of the classical SPH formulation renders an incompressible system difficult to model (Gomez-Gesteira, Rogers, Dalrymple, & Crespo 2010), and as a result most studies rely on the discretization of the compressible Navier-Stokes system

dvdt=−∇pρ+∇τ+g (7)

dρdt=−ρ∇v (8)

where v is the velocity field, p is the pressure, ρ is the density and τ and g are the stress tensor and body forces, respectively. The continuity equation is traditionaly discretized by employing the notion that ρ∇v = ∇(ρv) - v∇ρ, rendering equation (8)

dρidt=−ρi∑jmj(vi−vj)∇W (rij,h) (9)

This produces a zero divergence field for a v = k field. Equation (7) can be written as

dvidt=−∑​jmj (piρi2+pjρj2) ∇W (rij,h)                      +∑​jmj (4μrij∇W(rij,h)(ρi+ρj) (| rij |2+η2))vij                     +∑​jmj (τiρi2+τjρj2) ∇W (rij,h)+g (10)

The first term of the right side is a symmetrical, balanced form of the pressure term (Monaghan 2005). The second and third terms represent a laminar viscosity term (Morris, Fox, & Zhu 1997) and a Sub-Partcile Stress (SPS) (Dalrymple & Rogers 2006), respectivley. The SPS term introduces the effects of turbulent motion at smaller scales than the spatial discretization. Following the eddy viscosity assumption and using Favre-averaging, the SPS stress tensor for a compressible fluid can be written as

ταβρ=2vtSαβ−23kδαβ−23CIΔ2δαβ| Sαβ |2, (11)

where ταβ is the sub-particle stress tensor, vt = (CS | rij |)2 | Sαβ is the eddy viscosity, CS is the Smagorinsky constant, k is the SPS turbulence kinetic energy, CI = 6.6 × 10−3 and Sαβ is the local strain rate tensor, with | Sαβ | = (2SαβSαβ)1/2.

Newton’s equations for rigid body dynamics are discretized as

MIdVIdt=∑​k∈Imkfk (12)

IIdΩIdt=∑​k∈Imk(rk−RI)×fk, (13)

where body I possesses a mass MI, velocity VI, inertial tensor II, angular velocity ΩI and center of gravity RI · fk is the force by unit mass applied to particle k, belonging to body I. This force encompasses body forces, fluid resultants as well as the result of any rigid contact that might occur.



3.2 Rigid contact considerations for DEM particles

The contact force FiT acting on particle i resulting from collision with particle j is decomposed into Fn and Ft, normal and tangential components respectively. Both of these forces are further decomposed into a repulsion force, Fr, that takes into account the deformation of the particle, and a damping force, Fd, for the dissipation of energy during the deformation.

In the current work, the normal forces are given by a modified, non-linear, Hertzian model (Lemieux, Lonard, Doucet, Leclaire, Viens, Chaouki, & Bertrand 2008)

Fn,ij=Fnr+Fnd=kn,ijδij3/4eij−γn,ijδij1/4δ˙ijeij, (14)

where kn,ij is the stiffness constant of pair ij, δĳ = max(0, (di + dj)/2 –| rij |) is the particle overlap, eĳ is the unit vector between the two mass centres and γn,ij is the damping constant. The stiffness and damping constants are given by (Lemieux, Lonard, Doucet, Leclaire, Viens, Chaouki, & Bertrand 2008)

kn,ij=43E∗R∗; γn,ij=Cn6M∗E∗R∗, (15)

with Cn of the order of 10−5. The other parameters are given by

1E∗=1−vI2EI+1−vJ2EJ;R∗=rirjri+rj;M∗=mImJmI+mJ, (16)

where E is the Young modulus, v is the Poisson ratio and m is the mass of the body.

Regarding tangential contacts, the complex mechanism of friction is modelled by a linear dash-pot bounded above by the Coulomb friction law. The Coulomb law is modified with a sigmoidal function in order to make it continuous around the origin regarding the tangential velocity (Vetsch 2011). One can write

Ft,ij=min(μIJFn,ijtanh (8δ˙ijt) eijt;ftr+ftd), (17)

where

Ftr+Ftd=kt,ijδijteijt−γt,ijδ˙ijteijt (18)

μIJ, the friction coefficient at the contact of I and J, should be expressed as a function of the two friction coefficients of the distinct materials. The stiffness and damping constants are derived to be kt,ĳ = 2/7kn,ĳ and γt,ĳ = 2/7γn,ĳ (Hoomans 2000), as to insure internal consistency of the timescales required for stability. This mechanism models the static and dynamic friction mechanisms by a penalty method. The body does not statically stick at the point of contact, but is constrained by the spring-damper system.



3.3 Pressure field recovery, stability region and particle movement

The presented compressible formulation of SPH for the Navier-Stokes employs an equation of state to determine the pressure field, in order not to solve an additional partial differential equation, that relies on the correct tracking of a free surface, such as the Poisson equation (Lee, Violeau, Issa, & Ploix 2010). Following (Monaghan 2005), the commonly used estimate relationship between pressure and density is Tait’s equation

pi=ρ0c02γ [ (ρiρ0)γ−1 ] (19)

where ρ0 is a reference density, c0 is a numerical sound celerity and γ = 7 for a fluid like water. According to equation 19, the compressibility of the fluid depends on c0, in such a way that for a hight enough sound celerity the fluid is virtually incompressible. However the value of c0 in the model should not be the actual speed of sound since this value is present in the definition of the stability region of the scheme. The stability region must be modified to accommodate another restriction, the DEM compatible time-step. The CFL condition can be written as

Δt=Cmin  [ mini (h| fi |);           mini (hc0+maxj |hvijrijrij2);         mini (π/C50 kn,ijmIJ) ], (20)

where C is the CFL constant of the order of 10−1 determined in accordance with the case. The first term results from the consideration of force magnitudes, the second is a combination of the CFL condition for numerical information celerities and a restriction arising from the viscous terms (Gomez-Gesteira, Rogers, Dalrymple, & Crespo 2010) and the third term takes into account a theoretical solution for the DEM stability constraints, that disregards the CFL. If the sound celerity in the simulation is too high, it will render Δt very small and the computation more expensive. Following (Monaghan 2005), c0 is kept to an artificial value of around 10 times the maximum flow speed, restricting the relative density fluctuations at less than 1%. As a consequence, the estimated pressure field by equation (19) usually shows some instabilities and may be subject to scattered distributions. The diffusive terms introduced in (Molteni & Colagrossi 2009), designed tosmooth the oscillations in the pressure field are used in equation (8). These terms do not allow a hydrostatic solution since a net force is developed near the free surface, but the test cases in this work represent a very unsteady flow, for which such terms are acceptable. Come complex formulations incur on much more expensive computations (Antuono, Colagrossi, & Marrone 2012).

Particle positions are updated every time-step, but instead of integrating dri/dt = vi, the XSPH smoothed velocity variant (Monaghan 2005) is used.

dridt=vi+ε∑​jmjvjiρ¯ijW(rij,h), (21)

where ε≈ 0.5, resulting in a locally smoother velocity field, while preserving linear and angular momentum. The particles are moved more orderly and no dissipation but dispersion is introduced.




4 RESULTS

The experimental campaign took place in the Wave Channel of the Hydraulics laboratory (LHIST) of the Civil Engineering Department at Instituto Superior Técnico, Lisbon, Portugal. The flume was sectioned at 8.0 m long and is 0.70 m wide, with glass side walls in order to grant optical access to the flow. The material can be considered very smooth both in the walls and the bed. The installed gate provides an ‘instantaneous’ removal for the dam-break, with an opening time of 0.21 s, lesser than the required theoretical limit for a dam-break to(h0=0.40)=2h0/g≈0.29. The objects were 0.15 m side PVC cubes, filled with a material that resulted in a final relative density 0.8. The instrumentation consisted of three synchronized video cameras pointing from the upstream, top and downstream directions, as well as a high-speed camera on the side, normal to the flume wall.

The simulations were ran with a CFL = 0.2, α = 0.05, XSPH ε = 0.5, initial dx = 0.01 m and a Wendland kernel with h=0.87 3dx2. This resolution results in approximately 106 particles, using 1300 mb of the 1450 available in the GPU. The used integration scheme was a predictor corrector Sympletic. For the rigid contact formulation, E = 3 × 103 kNm−2, v = 0.23 and μ = 0.45. These values do not necessarily reflect the material characteristics alone but also take into account numerical considerations to ensure accuracy. These values are typically dependant on the used integrator scheme and are, therefore, subject of fine tuning in order to reproduce correctly the desired behaviours (Lemieux, Lonard, Doucet, Leclaire, Viens, Chaouki, & Bertrand 2008).

Visualization is performed using an interpolation using the same kernel as for the simulation in order to generate a free surface as a mass isosurface. The objects are represented as polygons that track the underlying particles used for the computation.

Two tests are presented: Test 1 consists of a column of 3 cubes, aligned with the longitudinal axis of the flume at 90; Test 2 consists of a cube wall made of 6 cubes, with 3 vertical levels. Such configurations provide added complexity to the system, since several contacts are resolved, each with its two modes of interaction. Figures 1 to 3 show a top-view. The results from Test 1 reveal some of the mechanisms of collapse of the structure. The bottom cube is quickly mobilized by the fluid force, from the pressure rise upstream and it slides between the bed and the upper cubes. A small amount of moment is transferred by friction to the top cubes, and these eventually rotate around the edge of the bottom cube, finally interacting with the fluid and the flume bed. Discrepancies in the fluid motion are noticeable, beyond the artefacts introduced by the surface reconstruction algorithm. These seem to arise from the resolution requirements to effectively model every relevant scale of the experiment. The Reynolds number for the objects is of the order of 4 × 105, many orders of magnitude higher than the initial 0.010 m discretization allows to resolve gracefully. This is clearly responsible for most of these discrepancies, such as the dry bed downstream of the objects, angle of the flow separation upon impact and structure of the wave front. It is hypothesized that it is also responsible for most of the mismatch in the motion of the objects: important scales of the moment transferring mechanisms are not be fully resolved.
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Figure 1. Test 1. t = 0.98 s.
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Figure 2. Test 1. t =1.28 s.
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Figure 3. Test 1. t = 1.41 s.
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Figure 4. Test 2. t = 0.82 s.



Test 2 represents an even greater challenge. 0.05 m intervals are left between the objects and from the observation of the experiments, these seem to contribute greatly to the mode of collapse of the wall. Figures 4 to 6 represent the experimental and simulated instants. Again, the failure of the group of cubes seems to be reproduced fairly, considering the limitations stated previously and the complexity of the configuration. Most of the object motion is captured to a satisfying degree, with translations and rotations virtually identical prior to extended contact with the fluid. This seems to indicate that the rigid discretization is sound and the chosen parameters are adequate.


[image: ]

Figure 5. Test 2. t = 1.08 s.
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Figure 6. Test 2. t = 1.46 s.





5 CONCLUSIONS AND FUTURE WORK

The purpose of the work is to present a generalized DEM model implemented within a Smoothed-Particle-Hydrodynamics model. The simple validation presented serves as a benchmark for the model, demonstrating it copes well with the difficulties of modelling complex scenarios even if under-resolved. The model is expected to give more accurate results with increased resolution and more robust boundary conditions, leading to lesser dissipation and a more consistent description of the near bed flow structures and the ones forming at the impact locus. Considerations regarding the viscous formulations are being studied and solutions for drag-dominated flows compare well with other data. The largest difficulty in increasing resolution is machine memory, since there is a large number of particles in the flume reservoir upstream that need to be modelled. Works with multi-GPU paralelization are being carried, with very promising results in bypassing such limitations, making possible more definite validations and eventually the production of highly resolved data of real scale flows with incorporated solid material.
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A new immersed boundary method for simulating free-surface flows around arbitrary objects

X. Liu

Department of Civil and Environmental Engineering, Pennsylvania State University, University Park, PA, USA


ABSTRACT: With the presence of arbitrary objects, such as gravels, boulders, woody debris, and various hydraulic structures, the hydrodynamics in a river channel are complex. They are of great interest to the understanding of the river hydraulics and geomorphology. On the other hand, due to the arbitrary geometric shapes of the objects, it is extremely difficult to model them using the traditional approach of generating body-fitted meshes. To cope with this, Immersed Boundary Method (IBM) can be used to approximate the effect of objects. However, most previous IBM methods are proposed with structured meshes as the background mesh. Many of them also lack the capability to model the free surface. In this paper, we present a new IBM method under the framework of unstructured mesh, which greatly extends the modeling capability. It also considers the effect of the free water surface using the Volume-of-Fluid (VOF) method. The new method has been implemented in the open source CFD framework Open FOAM. Simulation examples will be shown to showcase the capability of the new method.



1 INTRODUCTION

Many river channel hydrodynamics involves the interaction of river flow with other objects, such as gravels, boulders, woody debris and other structures. To properly model the turbulent flow, one of the challenges is to represent these objects in computer models. These representations can be exact, approximate, or somewhere in between. For example, in a typical three-dimensional computational hydraulics model, one can build body-fit meshes for all these objects, which of course is a daunting task. For objects with arbitrary geometry and complex spatial arrangements, the task of building body-fit meshes is extremely hard. To deal with this, other approaches, such as immersed boundary method, have been proposed. In such methods, the effect of the objects are modeled through other ways instead of body-fit meshes. This paper deals with the immersed boundary method.

The Immersed Boundary (IB) method was first introduced by Peskin (1972), which was developed to simulate cardiac mechanics. The most distinguishing feature of this method is that the simulation is conducted on a fixed cartesian grid and the effect of the objects is approximated. Since the IB method was introduced, numerous modification and improvements have been proposed and it has been widely used in different areas, especially for problems in which different types of geometry are included in the computational domain. Applications of IB method to different types of problem can be found in several review papers, such as Mittal & Iaccarino (2005).

Compare to the conventional approaches of generating body-fitted meshes, the primary advantage of the IB method is that grid generation is much easier because the body does not necessarily have to conform a Cartesian grid. Generating body-fitted grid is usually very cumbersome. As computational modeling is applied more and more hydraulics, the geometry becomes more complicated.

In addition, IB method can easily handle the simulation with moving boundaries. Simulating the flow field on body-fitted grid requires generating a new grid at each time step and project the solution onto this new grid. These steps can negatively impact the simplicity, accuracy, and computational cost of the simulation. For IB method, the flow including body motion is relatively simple due to its stationary, nondeforming Cartesian grid.

Due to the geometrical complexity encountered in the hydraulics field, the immersed boundary method appears very attractive and has been used in various applications. However, there are still some limitations either inherited from the IB method itself or induced by some unique situations in hydraulic engineering. For example, imposing the boundary conditions is not straightforward in IB methods. Furthermore, the ramifications of the boundary treatment on the accuracy and conservation properties of the numerical scheme are not obvious. In addition, IB method is limited to low and moderate Reynolds number flows because the size of a Cartesian grid increases fast with increasing Reynolds number. In many hydraulics engineering applications, free surface is of great importance. How to incorporate the free surface modeling into the framework of IB method needs to be considered.

This paper introduces some progress on how to deal with some of the issues mentioned above. It presents a new IB method under the framework of unstructured mesh, which greatly extends the modeling capability. It also considers the effect of the free water surface using the Volume-of-Fluid (VOF) method. The new method has been implemented in the open source CFD framework OpenFOAM (OpenFOAM Foundation 2013). Simulation examples will be shown to showcase the capability of the new method.



2 IMMERSED BOUNDARY METHOD ON UNSTRUCTURED MESH


2.1 For Navier-Stokes equations

The governing equations for the fluid flow are the Reynolds-averaged Navier-Stokes equations:

∇⋅u=0 (1)

∂ρu∂t+∇⋅(ρuu)−∇⋅(μ+μt)S ]            =−∇p+ρg+σK∇α|∇α|+F (2)

where u is the velocity vector field, p is the pressure field, µt is the turbulent eddy viscosity. F(u,p) is a body force used to impose the immersed boundary conditions, which is a function of the velocity field u and pressure field p. α is the volume fraction function for the two fluids defined by

α={ 0    volume occupied by air 1 volume occupied by water   (3)

S is the strain rate tensor defined by S = 1/2 (∇u + ∇uT). σ is surface tension, K is the surface curvature. For most hydraulic engineering problems, the surface tension force can be neglected. Thus this term will be dropped in the following. The density ρ and viscosity µ in the domain are given by

ρ=αρ1+(1−α)ρ2 (4)

μ=αμ1+(1−α)μ2 (5)

The volume fraction α is transported by the fluid velocity field. The equation for the volume fraction scalar α is

∂α∂t+∇⋅(uα)+∇⋅[ urα(1−α) ]=0 (6)

where ur = ul – ug is the so-called “compression velocity” which is the relative velocity between the liquid phase and the gas phase. The additional convective term in equation (6), also termed the “compression term”, keeps the free surface sharp. Without this term, numerical diffusion will spread out the sharp interface between water and air.

In this paper, a discrete-time momentum forcing F is applied to simulate the effects of immersed solid boundaries in the flow. To specify the momentum source term F to enforce the effect of immersed boundaries, a first-order temporal approximation of the Navier-Stokes equation is used,

ρn+1un+1−ρnunΔt=−∇⋅(ρnunun)+∇⋅[ (μn+μtn)S ]                                                        −∇pn+ρng+F(u,p)n+1, (7)

where Δt is the time step size. The superscripts n + 1 and n denote the current and previous time steps, respectively. The source vector F has a nonzero value only for the cells inside solid obstacles and it drives the velocity to desired values on these cells. A location indicator β is defined to to be 1 if the cell is inside the obstacles and 0 otherwise. The desired velocity field is noted as udesired. Then the momentum forcing term can be approximated as

F(u,p)n+1=β  [ ρn+1un+1−ρnunΔt−∇⋅(ρnunun)                                  +∇⋅[ (μn+μtn)S ]−∇pn+ρng ]. (8)

It is noted that F is generally not divergence free. As a result, the Poisson equation for pressure should be changed and this extra momentum source term should be included. It is also observed that all the right hand side terms in equation (8) can be evaluated at old time step n except ρn+1. From equation (4), the density at the new time step n + 1 depends on the updated volume fraction α. Thus an internal iteration is needed at each time step. However, if the time step is small or the free surface location does not change so fast, this iteration can be eliminated. This approximation is used in this paper, i.e., the term ρn+1 is replaced by ρn. For rapid free surface changes, this approximation needs to be re-examined.



2.2 Treatment of the solid boundary

It is assumed the solid boundaries represented by IB method are no-slip boundaries, though this condition can be easily relax for slip boundaries. To satisfy the no-slip boundary condition at the

immersed solid boundary, an indirect enforcing method through an extra body force term in the momentum equation is used. The details of the method is presented in this section.

In a typical immersed boundary method code, to faithfully represent the solid boundary, it is important to refine the mesh in the vicinity of the boundary surface. As a result, the accuracy depends on the mesh resolution. For a complicated geometry to be represented by immersed boundary method and especially for the case with multiple objects, it is very easy to end up with large number of cells in the domain. To reduce the computational cost, the efficiency of computer algorithms is important. This notion has been kept in mind when the whole process of dealing with immersed boundary is developed. In the following, the steps to prepare necessary geometrical and topological information for the fluid simulation are presented. The scheme of the immersed boundary method is shown in Figure 1.


	Read surface mesh file (in the STL format for example), which can contain multiple unconnected objects.


	Define the inside and outside flag for each cell in the domain. A cell is defined as inside if its center is located in any of the unconnected object. Otherwise, it is defined as outside. Outside cells are also termed as fluid cells. For those inside cells, the object numbers in the STL file which they belong to are also recorded in a table.


	Determine ghost cells, which are defined as those cells with centers inside the immersed boundary but has at least one neighbor is outside. This calculation will be done in a loop which enumerates only the inside cells.


	Based on this list of ghost cells, another adjacent layer of ghost cells is added to make the surface water tight. The purpose is to plug any possible hole and prevent leakage of fluid. This additional layer of ghost cells does not affect the flow outside.


	Label the inside cells as solid cells if they are not ghost cells.
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Figure 1. Scheme of the immersed boundary method.




	Calculate the closest point on the STL surface to the ghost cells.


	Mirror the ghost cell to outside, which is noted as the image point.


	Calculate the location flag of the image points, i.e., inside a fluid cell, inside the corresponding ghost cell itself, inside another ghost cell, or out of domain. If an image point is inside another ghost cell or outside the flow domain, it implies that the corresponding ghost cell is very close to a wall or boundary. There are two options to deal with this situation. One is to treat the image point as a wall point. The other is to refine the mesh such that the possible fluid gap between the ghost cell and the image point can be resolved. If excessive refinement still cannot resolve this issue, than the image point might be better be treated as a wall point.


	For each image point, find its close neighbors which are in the list of outside cells (fluid cells). This step is achieved by the following. A search radius R and desired number of neighbors Nn are specified. R should be properly estimated such that it is not too small to have enough close neighbors inside the searching sphere. If no sufficient number of neighbors are found, the search radius will be doubled for that image point and second round of search will be carried out. On the other hand, R should not be too large to reduce the computational effort.


	For each image point, calculate the distance to its selected close neighbors, which will be used in the interpolation schemes. In the current version, a weighted-averaged interpolation based on inverse distance is used.




To reduce the stiffness of direct forcing method, a radial basis function based interpolation and smoothing is used. In addition, a second layer of ghost cells are introduced inside the immersed boundary to make it watertight. Similar method of introducing extra layer to smooth the discontinuities and reduce the numerical oscillations has also been reported in (Fang, Diebold, Higgins, & Parlange 2011) where the discrete forcing approach with the pseudo-spectral method is used.

To summarize, there are three types of cells in the domain, i.e., fluid cells, solid cells, ghost cells. Corresponding to each ghost cell, there is an image point which is a mirror of the ghost cell to the STL surface.

For a generic scalar transport equation, which should be in form of an advection-diffusion equation with source/sink terms

∂c∂t+∇⋅(uc)=∇⋅(ν∇c), (9)

where c is a generic scalar.





3 INTERPOLATION SCHEMES

Interpolation plays an important role in the accuracy of immersed boundary (Nasr-Azadani & Meiburg 2011). In this paper, two types of interpolation schemes are used, namely Shepard interpolation and radial basis function interpolation. In the radial basis function interpolation,

vip(x)=∑​i=0Nn−1ωiφ(| x−xi |) (10)

where Nn is the number of neighbors, ωi is a set of unknown weights and φ(r) is the radial basis function which only depends on the radial distance r = | x – xi |. The weights ωi are determined by requiring the interpolation be exact at all the neighbor cell centers. This will result in a set of Nn linear equations in Nn unknowns for the weights. In this paper, since the value of Nn is usually not large, this linear system is solved directly by LU decomposition. There are several choices for the radial basis function φ(r), such as multiquadric, inverse multiquadric, thin-plate, and Gaussian (Press, Teukolsky, Vetterling, & Flannery 2007). There also exists other choices. Comparison has been made in the literature among these functions and no consensus has been reached on which one is optimal. In our model, these radial basis functions have been implemented. For example, the Gaussian function has the form of

φ(r)=exp (−βr2r02), (11)

where β isa positive parameter usually set to 0.5 and r0 is a scale factor whose value is problem dependent and should be properly chosen. Specifically, r0 should be larger than the minimal separating distance between the neighbor cells and smaller than the size of the interpolating cell cloud (R). Several orders of magnitude difference between the interpolation accuracy with different choices of r0 have been reported. Thus, some trial and error on r0 is needed in the simulation.

For the more simple case of the Shepard interpolation scheme, the values at the image point can be estimated as

vip(x)=∑i=0Nn−1vi| x−xi |−p∑i=0Nn−1| x−xi |−p (12)

where p is a parameter which usually ranges in 1 < p < 3. It is noted that the Shepard scheme is a special case of the more general radial basis function interpolation where the weights wj are equal to the respective function values at the neighbor cell centers. It is very simple and fast since no linear system is solved. However, its accuracy rarely exceeds those general radial basis functions (Press, Teukolsky, Vetterling, & Flannery 2007).


3.1 Enforcement of boundary conditions on immersed boundaries


3.1.1 Dirichlet boundary condition

For any given variable v, the interpolation scheme is used to calculate the values vip at the image point. Correspondingly, the value at the ghost cell centers vg can be determined though a linear interpolation. If the Dirichlet boundary condition needs to be enforced at the immersed boundary is v=vib, then the ghost cell center value should be

vg=2vib−vip. (13)

For velocity, if the obstacles are not moving, the ghost cell velocity is simply the reversal of the image point velocity.



3.1.2 Neumann boundary condition

The Neumann boundary condition at the immersed boundary has the generic form of

(∇v)⋅n→=q, (14)

where n→ is the normal vector pointing outwards. It can be discretized on the immersed boundary along the normal vector direction as

vip−vgΔ=q,  (15)

where δ is the distance between the ghost cell center and its image point. Consequently, the value at the ghost cell center should be

vg=vip−qΔ. (16)

For the simple case of zero gradient, i.e., q = 0, the ghost cell center has the same variable value as the image point.





4 SIMULATION CASES

In section, some simulation cases will be shown to demonstrate the capability of the new method.


4.1 2D dam break flow over cylinder

This is a classic case of 2D dam break flow in a box where a cylinder is positioned inside such that the flow will splash over it when it collapses. A sketch of the case is shown in Figure 2. The box has a dimension of 2 m × 2 m. The cylinder has a diameter of 0.5 m and is located in the middle of the box with a gap of 0.15 m between the bottom of the cylinder and the box. Initially, the water column occupies part of the space in the box (Fig. 2 (a)) and it will collapse due to gravity. In this simple case, a grid of 100 × 100 is used for the box. The cylinder in the form of Stereo Lithography (STL) file is specified as a solid object whose surface is impermeable.

In the new immersed boundary method proposed in this paper, how well the impermeable surface is represented depends on many factors. Similar to other IB method, since the surface is implicitly resolved, one of the important factors is the mesh density around the surface. In Figure 3 (a-b), the flow velocity vectors are plotted against the grid lines (100 × 100). The mesh is not refined around the cylinder. Even with this coarse resolution, our method performs well in in terms of enforcing the no slip and no penetration condition on the solid surface. To make it clear, the ghost cells are highlighted in red. The conditions imposed on the ghost cells are vital to the enforcement of boundary conditions on the surface. As seen from the figure, the velocity vectors in the ghost cells are reversed to those outside. Inside the cylinder, the solution variables are not relevant. In this case, we imposed a body force term which is supposed to make the internal velocity to be zero. However, due to the explicit nature of the body force term in equation (8), this body force lags one time step behind which makes the flow velocity inside the cylinder slightly nonzero. Again, to make it exactly zero, an internal iteration is needed.
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Figure 2. 2D dam break flow over cylinder (with 100 × 100 grid).
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Figure 3. 2D dam break flow over cylinder.
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Figure 4. 3D dam break flow over a sphere.



To further investigate the effect of mesh resolution, a refined mesh with 200 × 200 grids in both directions is used and the results are compared with those from the coarse mesh in Figure 3 (c-d). Of course, refinement of mesh will reduce numerical diffusion and resolve more flow features. Our study is no exception and it is apparent from the comparison. In general, our new method creates comparable results with different mesh resolution for this particular case. One feature worth pointing out is that at the lower bottom of the cylinder, some fluids seem “penetrating” into the solid boundary. Refinement of the mesh improves the results and reduces this penetration. A preliminary investigation reveals the possible cause is the numerical diffusion. This penetration happens when the front the dam break wave reaches the cylinder and the amount of fluid leaked into the cylinder remains relatively constant afterward. Further improvement is needed to strictly enforce the nonpenetration under this shock wave condition.



4.2 3D dam break flow over sphere

This is a test case with dam break flow over a sphere. It is a 3D case with the sphere inside a cube. The cube has a side length of 2 m and the sphere has a diameter of 0.4 m. The sphere is positioned on the floor of the box. From the top view, the sphereis in the middle of the domain. A column of fluid with a hight of 1.5 m and width of 0.46 m is initially placed to left of the sphere. With the collapse of the water column, the fluid splashes over the sphere.




5 CONCLUSIONS

In this paper, a new immersed boundary method based on unstructured mesh is presented. This method is still under active development and testing. However, it has great potential since the new method greatly extends the modeling capability for hydraulics. One notable feature is that it also considers the effect of the free water surface using the Volume-of-Fluid (VOF) method. The new method has been implemented in the open source CFD framework Open FOAM, which is readily accessible by the hydraulics modeling community once the work is done. Simulation examples have been shown to demonstrate the capability of the new method. In the future, this computational framework will be further fine tuned for easy of use and efficiency.
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ABSTRACT: This paper reports on the results of large-eddy simulations of turbulent flow and scalar transport in open channel flows over smooth and rough beds. The rough bed is accomplished artificially through a layer of equidistantly-spaced cubes. The computational setup and boundary conditions of the LES are chosen to correspond to the experimental studies of Rahman and Webster (2005), the results of which are used to validate the simulations. Based on the high-resolution data obtained from the LES, three-dimensional turbulent vortical structures in the flow are recognized, the scalar transport characteristics are quantified statistically, and the role of turbulence in the dispersion of a passive scalar is investigated. In particular, three features of turbulence predominant in channel flows are identified, i.e. a) alternating narrow streaks of low- and high-speed fluid, b) sweeps and ejections associated with the bursting phenomenon, and c) three-dimensional vortical structures, and their influence on scalar dispersion is demonstrated.



1 INTRODUCTION

The behavior of passive scalars in rivers and streams has attracted great interest in the past decades because of its importance in environmental pollution, and turbulent mixing. Research studies with focus on scalar transport in turbulent boundary layers and open channel flows have enhanced our understanding of scalar dispersion in fluid flows (see summary by Warhaft 2000). Due to the complex nature of the problem there are still many open research questions.

Some of the experimental works in the recent past have contributed towards understanding the role played by turbulence in dispersion of a passive scalar. For example, Crimaldi et al. (2002) conducted experiments on the behavior of a passive scalar released in a turbulent boundary layer and provided a good understanding of the relationship between instantaneous scalar structure and time-averaged scalar statistics. Their study also highlighted how turbulent vortical structures affect the folding, stretching and lift-up of a scalar. Lavertu & Mydlarski (2005) studied experimentally the scalar distribution characteristics in a turbulent channel flow for different Reynolds numbers and scalar source locations off the wall. Through the investigation of mean and root-mean-square (r.m.s.) scalar concentration profiles, and probability density functions of the scalar fluctuations, Lavertu & Mydlarski showed the influence of bottom-wall generated turbulence on scalar dispersion. Rahman & Webster (2005) performed laboratory experiments using the Planar Laser-Induced Fluorescence (PLIF) technique and examined the effect of bed roughness on a scalar plume released in an open channel flow. An important finding from their study was that bed roughness enhanced turbulent mixing and promoted scalar dispersion which resulted in lower mean scalar concentrations along the plume centerline and higher plume widths.

Many numerical studies conducted so far have provided further insights into passive scalar dispersion in turbulent flows. For example, Kasagi et al. (1992) performed a Direct Numerical Simulation (DNS) of 2-D turbulent channel flow and transport in a passive scalar field and demonstrated that a good correlation exists between velocity and scalar fluctuations especially in the near-wall region. Nagaosa (1999) and Yamamoto et al. (2001) performed DNS of fully developed open channel flow and studied the dynamics of free-surface turbulence and its influence on scalar transport. Xie et al. (2004) conducted Large-Eddy Simulations (LES) for a scalar released in a boundary layer flow over a rough surface and studied the effect of vertical source location on scalar dispersion. Wang et al. (2005) performed LES of turbulent open channel flow and investigated the effect of different temperature boundary conditions on the behavior of heat transfer. Their study also demonstrated that temperature fluctuations are affected by the free surface turbulence and bursting processes from the wall.

In view of contributing further towards the understanding of the role of turbulence in passive scalar dispersion, the presented study reports on the results from large-eddy simulations of turbulent flow and scalar transport in open channel flows over a smooth bed and a channel bed artificially roughened by a layer of cubes. The computational setup and boundary conditions of the LES are chosen similar to the experimental studies of Rahman & Webster (2005), the results of which are used to validate the simulation. Based on the high-resolution data obtained from the LES, three-dimensional turbulent vortical structures in the flow are visualized, the scalar transport characteristics are quantified, and the role of turbulence in the dispersion of a passive scalar is investigated. In particular, three features of turbulence predominant in channel flows, namely, a) alternating narrow streaks of low- and high-speed fluid, b) sweeps and ejections associated with the bursting phenomenon (Robinson 1991), and c) three-dimensional vortical structures, are identified and their influence on scalar dispersion is investigated. Moreover, a comprehensive comparison of smooth and rough channel flow results is performed and the influence of bed roughness on scalar transport behavior is examined.



2 NUMERICAL FRAMEWORK

The large-eddy simulation code (Hydro3D-GT) used in this study is based on a finite volume discretization on a Cartesian grid with collocated variable arrangement (Stoesser & Nikora, 2008, Stoesser, 2010, Kara et al. 2012). The Hydro3D-GT code solves the filtered Navier-Stokes equations for incompressible fluid flow (e.g. Pope 2000):

∂ui∂xi=0 (1)

∂ui∂t+∂uiuj∂xj=−∂p∂xj+∂(2vSij)∂xj−∂τij∂xj (2)

∂φ∂t+∂uiφ∂xj=D∂2(φ)∂xj2 (3)

where ui and uj (i or j = 1, 2, or 3) are the resolved velocity vectors (i.e. u1 = u, u2 = v, and u3 = w denoting the velocity components in x, y and z axis direction, respectively) p is the resolved pressure divided by the density and φ is a scalar quantity, here the concentration of a tracer. All quantities are filtered in space. Similarly, xi and xj represent the spatial location vectors in x, y, and z axis direction, respectively, υ is the kinematic viscosity and Sĳ is the filtered strain-rate tensor. The term τĳ results from the unresolved sub-grid scale fluctuations and is modeled using the dynamic version of the original Smagorinsky (Smagorinsky 1963) Sub-Grid Scale (SGS) model (Germano et al. 1991). D is the coefficient of diffusion which can be calculated from the sgs stresses using the turbulent Schmidt number. In here the grid resolution is so high that D is of the order of the molecular diffusion and its influence on the tracer transport is negligibly small (Kim et al., 2010, Kim et al., 2013). The convection and diffusion terms in the governing equations are approximated by central differences ensuring second-order accuracy in space. An explicit Runge-Kutta scheme is used to discretize the equations in time providing second-order accuracy in time.



3 COMPUTATIONAL SETUP AND BOUNDARY CONDITIONS

The computational setup and boundary conditions of the LES are chosen similar to the experimental studies of Rahman & Webster (2005), the results of which are used to validate the simulation. In the present study two open-channel flow simulations, one with a smooth channel and the other with a channel bed artificially roughened by a layer of cubes are performed. In the rough-channel simulation, cubes are arranged on the channel bottom in a staggered arrangement with a separation distance of 0.5 H, with H being the surface flow depth. The relative submergence ratio, H/k calculated as surface flow depth (H) over the height of the roughness elements (k), is equal to 10. Both the smooth- and rough-channel LES’s are carried out at a Reynolds number based on channel depth equal to 10,000. Based on the global bed-shear velocity (u* = (τ/ρ)^0.5) and the flow depth (H), this corresponds to a Reynolds number of Reτ = 553 and Reτ = 1,120, for the smooth- and rough-channel LES respectively.

Figure 1 presents the setup and boundary conditions used in this simulation. The computational domain of the simulation spans 8H in streamwise, 4H in span wise   and H in the vertical directions. The size is chosen larger than the commonly accepted 2πH × πH × H domain size for smooth bed flows, so as to include all relevant turbulence structures. This allows the use of periodic boundary conditions to be applied in the streamwise and span wise   directions to simulate a fully developed flow as homogeneous in both these directions. The free surface is set as a frictionless rigid lid and is treated as a plane of symmetry. This is a reasonably accurate treatment considering the low Froude number (Fr ≅ 0.1) of this simulation. On both the cube surface and the wall below the cubes the no-slip condition is applied.
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Figure 1. Computational domain of the rough bed large-eddy simulation.






Table 1. Computational details for the smooth- and rough-channel simulations.




	Case

	Reτ

	Nx, Ny, Nz

	Δx+, Δy+

	Δz+min






	Smooth

	553

	800, 400, 100

	5.53, 5.53

	2.77




	Rough

	1120

	800, 400, 100

	11.2, 11.2

	5.60







The computational grid employed in the simulation has a high resolution consisting of approximately 32 million grid points. The grid is uniform in the horizontal plane consisting of Nx=800, Ny=400 grid points in the x and y directions respectively. In the vertical plane (Nz = 100), the grid spacing varies such that it is lowest (i.e. grid is very fine) near the top of the cube and is highest at the water surface. The computational details for the smooth- and rough-channel simulations are summarized in Table 1.



4 RESULTS AND DISCUSSION


4.1 Turbulence statistics

For the validation and statistical analysis of LES results, the roughness Reynolds number ks+, being defined as ks+=ksu∗/υ, is estimated through a best-fit procedure described in Bomminayuni & Stoesser (2011). The obtained ks+ value of 253 is very similar to the fully rough case of Rahman & Webster (2005) which featured a ks+ value of 257. Figure 2 shows a comparison of the time and spatially averaged smooth- and rough-channel LES velocity profiles with the measured profiles of Rahman & Webster (2005). Agreement with the experimental data is excellent for the smooth channel especially in the region where the log-law is satisfied. The rough-channel LES profile is also similar to the measured profile and follows the standard pattern of velocity defect increasing with wall roughness.
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Figure 2. Vertical velocity profiles in wall units of smooth and rough bed flows.
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Figure 3. streamwise turbulence intensity profiles for smooth and rough bed flows.



The vertical distribution of streamwise and wallnormal spatially averaged turbulence intensities (normalized by the global bed-shear velocity u*) is presented in Figure 3. The figure plots LES data (for both the rough- and smooth-channel flow) against the experimental data of Rahman & Webster (2005). It can be observed that the magnitude of the peaks of turbulence intensities is captured well in both cases. Although a significant difference in the calculated and measured streamwise turbulence intensities can be observed in the top half of the channel, the overall trend is similar to the observations of Rahman & Webster (2005).
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Figure 4. Reynolds stress profiles for both LES and experiment for smooth and rough bed flows.
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Figure 5. Longitudinal profiles of the time-averaged scalar concentration (normalized by the source concentration) along the plume centerline for both the smooth-and rough-channels.



The vertical profiles of Reynolds shear stress normalized by the bed shear velocity is presented in Figure 4 for the smooth- and rough-channel flows as obtained from LES and measurements of Rahman & Webster (2005). The smooth channel profile of LES matches very well with the measurements. However, in the rough-channel case the LES predicts somewhat larger shear stress contribution to the overall friction losses which may be attributed to the difference in the representation of roughness elements. The cube-roughness on the channel bottom for the LES appears to be smoother than the coarse gravel of the experiments. This is also evident from the higher down-shift in the mean velocity profile for experiments over the LES (refer Fig. 2).



4.2 Scalar dispersion

Figure 5 shows the LES-calculated and measured longitudinal profiles of the time-averaged scalar concentration (normalized by the source concentration) along the plume centerline for both the smooth- and rough-channels. The concentration decreases rapidly with the distance from the source. The LES profiles agree well with the measurements and have a slope of –1.5 in the region x/H < 2 and a slope of –1.0 further downstream, i.e., in the region x/H > 5. Comparison of smooth-and rough-channel scalar concentration magnitudes provides quantitative evidence that the bed roughness enhances scalar dispersion in the channel resulting in lower mean concentrations along the plume center line.

Many studies have indicated that the lateral profiles of the time-averaged concentration are self-similar and Gaussian irrespective of the channel bed being rough or smooth. Therefore, LES results are used to calculate the effective plume width, defined as 4σ where σ is the standard deviation of the Gaussian profile and compared against the experimental results of Rahman & Webster (2005). This is shown in Figure 6 where the variation of plume width along the centerline of the channel is plotted for both the smooth- and rough-channels. The overall agreement of LES results with the measurements is good for the smooth-channel. However, LES-calculated plume width in the rough-channel is consistently higher than the measurements and suggests higher scalar dispersion in the initial stages of the plume. This can also be seen in the time-averaged concentration profiles along the channel centerline shown in Figure 5, where the LES results are consistently lower than the experimental results. This obvious discrepancy can be attributed to the presence of an isolated roughness element (cube) in the immediate vicinity of the nozzle which causes rapid mixing and higher scalar dispersion than that produced from distributed roughness elements used in the experiments. Bed roughness increases mixing and hence the scalar is spread over a wider area.
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Figure 6. Effective plume width along the plume centerline for both the smooth- and rough-channels.






4.3 Role of coherent structures in scalar dispersion

Identification of the role of coherent structures in scalar dispersion is performed qualitatively through 2-D visualizations of scalar concentration. This is shown in Figures 7a, b where contours of instantaneous scalar concentration in a horizontal plane are plotted for smooth- and rough-channels respectively.

The smooth channel contours exhibit a more coherent and filamentous nature of the scalar. The concentrations are strong and uniform within the filaments and effectively zero outside the filaments. The contours in the rough channel show that the scalar distribution is markedly less coherent and is dispersed over a wider area away from the plume centerline (i.e. y/H = 2). Although the time-averaged concentration contours (not shown here for brevity) indicate that the highest scalar concentration is along the centerline of the plume, the instantaneous concentration contours at certain downstream locations indicate otherwise. This is the result of instantaneous large-scale turbulence structures that advect the scalar of the centerline and disperse it across the channel leading to lower instantaneous centerline concentrations. A better understanding of the influence of vortical structures on scalar dispersion can be obtained through Figures 8 and 9 where contours of instantaneous scalar concentration in streamwise and span wise    planes, respectively, are plotted. For instance, in Figure 8 the advection of a scalar at a prescribed angle to the the wall suggests the presence of hairpin-like vortex structures, which are commonly observed in turbulent channel flows, which transport the scalar towards the water surface. Figure 8 confirms the enhanced dispersion of the scalar in the rough bed flow (bottom of Fig. 8). Similarly, in Figure 9: the lift-up and clockwise/anticlockwise orientation of the scalar indicate the presence of streamwise vortices/rollers near bed rollers, a common feature in channel flow and the result of the aforementioned near-wall streaks. The smooth bed contours in Figure 9 are much more contained to a fairly small region and concentrations are much higher than in the rough bed flow.
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Figure 7. Instantaneous scalar concentration in horiznatl planes near the bed. Top: Smooth bed, Bottom: Rough bed.




[image: ]

Figure 8. Contours of instantaneous scalar concentration in longitudinal planes. Top: Smooth bed; Bottom: Rough bed.
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Figure 9. Contours of instantaneous scalar concentration in transverse planes. Top: Smooth bed; Bottom: Rough bed.



The instantaneous contours of scalar concentration plotted in Figures 7–9 revealed, qualitatively, the role of coherent structures in passive scalar dispersion. To provide further evidence to the observed influence of flow structures on scalar dispersion, and a possible explanation for the filamentous nature of the scalar, turbulent flow structures and scalar structures are plotted together at selected instants in time. Figure 10 presents contours of instantaneous scalar concentration together with perturbation vectors comprised of streamwise (u′) and wall-normal (w′) velocity fluctuations. The dominant coherent structures in open-channel flow are sweeps, and ejections, which can be identified in Figure 10 and are marked with an S (for sweep) and an E (for ejection). In the upper part of Figure 10 the lift-up of scalar away from the wall at a given angle (at regions marked E) appears to be accomplished by an ejection event. Similarly, in the lower part of Figure 10 the absence of instantaneous scalar concentration (in the region marked S) is a result of the influx of high-speed fluid towards the wall, i.e., sweeps, which appear to contain the scalar close to the wall.

In Figure 11 contours of streamwise velocity fluctuations (u′) are plotted together with the contours of instantaneous scalar concentration to investigate the correlation between low-speed streaks and scalar structures. To provide a better visualization, only the low-speed streaks (u′ < 0), represented by dark shades, are visualized. Edges of low-speed streaks coincide with boundaries between areas of high and low scalar concentrations. High concentration gradients occur at low-speed–high-speed streak interfaces. This is not surprising as in the past passive scalar visualization has been used as an experimental method to identify low-speed streaks (e.g. Defina, 1996); here we provide direct evidence of the method’s validity.

Figure 12 shows iso-surfaces of the Q-criterion (yellow isosurfaces) and scalar concentration (blue isosurfaces) for the smooth- and rough-channel flow at selected instants in time. Q is the second invariant of the velocity gradient tensor and is defined as
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Figure 10. Contours of instantaneous scalar concentration together with perturbation vectors comprised of streamwise (u′) and wall-normal (w′) velocity fluctuations. These plots are at different instances in time at the same location.



Q=12(∥Ω∥2−∥S∥2) (4)

where ||Ω|| is the antisymmetric part and ||S|| the symmetric part of the velocity gradient tensor. Positive values of Q identify areas in which rotation dominates strain, which makes it a more objective definition of a vortex than just vorticity. The iso-surfaces of Q reveal different types of vortex structures in the flow, including hairpin vortices. For instance, elongated structures in the flow can be observed which either are remaining legs of hairpin vortices or streamwise vortices from which hairpin vortices evolve. These vortex structures influence the advection and dispersion of scalar as seen from the iso-surfaces of scalar concentration which have an orientation similar to that of the Q-criterion. Hairpin vortices are much clearer in the smooth-bed flow, the turbulence over bed roughness tends to be more destructive to coherent structures and hence the flow is less organized. As shown quantitatively and qualitatively above and as seen from the lower part of Figure 12, roughness enhances mixing; the plume is much wider than the smooth bed plume (upper half of Fig. 12).
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Figure 11. Contours of instantaneous scalar concentration together with visualized low speed streaks (shaded areas). Top: Smooth bed; Bottom: Rough bed.
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Figure 12. Iso-surfaces of the Q-criterion (yellow isosurfaces) and scalar concentration (blue isosurfaces) for the smooth- (top) and rough-bed (bottom) channel flows.
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Figure 13. Iso-surfaces of tracer concentration color-coded by the streamwise velocity for the smooth- (top) and rough-bed (bottom) channel flows. The isosurface is comprised of four isosurfaces of successive instants in time.



Figure 13 presents a time-series of isosurfaces of instantaneous scalar concentration color-coded with the streamwise velocity. To demonstrate the evolution of the scalar under the action of turbulence, four successive snapshots are put together into one plot. In in the smooth bed flow, the process of transient scalar dispersion and organization of the plume can be appreciated. There is a close resemblance of the plume with the formation and transport of hairpin vortices evolution commonly observed in channel flows. The vertical motion near the bed is also apparent, the scalar appears to be forming braids as it is trapped into the near-bed streamwise vortices whilst advected in the streamwise direction.

The transport of the scalar in the rough-bed channel flow is, as expected less organized, however exhibiting similar features to the smooth bed flow.




5 SUMMARY

Large-eddy simulations of flow and transport of a tracer plume in smooth- and rough-bed open-channel flow were carried out. The LES were validated using data of recently completed laboratory experiments. The LES reproduced fairly accurately turbulence statistics and tracer transport characteristics. Bed roughness enhances the dispersion of a plume, mainly because of the enhanced turbulence that is generated near the bed. It was shown that coherent flow structures are the dominating driver of the transport and dispersion of the scalar. The flow is more organized in the smooth bed flow and tracer dispersion appears to be taking place in filaments being closely associated with smooth bed coherent structures such as low-speed streaks and near-bed streamwise vortices. The flow over rough beds is less organized, the dispersion of the tracer is thus less coherent.
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Spatial development of a constant-depth shallow mixing layer in a long channel
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ABSTRACT: The spatial development of a shallow mixing layer near the free surface is studied using results from a high-resolution eddy-resolving numerical simulation. The shallow mixing layer forms between two parallel streams that are initially separated by a thin splitter plate. The ratio between the bulk velocity of the two streams is equal to 2.3 and the Reynolds number defined with the mean velocity of the two streams and the channel depth is Re = 15,500. The mixing layer develops in a long constant-depth open channel with a flat smooth bed. The length of the channel in the simulation is equal to 400D, where D is the channel flow depth. This length is about two times larger than the channel length used in an experiment conducted with similar flow conditions, which is used to validate the numerical predictions over the upstream part of the channel. The larger channel length used in the numerical simulation allows studying the spatial evolution of the shallow mixing layer at conditions that are close to the equilibrium regime when the destabilizing effect of the mean shear between the two streams is compensated by the stabilizing effect of the friction acting on the mixing layer eddies at the bed. It is found that numerical predictions of the mean streamwise  velocity profiles and The streamwise variation of the mixing layer width at the free surface are in good agreement with the experiment. Though simulation results also show a close to linear decay of the entrainment coefficient α with the bed friction factor, S, over the upstream part of the mixing layer, the rate of decay of α with S reduces significantly over the downstream part of the channel where the mixing layer approaches equilibrium. Spectral analysis of the velocity time series is used to estimate how the size and dominant passage frequency of the large-scale quasi-2D horizontal coherent structures forming within the shallow mixing layer vary as a function of the distance from the mixing layer origin.



1 INTRODUCTION

Mixing layers are commonly observed in the natural environment (e.g., in rivers, coastal areas and the atmosphere). One very relevant example for river engineering applications are river confluences where a mixing layer develops in between two streams downstream of the confluence apex, provided that the mean velocity of the two streams is different (Constantinescu et al., 2011a, 2012). The instabilities developing in the mixing layer due to the mean flow shear across it lead to the formation of various large-scale turbulence structures which control the mass and momentum exchange between the two streams. Therefore, from an engineering perspective, the study of the mixing layer’s spatial development and its large-eddy content is critical for accurately predicting transport of pollutant, nutrients and sediments in the confluence region.

In most rivers, the flow can be considered shallow, i.e. the depth of the flow is much smaller than the channel width. In the case of most river confluences, the development of the mixing layer is significantly affected by bed friction. This is especially true for the dynamics of the large-scale quasi two-dimensional (2D) horizontal Kelvin-Helmholtz (KH) billows forming inside the mixing layer due to the mean shear across the mixing layer.

In a free (deep) mixing layer developing between parallel streams, the average size of these KH billows increases monotonically with the distance from the origin. The main mechanism for the growth of these eddies is pairing between neighboring KH billows as they are convected downstream. As these billows move downstream, their axes get deformed and their three dimensionality is increasing due to the smaller-scale 3D instabilities in the flow (Corcos and Sherman, 1984; Moser and Rogers, 1993). The growth rate of the free mixing layer remains constant even at large distances from the origin (Townsend, 1956).

In contrast, in the case of a shallow mixing layer the development of the KH billows is restrained by the finite flow depth and bottom friction. As a result, the development of the large-scale quasi 2D structures mostly takes place in the horizontal directions and 3D turbulence is generating close to the channel bottom. Moreover, anisotropic effects become very important. In a stark difference with the case of a free mixing layer, the rate of growth of the KH billows starts decreasing away from the origin and the shallow mixing layer can reach an equilibrium regime characterized by zero growth. Once the transition to the equilibrium regime starts, the quasi 2D Kelvin Helmholtz billows start loosing their coherence.

In the present numerical study we consider only the simplest case in which the two streams are parallel, the channel is straight, the channel depth is constant and the channel bed is smooth. This case corresponds to concordant bed river confluences with a small angle between the incoming streams in which the downstream reach is closely aligned with the two tributaries. High resolution numerical simulations are conducted using Detached Eddy Simulation (DES) to understand the spatial development of the shallow mixing layer and of the quasi-2D KH billows at moderate Reynolds numbers at which most previous laboratory experiments were conducted. The test case discussed in the present paper was already studied experimentally (e.g., Chu & Babarutsi, 1988; Uijttewaal & Booij, 2000; van Prooijen & Uijttewaal, 2002) because it allows understanding some main characteristics of mixing layers developing over a no-slip boundary (channel bed). Data from these experiments are used to validate the numerical predictions over the upstream part of the mixing layer. A main advantage of the present study is that the channel length is much longer than the length of the water table or flume used to conduct previous experimental (e.g., Uijttewaal & Booij, 2000) and that used in previous numerical investigations (e.g., Kirkil & Constantinescu, 2008) of shallow mixing layers. This allows us to investigate the changes in the flow structure and mean characteristics of the mixing layer for conditions that are close to the equilibrium regime.



2 NUMERICAL METHOD, BOUNDARY CONDITIONS AND SIMULATIONS SETUP

DES is a non-zonal hybrid Reynolds-Averaged Navier Stokes (RANS)—Large Eddy Simulation (LES) method (e.g., see Spalart, 2009, Rodi et al., 2013) which uses LES away from the solid surfaces. The key concept involved is the modification of the turbulence length scale in the base RANS model which is still active near solid surfaces. In the present work, the Spalart-Allmaras (SA) one-equation RANS turbulence model was used as the base model. Compared to LES with wall functions, the idea is to use a more sophisticated RANS-based model close to the wall boundaries and then to transition toward LES away from these boundaries.

Near solid boundaries (e.g., walls), the distance to the nearest wall d is used to define the turbulence length scale and the original S-A one-equation RANS model is recovered. Away from the solid boundaries, the local grid spacing Δ is used to calculate the modified turbulence length scale, d, which is much smaller than the distance to nearest wall, d, used as the turbulence length scale in the regions where DES is in RANS mode. In the LES regions DES reduced to a Smagorinsky-like sub-grid scale model that allows the energy cascade down to the grid size as in classical LES. When the flow is statistically steady, DES yields an eddy viscosity that is proportional with the square of the local grid spacing, as in LES. This allows DES to resolve the dynamics of the large-scale eddies in the flow, similar to LES.

One of the advantages of DES is that, at high Reynolds numbers, it is much cheaper than LES computationally for calculations involving solid boundaries. For the particular case of shallow mixing layers, the use of eddy resolving techniques is essential, as the model has to be able to accurately capture the energy transfer toward the larger scales which allows the quasi 2D KH billows to grow. This requirement is also one of the main reasons why RANS-based simulations are much less successful in predicting mean flow and turbulent structure in shallow flows.

A general description of the DES code is given in Chang et al. (2007). Here, we review only the main features of the numerical model. The 3D incompressible Navier-Stokes equations are integrated using a fully-implicit fractional-step method. The governing equations are transformed to generalized curvilinear coordinates on a non-staggered grid. The convective terms in the momentum equations are discretized using a blend of fifth-order accurate upwind biased scheme and second-order central scheme. All other terms in the momentum and pressure-Poisson equations are approximated using second-order central differences. The discrete momentum (predictor step) and turbulence model equations are integrated in pseudo-time using Alternate Direction Implicit (ADI) approximate factorization scheme. The Spalart-Allmaras one-equation model was used as the base model in DES. In the present implementation of the DES model, no wall functions are used. Time integration in the DES code is done using a double time-stepping algorithm and local time stepping is used to accelerate the convergence at each physical time step. The time discretization is second order accurate. Validation of the code for flow in open channels and natural river confluences is discussed by Keylock et al. (2012) and Constantinescu et al. (2011a, 2011b, 2012, 2013).
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Figure 1. Sketch of the computational domain.



A sketch of the computational domain is shown in Figure 1. Similar to the experimental set up, the two fully developed streams are separated by a straight thin splitter. The characteristic length and velocity is D = 67 mm (mean water depth) and U0 = 0.23 m/s respectively (mean velocity of the two incoming streams). This yields a Reynolds number equal to about 15,500. The computational domain is 47D wide and 400D long. The inflow of the two streams have average velocities of U20 = 1.39U0 and U10 = 0.61 U0. These conditions are also similar to the one of a test case in the experiments conducted by Uijttewaal & Booij (2000) and van Prooijen & Uijttewaal, (2002). A passive scalar is released at the end of the splitter. A molecular Schmidt number equal to 1 was used in the advection-diffusion equation solved for the passive (conserved) scalar. The mesh used has about 15 million cells (1440*336*32 in x-streamwise , y-span wise and z-vertical direction, respectively). The mesh size near the boundaries is about one wall unit.

Inflow conditions corresponding to fully-developed turbulent channel were applied at the inlet sections. Both streams contain resolved turbulent fluctuations obtained from precursor simulations. The channel bed and lateral walls are no-slip smooth walls. A convective boundary condition was used at the outflow of the domain, which is standard treatment in eddy-resolving simulations (Rodi et al., 2013). The free surface was modeled as a shear-free rigid lid, which is an acceptable approximation, given that the Froude number defined with D and U0 is less than 0.3. The nondimensional concentration at the tip of the splitter was C = 100. The value of C at the two inlet sections was C = 0.



3 RESULTS


3.1 Mean flow

The eddy structure of the free surface flow and mixing layer in an instantaneous flow field are visualized in Figure 2a using nondimensional concentration, C. The 2D contour plots illustrate the initial fairly rapid growth of the quasi 2D KH billows within the upstream part of the ML followed by a gradual decrease in the rate of increase of the average size of these eddies in the downstream part of the computational domain. Moreover, the coherence of the 2D KH billows starts decreasing for x/D > 170 and the mixing layer assumes an undulatory shape.

The distribution of the concentration in the mean flow showed in Figure 2b shows that the spatial development of the mixing layer is characterized by two regimes. In the upstream part of the computational domain, the centerline  of the mixing layer shifts monotonically toward the low speed side at a rate that decreases in The streamwise direction. The shift is due to the small difference in the mean streamwise  bed shear stress on the two sides of the mixing layer which is due to the difference in the bulk velocity of the two incoming streams. This results in differences in The streamwise pressure gradients in the channel flow on the two sides of the mixing layer. So, at streamwise  locations downstream of the end of the splitter plate, the mixing layer will be subject to a transverse gradient which induces a gradual shift toward the low speed side where the pressure is smaller compared to the pressure on the high speed side at the same x. As the flow develops in a constant width channel, the mean velocity on the two sides of the channel is not constant, as is the case for a free mixing layer. Until the centerline  of the mixing layer becomes parallel to The streamwise direction in the downstream part of the channel (e.g., for x/D > 200 in Fig. 2b), there is a monotonie decrease of the velocity on the high speed side and a monotonic increase of the mean velocity on the low speed side. The start of the transition to the equilibrium regime happens once the shift of the mixing layer centerline  does not further increase with x.


[image: ]

Figure 2. Visualization of mixing layer at the free surface and bed shear stress. a) concentration, C, in the instantaneous flow; b) concentration, C, in the mean flow; c) non-dimensional turbulent kinetic energy, k/U2; d) non-dimensional bed shear stress. The dotted line visualizes the centerline  of the mixing layer based on the mean concentration contours.



The distribution of the Turbulent Kinetic Energy (TKE) at the free surface (Fig. 2c) shows that the formation and passage of the quasi-2D billows in the mixing layers is responsible for the high amplification of the TKE within the mixing layer. However, the TKE does not increase monotonically with the distance form the origin of the mixing layer. Rather, the TKE peaks around x/D = 80, which corresponds to the region where the coherence of the KH billows is the largest. The TKE values in the two streams are not negligible as the incoming turbulent flow in both streams is fully developed.

Finally, the distributions of the nondimensional bed shear stress show that the difference between the bed shear stress in the fast and slow streams decreases monotonically with the distance from the splitter plate. Though in the mean flow the bed shear stress values within the mixing layer are in between the mean values observed within the two streams, the bed shear stress values beneath the large scale quasi 2D mixing layer vortices can be higher than the mean values predicted beneath the high speed streams. This will have obvious consequences on the capacity of the flow to erode the bed beneath the mixing layer, at least before the quasi 2D eddies start losing their coherence.

The span wise variations of the nondimensional mean streamwise  velocity near the free surface (z/D = 0.85) are compared in Figure 3 to the self-similar solution for a free mixing layer and to the experimental measurements of Uijttewaal & Booij (2000) at several streamwise  locations (0.05 m < x < 11.0 m). The lateral coordinate, y, is scaled by the local mixing layer width δ(x). The mixing layer width δ(x) is defined with The streamwise velocity gradient at the centerline  δ(x) = (U2–U1)/(∂u / ∂y)max. The free surface streamwise  velocity is nondimensionalized as (u(x,y)–U1(x))/(U2(x)–U1(x)), where U1(x) and U2(x) are the mean velocity of the two streams at a certain x location in the z/D = 0.85 plane. The nondimensional velocity profiles show good agreement to the experimental measurements at all l ocations. The profiles are very close to the self-similar error-function solution on the low-speed side of the mixing layer. On the high-speed side, the velocity profiles predicted by DES are close to the experimentally measured profiles but the velocities are lower than those corresponding to the self similar free mixing layer solution close to the edge of the mixing layer, around y/δ = 0.5. On the other hand, the DES velocity profiles on the lower-speed side show less scatter and are closer to the error-function profile compared to the experimentally determined profiles.
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Figure 3. Comparison of nondimensional mean free surface streamwise  velocity profiles, (u–U1)/(U2–U1) at several streamwise  locations (0.05 m < x < 11 m) between DES predictions and the experimental data of Uijttewaal and Booij (2000). The transverse profiles are plotted versus the nondimensional lateral distance which is nondimensionalized by the local width of the mixing layer, δ. Also shown is an error function curve corresponding to the self-similar solution for a free (deep) mixing layer.





3.2 Mixing layer width

The streamwise variation of the mixing layer width close to the free surface is compared with the experimental results of van Prooijen & Uittewaal (2002) in Figure 4. Experimental data are available only up to x = 11 m. A good agreement between DES predictions of δ based on mean streamwise  velocity and experiment is observed for x < 10 m. Over this distance the average value of dδ/dx is close to 0.06. The rate of increase of δ is decreasing significantly for x > 11m (e.g., the average value of dδ/dx for 10 m < x < 25 m is 0.013), which suggests the mixing layer starts transitioning to the equilibrium regime. Still, δ continues to slowly increase until the end of the computational domain situated at x = 25 m.
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Figure 4. Mixing layer width variation in The streamwise direction at z/D = 0.85 based on the mean velocity and concentration fields. Also shown are results based on the experimental measurements of van Prooijen and Uijttewaal (2002) for x < 11 m.



Figure 4 also shows the variation of δ based on the mean concentration distribution. The extremity of the mixing layer calculated based on the concentration field at a given x location corresponds to the span wise location where the ratio between the maximum concentration in the cross section and the local concentration reaches a predetermined value, which is independent of x. This ratio is chosen such that both methods give the same value of δ at a given streamwise  location (e.g., at x = 11 m). Results in Figure 4 show that the two methods to estimate δ give similar results at all streamwise  locations.

To describe in a more quantitative way the effects of the bottom friction on the spatial development of the shallow mixing layer, the model proposed by Chu & Babarutsi (1988) is used to further analyze the numerical results. They defined a bed-friction number, S, to characterize the stabilizing influence of the bottom friction on the development of the mixing layer. The variable S is defined as:

S=c¯fδ(x)2DU(x)ΔU(x) (1)

where c¯f is the arithmetic mean of the average bed friction coefficient of the two incoming streams calculated using the mean bed shear stress and The streamwise velocity in each stream, U (x) = 0.5(U1(x) + U2(x)) and ΔU(x) = (U2(x)– U1(x)) are the mean velocity and the velocity difference across the mixing layer, respectively. In the present geometry D is constant. Note that S increases as one move away from the origin of the mixing layer due to the increase in δ and decrease in ΔU with x. The other variable in the model of Chu & Babarutsi (1988) is an entrainment coefficient that characterizes the reduction of the spreading rate of the mixing layer with the increase in S, as one move in the downstream direction. The entrainment coefficient a is defined as

α=1ΔUdδdt∼U(x)ΔU(x)dδ(x)dx (2)

The initial growth rate of the shallow mixing layer predicted by the numerical simulation close to the free surface is α = 0.1 (see Fig. 5). This value is close the one inferred from the experimental data (α = 0.11) and the one measured (e.g., see Townsend, 1956) for free mixing layers (α = 0.09 – 0.1). Part of the variation of α between DES and experiment may be due to the level of turbulence in the incoming streams. It is possible that the flow in the two streams in the experiment was not fully turbulent at the end of the splitter plate.
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Figure 5. Variation of entrainment coefficient α with the bed friction number close to the free surface. Also shown are results based on the experimental measurements of Uijttewaal and Booij (2000) for x < 11 m.



An important finding of this study is that the model of a linear decay of α with S (α= α0(1– S / Sc)) proposed by Chu & Babarutsi (1988) applies only over the upstream part of the mixing layer, up to x≅ 11 m where S≅ 0.05. In terms of the slope of the linear decay, the values of the constant Sc inferred from DES is 0.085, which is close to the value inferred from experiment (Sc = 0.08) The location at which the decay of α with S starts being less than linear happens to approximately correspond to the length of the water table in the experiment. Results in Figure 5 show that the rate of decay of α with S decays monotonically over the downstream part of the mixing interface once the transition to the equilibrium regime has started. This happens where the shift of the mixing layer centerline  becomes close to constant (x≅ 11 m). Consistent with results in Figure 4, the value of α is still larger than zero at the end of the computational domain (α ≅ 0.01 at x = 25 m) where S ≅ 0.145. As shown by Figure 2a, the large-scale KH billows start loosing their coherence way before the mixing layer reaches a regime characterize by zero growth (α≅0). In fact, in a good approximation that happens once the decay of α with S deviates from the linear variation.



3.3 Large-scale mixing layer structures

Power spectra of the span wise velocity fluctuations show that the power density peaks at a frequency f = 0.35 Hz at x = 2 m and f = 0.08 Hz at x = 11 m. The peak corresponds to the passage frequency of the KH billows at each location. The decrease in f with x is mainly due to vortex pairing within the upstream part of the mixing layer. These values of f are in good agreement with those (0.35 and 0.1) inferred from experiment. (Uijttewaal and Booij, 2000). After the transition to equilibrium regime starts, the peak frequency remains approximately constant and equal to f = 0.05–0.06 Hz. This indicates the absence of vortex pairing or of other mechanisms responsible for the growth of the KH billows in this region (x > 12 m), which is consistent with the observed structure of the mixing layer in Figure 2a.

The autocorrelation function of the span wise (v) velocity fluctuations Rvv(τ) at two points situated close to the mixing layer centerline  and the free surface (z/D = 0.85) is plotted in Figure 6 for x = 2 m and x = 11 m. At both locations, Rvv is characterized by large scale oscillations. The overall level of agreement with the autocorrelation function estimated from experiment is reasonable. The first minimum in the Rvv curve for x = 2 m is reached after 1200 ms in DES and after 1400 ms in experiment. The values for the point situated at x = 11 m are 5000 ms and 4500 ms, respectively.

The time interval between the origin and the first maximum in the variation of Rvv can be interpreted as the passage time of the largest eddies at that location. The line plots in Figure 6 shows that this time interval is about 2400 ms at x = 2 m and 9500 ms at x = 11 m. Assuming the average velocity of the coherent structures is U(x), one can estimate the average streamwise  size of the KH billows, or, more precisely the average distance between the centers of two successive eddies. The streamwise length is about 0.55 m at x = 2 m and 2.1 m at x = 11 m. The mixing layer width at these two locations is 0.18 m and 0.59 m respectively. This shows that the KH billows are not circular and that their aspect ratio increases as one moves downstream.
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Figure 6. Autocorrelation function of span wise velocity fluctuations close to the centerline  of the mixing layer and the free surface (z/D = 0.85). The autocorrelation function, Rvv, is plotted at x = 2 m and x = 11 m. Also plotted is the autocorrelation function at x = 2 m and x = 11 m calculated by Uittewaal and Booij (2000).






4 SUMMARY AND CONCLUSIONS

The spatial development of a shallow mixing layer developing between two fully developed turbulent flow streams in a constant depth channel was investigated based on high-resolution 3D Detached Eddy Simulation. The large length of the computational domain (400D) considered in the present numerical investigation allowed a detailed investigation of the characteristics of the shallow mixing layer close to the free surface after transition to the equilibrium regime has started. Mean streamwise  velocity profiles, mean characteristics of the quasi-2D Kelvin-Helmholtz billows and The streamwise variation of the width of the mixing layer predicted by the numerical model were found to be in good agreement with experimental results in the region where the shallow mixing layer is far from equilibrium. Over this region, present results agree with the theoretical model of Chu and Babarutsi (1988) and experimental data of Uijttewaal and Booij (2000) that assume a linear decay of the entrainment coefficient, α, with the bed friction number, S. However, for S > 0.05, the decay of α with S was less than linear and α approaches asymptotically the zero value corresponding to a zero growth of the mixing layer width. Once the decay of α with S is less than linear, the bottom friction acting on the large billows is large enough such that the coherence of the KH billows starts decaying. This indicates that the equilibrium regime is reached very slowly and that the mixing layer width continues to slowly increase with x even after the shift of the mixing layer centerline  becomes close to constant. Results for the simulation discussed in the present study show that by the end of the computational domain, these eddies lost most of their coherence. Data from numerical simulations also show that once the transition to the drag dominated regime starts, the shallow mixing layer assumes an undulatory shape.

Present simulations show that DES can be used to simulate development of shallow mixing layers over sufficiently large distances needed to characterize the behavior of the shallow mixing layer after the transition to the drag dominated regime has started and to understand the dynamics and evolution of the quasi-2D eddies that populate the mixing layer region and their effect on mixing and sediment entrainment, in the case of a loose channel bed. One important advantage of DES is that it can be used to study the evolution of shallow mixing layers at field conditions. Thus, DES can be used to understand scale effects between the Reynolds numbers at which most laboratory experiments are conducted and those encountered in field applications (e.g., at river confluences).




ACKNOWLEDGEMENT

This project is partially supported by The Paul C. and Sara Jane Benedict Fellowship for Study of Alluvial River Processes. The authors would like to thank the Transportation Research and Analysis Center (TRACC) at the Argonne National Laboratory and the National Center for High Performance Computing (NCHC) in Taiwan for providing the computational resources needed to perform the simulations.



REFERENCES


	Chu, V.H. and Babarutsi, S. 1988. Confinement and bed-friction effects inshallow turbulent mixing layers. J. Hydraul. Engineering, 114, 1257, DOI:10.1061/(ASCE)0733-9429.

	Constantinescu, G.S., Miyawaki, S., Rhoads, B, Sukhodolov, A. and Kirkil, G. 2011a. Structure of turbulent flow at a river confluence with momentum and velocity ratios close to 1: Insights from an eddy-resolving numerical simulation. Water Resources Research, 47, W05507, doi:10.1029/2010 WR 010018.

	Constantinescu, G., Koken, M. and Zeng, J. 2011b. The structure of turbulent flow in an open channel bend of strong curvature with deformed bed: insight provided by an eddy resolving numerical simulation. Water Resources Research, 47, W05515, doi:10.1029/2010 WR 010114.

	Constantinescu, G., Miyawaki, S., Rhoads, B and Sukhodolov, A. 2012. Numerical analysis of the effect of momentum ratio on the dynamics and sediment entrainment capacity of coherent flow structures at a stream confluence. J. Geophysical Research-Earth Surface, 117, F04028, doi:10.1029/2012 JF002452.

	Constantinescu, G., Kashyap, S., Tokyay, T., Rennie, C.D. and Townsend, R.D. 2013. Hydrodynamics processes and sediment erosion mechanisms in an open channel bend of strong curvature with deformed bathymetry. J. Geophysical Research Earth Surface, Vol. 118, 1–17, doi:10.1002/jgrf.20042.

	Corcos, G.M. and F.S. Sherman. 1984. The mixing layer: deterministic models of a turbulent flow. Part I. Introduction and the two-dimensional flow. J. Fluid Mech., Vol. 139, 29–65, doi:10.1017/S0022112084000252.

	Keylock, C.J., Constantinescu, G. and Hardy, R.J. 2012. The application of computational fluid dynamics to natural river channels: Eddy resolving versus mean flow approaches. Geomorphology, Vol. 179, 1–20, http://dx.doi.org/10.1016/j.geomorph.2012.09.006.

	Kirkil, G. and Constantinescu, S.G. 2008. A numerical study of shallow mixing layers between parallel streams. 2nd International Symposium on Shallow Flows, Hong Kong, December 2008.

	Moser, R.D. & Rogers, M.M. 1993. The three-dimensional evolution of a plane mixing layer: pairing and transition to turbulence. J. Fluid Mech., Vol. 247, 275–320, doi:10.1017/S0022112093000473.

	Pierce, C.D. & Moin, P. 2001. Progress-variable approach for large-eddy simulation of turbulent combustion. Mech. Eng. Dept. Rep. TF-80. Stanford University, California, USA.

	Rodi, W., Constantinescu, G. and Stoesser, T. (2013). Large Eddy Simulation in hydraulics. IAHR Monograph, CRC Press, Boca Raton.

	Spalart, P.R. 2009. Annual Review of Fluid Mechanics—Annual Reviews. Palo Alto, vol. 41, pp. 181–202, doi:10.1146/annurev.fluid.010908.165130.

	Townsend, A.A., 1956. The structure of turbulent shear flow. Cambridge University Press, Cambridge.

	Uijttewaal, W.S.J. and Booij, R. 2000. Effects of shallowness on the development of free-surface mixing layers. Physics of Fluids, 12, 392–402, doi:10.1063/1.870317.

	Van Prooijen, B.C. and Uijttewaal, W.S.J. 2002. A linear approach for the evolution of coherent structures in shallow mixing layers. Physics of Fluids, 14, 4105, doi:10.1063/1.1514660.








Prediction of compound channel secondary flows using anisotropic turbulence models

M.S. Filonovich

FCT/UNL, Caparica, Portugal

CEHIDRO, IST, Lisbon, Portugal

J.B. Leal

FCT/UNL, Caparica, Portugal

CEHIDRO, IST, Lisbon, Portugal

University of Agder, Grimstad, Norway

L.R. Rojas-Solórzano

Nazarbayev University, Astana, Kazakhstan


ABSTRACT: In this study the results of Baseline Explicit Algebraic Reynolds Stress model (BSL EARSM), Baseline Reynolds Stress model (BSL RSM) and Speziale-Sarkar-Gatski Reynolds Stress model (SSG RSM) of turbulent flow in an asymmetric compound channel are presented. The numerical results are validated with experimental measurements of Tominaga & Nezu (1991).

Secondary flows are captured by all turbulence models at the step-junction between the main channel and the floodplain, where a strong bulging of velocity isolines towards the free surface is observed. The Reynolds stresses are predicted with relatively close agreement to the corresponding experimental data. The turbulence anisotropy and generation of streamwise  vorticity are presented and their role in promoting secondary flows is discussed. The results are also analysed in order to evaluate the influence of the underlying hypotheses of each closure model.



1 INTRODUCTION

Most natural rivers have compound cross-section composed by a main channel and by one or more floodplains on the lateral sides. During floods the water depth exceeds the bank full depth of the main channel, and thus overflow occurs on the floodplains. The fast flow in the main channel is retarded by the slower flow on the floodplains, causing lateral momentum transfer. The turbulence structures in compound channels are characterized by a shear layer that develops at the interface of the main channel and the floodplain due to the difference of velocities. In this large shear region, vortices with vertical and longitudinal axis interact. The latter are called secondary flows of second kind (Nezu & Nakagawa 1993), which are driven by the anisotropy. The secondary flows are found to influence the primary velocity field. These effects have been observed experimentally by Shiono & Knight (1991), and Tominaga & Nezu (1991) using fiber-optic Laser-Doppler Anemometer (LDA) and numerically by Naot et al. (1993), using an Algebraic Reynolds Stress Model (ARSM), by Shiono & Lin (1992) and Pezzinga (1994), using a non-linear k-ε model, by Cokljat & Younis (1995), using the full Reynolds-stress transport model, by Thomas & Williams (1995), Cater & Williams (2008) and Kara et al. (2012), using Large Eddy Simulation (LES). They have found a significant influence of secondary flows onto momentum transfer and boundary shear stress.

Secondary flows in compound channel flow are of great interest. Direct Numerical Simulation (DNS) is the most straightforward approach to the solution of the turbulent flow. However, the numerical effort of DNS is considerably high. In LES the computational demands are considerably smaller than in DNS by restricting the computational resolution to the large scales and by modelling the small scales using a subgrid model, but still LES is a quite numerical expensive model. Isotropic two-equation models are still the most popular models due to their simplicity and relatively short computational time yet have some shortcomings; for instance, poor prediction of secondary flows (e.g. Bradshaw 1987). However, with the rapid development of computation power it is feasible to use more advanced Reynolds-averaged Navier-Stokes equations (RANS) turbulence models than the traditional two-equation models to study the detailed distribution of the flow and turbulence structures in compound channel flow.

The objective of this study is to use anisotropic models based on Reynolds stresses transport equations (namely, BSL EARSM, BSL RSM and SSG RSM) to examine the differences in results produced by each model, including different wall treatment, pressure-strain and Reynolds stresses transport equations modelling. Comparisons are made with the experimental data of Tominaga & Nezu (1991). The numerical results are analysed to investigate the contribution of terms of the governing equation for the respective models on generation of secondary flows.



2 NUMERICAL MODELLING

ANSYS CFX 13.0 code used herein is based on the finite element-based control volume method, where the governing equations are discretized over each control volume. Advection terms in Navier-Stokes equations are discretized using second-order upwind scheme. Linear shape functions are used to evaluate spatial derivatives for all the diffusion terms and pressure gradient terms. The resulting system is then solved in a coupled manner, and the results are interpolated to the grid nodes.

The simulations were run on a workstation with an i7 X980 six-core processor of 64 bits and 24GB of RAM in HP MPI local parallel run mode. The computational domain was divided into 6 partitions with one master and five slave processes.


2.1 Mathematical models

The steady-state simulations of the flow were performed using the BSL EARSM, BSL RSM and SSG RSM.

The BSL EARSM and BSL RSM are based on the BSL k–ω model of Menter (1994). One of the advantages of the k–ω formulation is the near wall treatment. k–ω model requires the non-dimensional vertical coordinate, z+, of the node closest to the wall to be at least <2. However, in many flow applications it may result in a very difficult task and special attention must be paid on this regard. Menter’s model represents a blending between the k–ω model near the wall and the k–ε model in the outer region. Each of the constants from Menter’s BSL k–ω model is a blend of an inner (1) and outer (2) constant:

ϕ=Fϕ1+(1−F)ϕ2 (1)

where blending function F is equal to 1 near the wall and decreases to a value of zero outside the boundary layer (for details see Menter 1994).

The BSL EARSM solves algebraic equations for six Reynolds stresses. The model is derived from the Reynolds stress transport equations and gives a nonlinear relation between the Reynolds stresses and the mean strain-rate and vorticity tensors. The EARSM is based on the traditional ARSM idea where advection and diffusion terms in the exact transport equation for the Reynolds stress anisotropy, aĳ, are neglected. The implementation is based on the EARSM of Wallin & Johansson (2000). The model solves the higher order anisotropic terms and thus, it is suitable to capture effects associated to secondary flows (Filonovich et al. 2013).

The SSG RSM uses the wall-function approach where predictions depend on the location of the node nearest to the wall and are sensitive to the near-wall meshing. According to Grotjans & Menter (1998), refining the mesh does not necessary give a unique solution of increasing accuracy. Thus, the non-dimensional vertical coordinate, z+, of the node closest to the wall for SSG RSM was outside the viscous sublayer and buffer layer.

Both BSL RSM and SSG RSM are based on the Reynolds stress transport equations. The differences between these models lie in the use of the near-wall treatment mentioned above, and in the modelling of the pressure-strain term. Thus, in BSL RSM the “slow” pressure-strain term is linear, LRR-IP, and “rapid” term is Quasi-Isotropic, LRR-QI, after Launder et al. (1975). The constitutive relation for the pressure-strain term is given by:

Πij=β′C1ω(−uiuj¯+23kδij)              −C2+811(Pij−23Pδij)              −30C2−255k(∂Ui∂xj+∂Uj∂xi)              −8C2−211(Dij−23Pδij) (2)

 where Pij=−uiuk¯∂Uj∂xk−ujuk¯∂Ui∂xk (3)

 and Dij=−uiuk¯∂Uk∂xj−ujuk¯∂Uk∂xi (4)

P = Pii/2 is the rate of production of turbulence kinetic energy and the coefficients for the model are: β’ = 0.09, C1 = 1.8 and C2 = 0.52.

The SSG RSM was developed by Speziale et al. (1991) and uses a quadratic relation for the pressure-strain term. The general form reads:

Πij,1=−ε [ Cs1aij+Cs2 (aikakj−13amnamnδij) ]Πij,2=−Cr1Paij+Cr2kSij                  −Cr3kSijamnamn                 +Cr4k (aikSjk+ajkSik−23aklSklδij)                 +Cr5k (aikΩjk+ajkΩik) (5)

where aĳ, Sj and Ωij are anisotropy tensor, the mean rate of strain tensor and mean vorticity tensor, respectively, and are defined as:

aij=uiuj¯k−23δij (6)

Sij=12 (∂Ui∂xj+∂Uj∂xi) (7)

Ωij=12 (∂Ui∂xj−∂Uj∂xi) (8)

The constants for the model are presented in the Table 1.



2.2 Computational domain and boundary conditions

The computational domain is exactly coincident with the experimental flume of Tominaga & Nezu (1991) for the S-2 case, i.e. h/H = 0.5, where h and H are the flow depth of the floodplain and of the main channel, respectively. The main channel width of b = 0.2 m and the channel top width of B = 0.4 m are presented in Figure 1. The flow is assumed to be statistically homogeneous in The streamwise direction and is driven by a constant pressure gradient Δp, thus periodic boundary conditions are applied. The length of the domain in streamwise  direction is 12H, which is nearly twice the recommended value of 2πH for straight smooth channels (Kara et al., 2012). The free surface is treated as a rigid lid where a free slip condition is applied. For the smooth bed, the no-slip wall boundary condition is used. The domain is discretized with uniformly spaced mesh in streamwise  direction. In span wise and in the vertical directions the mesh is refined close to the walls, free surface and transition zone between the main channel and the floodplain. Grid considered for the BSL EARSM and BSL RSM simulations is of 200 × 200 × 80 (40) hexahedral elements in x, y and z directions, respectively. The value in parenthesis indicates the number of elements in z direction on the floodplain. For the SSG RSM model the mesh of 200 × 200 × 60 (30) is used. The purpose of using different mesh for the latter model is to assure that z+ is around 30, allowing the use of wall function.




Table 1. The values for the constants used in SSG model.




	Cs1

	Cs2

	Cr1

	Cr21

	Cr3

	Cr4

	Cr5






	1.7

	–1.05

	0.9

	0.8

	0.65

	0.625

	0.2
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Figure 1. Computational domain and boundary conditions.



The simulations were stopped when the convergence criteria were met. During the run three velocity components and pressure were monitored using monitor points throughout the computational domain. When the monitored values reached the asymptotic range and kept constant for at least 500 time-steps, and if the RMS (Root Mean Square) normalized values of the equation residuals were below the residual target value which is set to 10−7, then the CFX-Solver terminated the run. At the end of the run the global balances are reported. The simulation is assumed to be converged if two previous criteria met and if global unbalances are less than 0.01%.




3 RESULTS AND DISCUSSION

Contours of the mean streamwise  velocity (lines correspond to U/Umax = 0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95 and 0.975, from the bottom to the free-surface) and vector distribution of secondary flows normalized by the maximum streamwise  velocity, Umax, are shown in Figure 2. A plot of measured streamwise  velocity contours from Tominaga & Nezu (1991) is also presented in Figure 2a.

The numerical predictions agree well with the experiments, particularly near the interface between the main channel and floodplain. The primary velocity is strongly influenced by secondary flows. It can be seen a significant bulging upwards of the isovels at the interface due to the secondary currents generated by turbulence anisotropy. The velocity bulge is more pronounced in the BSL EARSM and BSL RSM (Figs 2b, c) than in the SSG (Fig. 2d) due to a different wall treatment between the models. This is of particular relevance in the case of the bank lateral wall, as will be discussed later.

The secondary flow vectors presented in Figure 2, confirm the presence of two secondary flow cells interacting near the interface (1.6 ≤ y/H ≤ 3) and responsible for pushing upwards particles with smaller velocities, causing the inflection of the isovel lines. In the main channel bottom corners, two secondary cells can also be observed, the so-called “bottom vortex”, that direct the flow downwards and therefore inflect the isovel lines in that direction (Fig. 2). The two secondary flow cells interact in the middle of the main channel directing the isovels upward (Figs 2b, c, d), but with less intensity than what is observed in the interface.

The experiments show a similar pattern, but located closer to the main channel side wall.

Another important influence of secondary flows on the primary flow is the velocity dip in the main channel, where the maximum velocity occurs below the free surface (Fig. 2a). The isovels of lower velocities are shifted towards the middle of the main channel due to a presence of the free surface vortex, which is generated by the anisotropy of turbulence caused by the existence of the free surface and the side wall. This phenomenon is reproduced by the numerical models, but with a much lower magnitude and not extending until the middle of the main channel as observed in the experimental data. The SSG RSM seems to simulate this effect better, which should be linked with the use of a quadratic pressure strain term. From the vector plots (Fig. 2) we can conclude that secondary flow cells close to the free surface are too weak in order to be able to bring the low momentum fluid at the surface towards the center of the main channel.


[image: ]

Figure 2. Isovels of mean streamwise  velocity U normalized by Umax: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



Overall, the agreement of the predicted vortex pairs with the experimental data is satisfactory. The maximum magnitude of the secondary flows is about 4% of Umax for experiments, 3.4% for the BSL EARSM, 4.8% for BSL RSM, and 4.7% for SSG RSM. The differences in terms of location and magnitude of the secondary cells may be either a result of measurement uncertainty (Kara et al. 2012), experimental flow not fully developed (Thomas & Williams 1995) or numerical modelling (wall treatment, pressure-strain term modelling, rigid lid assumption).

Figure 3 shows the distribution of normalised mean velocity U+ = U/u* against the non-dimensional vertical coordinate z+ = zu„/v at four span wise (lateral) positions, two in the main channel and other two in the floodplain. For normalization, the shear velocity u* = (τw / ρ)1/2 is used, where τw is the local wall shear stress computed at each vertical and ρ is the water density. The two-dimensional (2D) universal law is also presented for the viscous sublayer (z+ < 5, linear law), the buffer layer (5< z+ < ≈30, van Driest’s law), the wall region (z/H< ≈0.2, log-law) and the free-surface region (z/H > ≈0.6, defect-law).

Figures 3a and 3b correspond to the positions in the main channel (y = 0.1 m at the middle of the main channel and y = 0.185 m close to the bank). The positions in the floodplain (y = 0.205 m close to the bank and y = 0.3 m at the middle of the floodplain) are presented in Figures 3c and 3d.

The computed profiles show 2D behaviour in the middle of the main channel and in the middle of the floodplain (Figs 3a, d). However, the SSG model underestimates velocities in the main channel (Fig. 3a) and overestimates in the flood-plain (Fig. 3d). This might be due to a different ks roughness applied to the bottom of the main channel and of the floodplain. The ks were prescribed according to the material used for the experimental flume. The use of correct value of the ks in the SSG model is essential for predicting the primary velocities since it uses a wall function (Knight et al. 2005).

The profiles in Figures 3b and 3c do not follow the 2D behaviour close to the free surface since there is a strong influence of the secondary flows. Thus, diminution of the velocities at the interface close to the free surface (Figs. 3b, c) is because the secondary flows push lower velocities upward. This effect is more noticeable for BSL EARSM and BSL RSM, which clearly shows that a proper wall treatment is more relevant than using a more complex turbulent closure model, as the SSG RSM.
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Figure 3. Log-law distribution of streamwise  velocity profiles: a) main channel (middle, y = 0.1 m); b) main channel (close to the bank, y = 0.185 m); c) floodplain (close to the bank, y = 0.205 m); d) floodplain (middle, y = 0.3 m).



Figures 4 and 5 show contours of the normalised shear stresses −u′v′¯ and −u′w′¯. The Reynolds shear stresses are related to gradients of the primary mean velocity. Thus, the distribution of the Reynolds stress −u′v′¯ demonstrates that the high values occur near the side wall of the main channel and near the bank wall due to the lateral gradient of The streamwise velocity. The contours of the Reynolds stresses −u′v′¯ are inclined towards the free surface indicating that transport of streamwise momentum due to secondary flows affects the turbulent transport (Kara et al. 2012). The high negative values of −u′v′¯ do not overlap the interface region since there is an abrupt decrease in the velocity gradient ∂U/∂y close to the interface (y/H ≈ 2.5), indicating that the secondary flow originated by the bank wall is predominant over the shear layer produced by The streamwise velocity lateral gradient between main channel and floodplain flow.
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Figure 4. Normalised Reynolds Stress −u′v′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



The highest values of the Reynolds stress −u′w′¯ (Fig. 5) occur near the bottom in the main channel and in the floodplain for all numerical models as well as in the experiments, with the maxima occurring in the main channel.

The regions of negative values of −u′w′¯ appear at the left hand side of the interface corner and in the free surface region of y/H < 0.5 for numerical models and of y/H < 1.3 for experiments. These negative regions of −u′w′¯ correspond well with the regions where ∂ U/∂z is negative. However, the latter region of negative −u′w′¯ close to the free surface is smaller than in the experiments, which confirms that there is no free surface vortex developed by models, which produces strong negative wall-normal primary velocity gradients, ∂ U/∂z.

Figure 6 shows the contours of the difference between normal stresses (v′v′¯−w′w′¯) normalised by the squared local shear velocity. The values of (v′v′¯−w′w′¯) determine the structures of secondary currents driven by turbulence. Thus, in the main channel, the experiments (Fig. 6a) show that the value of (v′v′¯−w′w′¯) decreases with the z/H and reaches the minimum value at z/H ≈ 0.6. Then, it increases again with the increase of z/H towards the free surface. Thus, this anisotropy of turbulence generates the free-surface vortex and bottom vortex (Fig. 2a).
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Figure 5. Normalised Reynolds Stress −u′v′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.
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Figure 6. Normalised anisotropy v′v′¯−w′w′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



The pattern of (v′v′¯−w′w′¯) for numerical models (Figs. 6b-d) slightly differs from the experimental (Fig. 6a). As was mentioned above the free surface vortex is not captured by the models. However, the vortex pairs are formed in the corners of the main channel (Figs 2b-d), where the values of (v′v′¯−w′w′¯) change the sign. At the junction between the main channel and the floodplain the values of (v′v′¯−w′w′¯) have opposite signs indicating a complex behaviour. For compound channels the anisotropy at the interface leads to the formation of the two counter-rotating secondary flow cells.

The higher values of the turbulence anisotropy are observed close to the bottom walls in the main channel and in the floodplain. This is in good agreement for the BLS’s models (Figs. 6b, c) with the experimental data. Despite neglecting advection and diffusion terms in the exact transport equation for the Reynolds stress anisotropy, the BSL EARSM model reproduced higher values of the turbulence anisotropy. The SSG model shows lower values of (v′v′¯−w′w′¯) (Fig. 6d) due to a different wall treatment compared to the BSL’s models, which explains the secondary flow under prediction.

Figure 7 shows the vertical distributions of the normal Reynolds stresses normalized by the squared local shear velocity at the same span-wise (lateral) positions as in Figure 3. The solid lines represent the 2D theoretical linear distributions (Nezu & Nakagawa 1993). It can be seen that all models underestimate the experimental normal stresses u′u′¯ near the bed until z/H < 0.4. This might be due to a wall treatment for SSG model and due to insufficient mesh refinement close to the walls for the BSL EARSM and BSL RSM models. For z/H > 0.4, at the center of the main channel (Fig. 7a) and at the center of the floodplain (Fig. 7b) we can conclude that normal stresses indicate 2D behaviour. In the vicinity to the interface at y = 0.185 m (Fig. 7b), the experimental normal Reynolds stresses exhibit waviness with a second peak in the vertical distribution. The peak occurs at z/H ≈ 0.55 at about the bank elevation in the direction towards the free surface due to interaction between the two secondary flow cells at the junction. The BSL EARSM and BSL RSM can slightly reproduce the waviness and the peak of the normal Reynolds stresses, while SSG indicates an almost 2D behaviour. It is also clear that, contrary to the 2D behavior, the BSL’s models present higher w′w′¯ than v′v′¯, which is in accordance with the negative region of v′v′¯−w′w′¯ (Figs. 6b, c).

Figure 8 shows the contours of the production term of the secondary currents in The streamwise equation of vorticity (Nezu & Nakagawa 1993).

The extreme values are found at the junction edge and present positive and negative peaks alternatively. This underlines the significance of the turbulence anisotropy of the normal stresses in this region.

There are also high values of the generation term in the corners of the main channel and the floodplain as well as in the wall-free-surface corners. This gradient becomes a driving force in generation of secondary flows at the junction edge and in the corners of the channel. The BSL EARSM generates higher values than BSL RSM, which means that neglecting the advection and diffusion terms in the exact transport equation for the Reynolds stress anisotropy increases the vorticity generation and, consequently, secondary flows. The BSL RSM generates higher values than SSG RSM, confirming that the wall treatment is a key issue in what concerns secondary flow reproduction.
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Figure 7. Normalised normal Reynolds stress profiles: a) main channel (middle, y = 0.1 m); b) main channel (close to the bank, y = 0.185 m); c) floodplain (close to the bank, y = 0.205 m); d) floodplain (middle, y = 0.3 m).
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Figure 8. Normalised streamwise  vorticity generation distribution: a) BSL EARSM; b) BSL RSM; c) SSG RSM.





4 CONCLUSIONS

The results of BSL EARSM, BSL RSM and SSG RSM of turbulent flow in asymmetric compound open channel are presented. The simulations have reproduced the complex flow pattern of primary velocity field, secondary currents, Reynolds stresses, anisotropy of turbulence and production term of secondary currents. Overall, a good agreement was obtained between numerical results with the existing experimental data of Tominaga & Nezu (1991).

For the particular case studied (high flow depth) the flow is clearly dominated by wall turbulence and the anisotropy generated at the boundary corners. This helps to explain better performance of BSL’s models against SSG RSM. Although the latter constitutes a more realistic conceptual model, since it solves the exact Reynolds transport equations using a quadratic pressure strain term, the simpler BSL’s models give better results due to a better wall treatment.

It was also concluded that the simpler model (BSL EARSM) gave better results than the most complex ones (BSL RSM and SSG RSM), indicating that neglecting advection and diffusion terms in the exact transport equation for the Reynolds stress anisotropy promotes the generation of stronger secondary flow cells.

In this particular case (wall dominated anisotropic turbulence) it seems clear that a use of a simpler model can reproduce accurate results, as long as a proper wall treatment is used. This is also true if the results are compared against the LES results of Thomas & Williams (1995) and Kara et al. (2012).
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ABSTRACT: Flows in compound open-channels present important turbulent shear stresses at the transition region between the main channel and the floodplain. An accurate prediction of the eddy viscosity is thus necessary in modeling of those flows. In this paper, the small-scale variability of the eddy viscosity in compound open-channels was investigated using a Smagorinsky turbulence closure model. The calculation results from two laboratory experiments showed that the Smagorinsky turbulence model reproduced very well the velocity profiles in compound channel sections, especially the non-uniform velocity in the floodplain and in the transition region between floodplain and main channel. The computed values of eddy viscosity from this model agreed reasonably with experimental values obtained by calculating the depth-averaged Reynolds’ stress and the lateral gradient of longitudinal velocity from the measurements. The eddy viscosity varies significantly in the channel section, i.e. the small values often occurred around the central part of the floodplains and the main channel while large values appeared in the transition regions. On the other hand, four other classical models, i.e. a constant value, zero-equation, one-equation, and two-equation turbulence models were also additionally considered. It was shown that the use of complicating models such as one- and two-equations did not provide any significant improvement of flow depth and velocity compared to the Smagorinsky turbulence closure and other models.



1 INTRODUCTION

In river flows, the water depth is often smaller than the horizontal scales such as the length and width of the river by a factor of many orders of magnitude and thus Two-Dimensional (2D) depth-averaged models are widely applied to simulate the flow in practical applications. This kind of 2D model allows for significantly reducing the computational time in comparison with three-dimensional models and provides more detailed information of flow depth and velocities than those obtained in one-dimensional models. In such 2D models, besides the roughness coefficient, an eddy viscosity coefficient has also to be estimated in the turbulence term describing the transfers of momentum in horizontal direction. These transfers phenomenon are of particular importance in compound channels, especially at the transition region between the main channel and the floodplains (Sellin, 1964; Ogink, 1985; Keller and Rodi, 1988). The transfer of momentum affects the local velocity pattern and thus the discharge distribution between main channel and floodplain, and also the flow depth (Vreugdenhil & Wijbenga, 1982; Ogink, 1985). Thus, an accurate prediction of the eddy viscosity is necessary in depth-averaged models aimed at representing the flows in compound open-channels.

The eddy viscosity vt can be modeled at different levels of complexity: a constant value (Vreugdenhil & Wijbenga, 1982), a variable value under the forms of zero-equation turbulent model (Wark et al., 1990), by means of a one-equation turbulence model (Nadaoka & Yagi, 1998), or with two-equation turbulence models (Keller and Rodi, 1988).

In addition, this parameter can also be calculated using the Smagorinsky turbulence closure model. This model was originally developed to study the dynamics of the atmosphere’s general circulation. It is most commonly used for subgrid-scale shear-stress models in large-eddy simulations of homogeneous and isotropic turburlent flow (Pope, 2000).

In this paper, an application of Smagorinsky turbulence closure model to compound open-channel flumes in laboratories is presented. In addition, the small-scale variability of eddy viscosity is also explored by using the abovementioned five different models. An attempt is additionally made to find out a more suitable one among the five models to estimate the eddy viscosity in predicting the flow in compound open-channels. The five turbulence models are implemented in the framework of a depth-averaged Discontinuous-Galerkin (DG) finite-element model developed within the SLIM project (www.climate.be/slim). The DG method offers the advantage over classical finite-element models to allow for the representation of discontinuous variables, e.g. hydraulic jumps, in a more accurate way. The computed results by means of all turbulence closure models are compared to experimental data obtained in the compound-channel flume from the Hydraulics Laboratory at Université Catholique de Louvain (UCL, Belgium) and from the literature.



2 COMPUTATIONAL MODEL


2.1 Governing equations

In the framework of the finite-element SLIM model, the depth-averaged shallow-water equations including the turbulence source terms are solved for determining the flow characteristics, e.g. flow depth and velocities. These equations are written in the following forms:

∂η∂t+∇⋅(Hu)=0 (1)

∂u∂t+u⋅(∇u)+g∇η=−gn2∥u∥H4/3u                                                               +1H∇⋅[ Hvt(∇u) ] (2)

where t = time; ∇ = del operator; H = η + h = total water depth, with h = water depth below the reference level; η = water depth above the reference level; g = gravitational acceleration; νt = horizontal eddy viscosity; u = (u, v) = depth-averaged horizontal velocity vector that represents the longitudinal and transverse velocity components, respectively; and n = Manning coefficient.



2.2 Different models for evaluating eddy viscosity

The horizontal eddy viscosity νt can be evaluated using five different models as given following.


2.2.1 Model 1: Constant eddy viscosity

A constant value of νt is applied over the whole computational domain. Different constant values can be also used in the main channel and in the floodplains.



2.2.2 Model 2: Zero-equation model

A variable value of eddy viscosity in a channel section can be obtained using the zero-equation turbulence model, under the form νt = λu*H, in which u* = shear velocity and λ = dimensionless eddy viscosity parameter. Both constant and variable value of λ can be used in compound open-channels, e.g. λ = 0.21 was applied in Fraselle (2010) while Zeng et al. (2012) used λ = 0.47 and 0.16 for the flood-plains and the main channel, respectively.



2.2.3 Model 3: One-equation model

The eddy viscosity is computed using a one-equation turbulence model, based on the following considerations. The eddy viscosity is estimated as

vt=Cμk2ε (3)

where k = kinetic energy turbulence; ε = kinetic dissipation rate; and Cμ = an empirical constant. The turbulence kinetic energy is determined by solving the energy-transport equation (Rastogi and Rodi, 1978).

∂k∂t+u⋅(∇k)=∇⋅[ vtσk(∇k) ]+Ph−ε (4)

where σk = constant; Ph = turbulent kinetic energy production due to the interaction between the turbulent shear stress and the depth-averaged velocity gradient:

Ph=vt [ 2(∂u∂x)2+2(∂v∂y)2+(∂u∂y+∂v∂x)2 ]. (5)

The energy dissipation rate ε is evaluated by the length scale (ld) and kinetic energy of turbulence (Nadaoka and Yagi, 1998).

ε=Cdk3/2ld (6)

where Cd = 0.17 and ld = turbulence length-scale which is assumed to be proportional to the flow depth as ld = ξH, with ξ = 0.1 as suggested by Nadaoka and Yagi (1998) for determining the turbulence length-scale ld of the flow in shallow water.



2.2.4 Model 4: Two-equation model

The eddy viscosity is estimated using two-equation model (k-ɛ model), under the form of equation (3). The turbulence kinetic energy and its dissipation rate are determined by solving two energy-transport equations (Rastogi and Rodi, 1978).

∂k∂t+u⋅(∇k)=∇⋅[ vlσk(∇k) ]+Ph+Pkv−γk (7)

∂ε∂t+∇⋅(uε)=∇⋅[ vtσℰ(∇ε) ]+c1εγPh−c2εγℰ+Pεv (8)

where σɛ, c1ɛ, and c2ɛ = constants whose values are listed in Table 1; γ = ɛ/k is the auxiliary parameter (Kuzmin and Mierka, 2006); Pvk and Pve = source terms which express the turbulent kinetic energy production due to the bed friction and they are related to the shear velocity (Rastogi and Rodi, 1978),



2.2.5 Model 5: Smagorinsky model

The eddy viscosity is to calculate using the Smagorinsky turbulent closure model (Smagorinsky, 1963) in which v, is expressed in terms of the magnitude of depth-averaged velocity gradients, the mesh size (Δ), and a non-dimensional coefficient Cs as

Pkv=1cfu∗3H and   Pεv=1e∗σt(c2εcf3/4cμ)u∗4H2;  (10)

Madsen et al. (1988) reported that the coefficient Cs ranges from 0.4 to 0.8 for depth-averaged modeling applications. In the present study, the coefficient Cs is considered as a modeling parameter and its value will be determined based on the best fit to the measurement data of flow depth and velocity profiles.




Table 1. Values of constant coefficients (Keller & Rodi, 1988).




	Cμ

	σk

	σɛ

	C1ɛ

	c2ɛ

	σt

	e*






	0.09

	1.0

	1.3

	1.44

	1.92

	0.5

	0.15










2.3 Finite element implementation

The governing equations for the flow and the energy-transport equations are solved in the framework of the finite-element model SLIM using a Discontinuous Galerkin Finite Element Method (DG-FEM) and a second-order implicit Runge-Kutta method. The computational domain is discretized into a series of triangles or elements. The governing equations and the energy-transport equations are multipled by test functions and then integrated by parts over each element, resulting in element-wise surface and contour integral terms for the spatial operators. A linear shape function is employed over each element and discontinuities appear between the values of the variables at the interface between two adjacent elements, resulting in the use of approximate Riemann solver for the fluxes between computational cells (Comblen et al., 2010). The linear reconstruction implies a second-order spatial accuracy. Temporal integration is then achieved using a second-order diagonally implicit Runge-Kutta method. Further information of implementation of the model refers in Comblen et al. (2010) and Kärnä et al. (2010).



2.4 Boundary conditions

At the upstream boundary, a constant water discharge is provided in each flow region, e.g. main channel and floodplain. This discharge is simply estimated using the ratio of each region area to the total area of channel section. A constant water level (η = H – h) is prescribed at the downstream, end of the channel flume. In addition, the normal gradient of velocity is also set equal to zero at the downstream boundary in order to eliminate the surface integral terms which result from integration by parts in the finite element framework. Freeslip conditions are imposed at the channel walls because the influence of channel wall (or boundary layers) is limited to the region close to the side wall, and a detailed resolution of the near-wall flow is not the main purpose of the study since a detailed resolution of these near-wall features would result in a too heavy computational cost.

In the case of using two-equation model for evaluating the eddy viscosity, the turbulent kinetic energy k and dissipation rate must be provided, beside the abovementioned flow conditions. At the upstream boundary, we prescribe k=cbc|u|2 and ε = cμk3/2/l0 where cbc = an empirical constant whose value varies in a range between 0.003 and 0.01 according to Kuzmin & Mierka (2006); and l0 = mixing length that is taken the same as the value of turbulence length-scale of the flow in shallow water proposed by Nadaoka & Yagi (1998). In addition, cbc = 0.02 is also applied to obtain a similar magnitude of eddy viscosity as with the other models. At the downstream boundary, the normal gradient of turbulence kinetic energy and dissipation rate are set equal to zero (n ·∇k = 0 and n · ∇ɛ= 0). Similarly, k = cbc|u|2 and n · ∇k = 0 are provided at upstream and downstream boundaries, respectively when the one-equation model (Model 3) is applied to estimate the eddy viscosity.




3 EXPERIMENTAL DATA

Two experimental data sets are used for calibrating the modeling parameters and for investigating the variability of eddy viscosity in this study. The first one was obtained at the Hydraulics Laboratory of the Université catholique de Louvain (Fraselle, 2010) while the other one was reported by Zeng et al. (2012). Both experimental data were recorded in a trapezoidal compound open-channel flumes whose characteristics are summarized in Table 2, in which B, bfp, hfp, S0, and L are the half width of the channel, the width of the floodplain, the height of the floodplain, the bed slope, and the length of channel, respectively (Fig. 1). Note that in the second experiment, velocity profiles were measured using a non-intrusive 2D Laser Doppler Anemometry technique and both instantaneous and temporal averaged velocities in transverse and longitudinal directions of the channel flume were measured over one half of the channel. From these measurement data of velocities, the eddy viscosity could be estimated based on the depth-averaged




Table 2. Flow conditions and channel geometry in the two experimental data sets.




	Case

	Q(m3)

	H(cm)

	hfp(cm)

	bfp(m)

	B(m)

	S0

	L(m)






	1

	0.020

	7.27

	5.08

	0.405

	0.605

	0.0019

	10




	2

	0.0172

	9.72

	6.54

	0.4456

	0.609

	0.00123

	20
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Figure 1. Schematic illustration for a haft of cross-section channel flume.



Reynolds’ stresses and the lateral gradient of longitudinal velocity. Detailed information of the channels and the measurement process of these experiments can be found in Fraselle (2010) and Zeng et al. (2012).



4 CALIBRATION AND VALIDATION RESULTS


4.1 Calibration results

In order to estimate the modeling parameters, e.g. non-dimensional coefficient Cs, different simulations are performed using constant bottom frictions and Cs in the whole channel for the first experimental data (Case 1). Note that the value of each parameter (n or Cs) is varied separately while the other one is kept constant. The mesh size varies between 2 cm (in the transition region between floodplain and main channel) and 5 cm (elsewhere). The detailed comparison between computed and measured velocity in these simulations is shown in Figure 2 while the calculation errors are listed in Table 3.

As shown in Figure 2a (for the case using n = 0.006, 0.011, 0.016 and Cs = 0.39) and Figure 2b (for the case using n = 0.011 and Cs = 0.09, 0.39, 0.55), the value Cs = 0.39 and n = 0.011 are obtained as the best estimation of parameters in the case using the different constant values in the whole channel. The Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) of velocity corresponding to these optimal values are 0.0165 and 0.0134 m/s, respectively while the computed flow depth is 7.24 cm. The Pearson’s correlation coefficient (r) between computed and measured velocity is 0.99, revealing that a strong positive correlation is achieved. These results suggest that the model well reproduces measured flow depth and lateral distribution of velocity.


[image: ]

Figure 2. Observed and computed velocities (model 5) using different: a) constant Manning coefficient in the whole channel, b) constant Cs, and c) Manning coefficient in the floodplains.







Table 3. Calculation errors in the calibration step.




	
	Manning coef.

	
	Longitudinal velocity




	Cs

	nmc

	nfp

	H (cm)

	RMSE

	MAE

	r






	0.39

	0.006

	0.006

	6.728

	0.0940

	0.0788

	0.99




	
	0.011

	0.011

	7.240

	0.0165

	0.0134

	0.99




	
	0.016

	0.016

	7.583

	0.0610

	0.0541

	0.99




	0.09

	0.011

	0.011

	7.238

	0.0195

	0.0156

	0.99




	0.55

	
	
	7.244

	0.0231

	0.0196

	0.99




	0.39

	0.011

	0.008

	6.852

	0.0796

	0.0729

	0.99




	
	
	0.013

	7.268

	0.0161

	0.0119

	0.99




	
	
	0.030

	7.333

	0.0836

	0.0685

	0.98







Figure 2c depicts the computed velocity obtained in several additional simulations, in which a constant value nmc = 0.011 in the main channel and different friction coefficient in the floodplains were employed to correct the overestimation of computed velocity in the floodplain region as shown in Figure 2b. It is clearly seen that the best fit value is found for nfp = 0.013 in the floodplains. The model reproduces very well the lateral distribution of velocity in both floodplains and main channels. The RMSE and MAE of velocity are 0.016 and 0.012, respectively. These errors are only about 3.5% of the observed section-averaged velocity. The correlation coefficient is similar to the value obtained using n = 0.011 in the whole channel.

Fraselle (2010) used the finite element model Telemac-2D for reproducing the depth-averaged velocity in the same experimental data. He reported calibrated values for the bottom friction coefficients of nmc = 0.010 and nfp = 0.014 when using the zero-equation model for evaluating the eddy viscosity (with constant value of λ = 0.21). The calibrated Manning coefficients for the finite-element SLIM model are very similar to these latter values obtained using a different turbulence closure model and a different computational software. The slight difference can be explained by the difference in turbulence closure. On the other hand, the results obtained by Fraselle (2010) showed an underestimation of velocity in floodplain regions and in the main channel region from y = 0.65 to 0.8 m (Fig. 2c). The results also presented nearly uniform velocity distribution in the floodplains (except in the region close to the side wall) that is not observed in the measurements. In the present study, using a Smagorinsky turbulent closure, a much better agreement with the measured velocity profile is obtained.



4.2 Validation results

To validate the applicability of the Smagorinsky turbulent closure model for evaluating the eddy viscosity in compound open-channel flows, one simulation was performed additionally for the second experimental data (Case 2). The roughness coefficients (nmc = 0.009 and nfp = 0.02) are chosen as exactly the same values presented in Zeng et al. (2012), in which Manning’s formula and the median particle diameter were used for estimating the Manning’s coefficients of the main channel and the floodplain regions, respectively. The coefficient Cs and the mesh size are kept the same values in the calibrated calculations.

Figure 3a shows the computed and measured velocity in the haft channel section of the open-channel flume. A good agreement is also obtained for the velocity profile except in the central part of the channel where the computed profile overestimates the experimental data. The RMSE for the velocity is 0.022 m/s (about 7.0% of observed cross-sectional average velocity), presenting more or less similar RMSE of velocity as for the first experimental test case. The value of MAE is 0.018 and the coefficient r equals 0.98. In addition, the model also reproduces well the flow depth. The flow depth is nearly uniform in the channel, with the computed value of about 9.8 cm, to be compared to the experimental value of 9.72 cm.

Zeng et al. (2012) provide an estimate of the eddy viscosity in the channel cross-section, obtained from the measured instantaneous and time averaged velocity in both longitudinal and transverse directions, under the form vt=u′v′¯/(∂u/∂x).Firstly, the depth-averaged Reynolds’ stresses τ=ρu′v′¯ were calculated from the instantaneous velocities. Secondly, the transverse gradient of the longitudinal velocity ∂u/∂y was estimated and then, in the last step, the eddy viscosity coefficient was determined using the relationship
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Figure 3. Lateral distribution of: a) velocity and b) eddy viscosity in the validation step.



νt=(CsΔ)22 (∂u∂x)2+2 (∂v∂y)2+(∂u∂y+∂v∂x)2. (11)

The so-obtained experimental values of νt are compared with the predicted values using the Smagorinsky turbulent mode (Fig. 3b). A very good agreement is obtained. The RMSE and MAE of eddy viscosity are 2.03 × 10−4 and 1.54 × 10−4 m2/s, respectively while the correlation coefficient is about 0.65. These results confirm again the validity of the Smagorinsky turbulence model in evaluating the eddy viscosity within compound open-channels in small-scale flume applications.




5 EDDY VISCOSITY VARIABILITY AND DISCUSSIONS

As shown in previous section, the Smagorinsky turbulence closure model was examined to estimate the eddy viscosity in compound open-channels. Using the first experimental data, the computed velocities are compared with four other turbulence models (Section 2.2) as depicted in Figure 4. Note that the constant value νt = 2.67 × 10−4 m2/s (Model 1) is determined by calculating the averaged value of the eddy viscosity over the channel cross-section from the results obtained previously with the optimized Smagorinsky model (Cs = 0.39). For the case using the zero-equation model (Model 2), a value of λ = 0.21 is used in the whole channel (Fraselle, 2010). The optimal value of roughness coefficient (nmc = 0.011 and nfp = 0.013) in the calibration step is also applied while the mesh size is kept exactly the same as in previous calculations. The detailed computed flow depth and RMSE for all models are given in Table 4.

It can be seen that all models provide similar results for both the flow depth and the velocity that are very close to the measurement value (Fig. 4a). The RMSE, MAE of velocity is less than 0.04 m/s (about 9% of cross-sectional average velocity) while the correlation coefficient is close to unity. Moreover, all turbulence models reproduce very well the velocity within the main channel region in comparison with the experimental data.


[image: ]

Figure 4. Simulation results in the case using different turbulence closure models for determining the eddy viscosity: a) velocity and b) eddy viscosity.






Table 4. Computed results using different model for estimating the eddy viscosity.




	Eddy viscosity (model)

	H (cm)

	Longitudinal velocity




	Comp.

	Meas.

	RMSE

	MAE

	r






	1

	7.281

	7.27

	0.021

	0.018

	0.99




	2

	7.252

	
	0.024

	0.019

	0.99




	3

	7.303

	
	0.040

	0.033

	0.97




	4

	7.40

	
	0.028

	0.022

	0.98




	5

	7.268

	
	0.016

	0.012

	0.99







Using one- and two-equation turbulence models (Model 3 and Model 4) for evaluating the eddy viscosity, the model did not provide any significant improvement of computed velocity and flow depth in comparison with the results obtained from the other approaches. The reason for this may be due to the fact that the shear stress in these models is a depth averaged turbulence shear stress rather than an apparent shear stress (which also accounts for secondary flows) as suggested by Radojkovic and Djordjevic (1985). The current calculation results confirm again the statement suggested in the previous studies (Radojkovic and Djodjevic 1985, Wilson et al. 2002, Fraselle 2010), i.e. for the case of compound open-channel flows, there were no significant differences between zero-equation turbulent model and the more complex model such as one- and two-equation turbulence models.

A slightly better agreement between measurement data and calculated velocity is achieved both in the floodplains and in the main channel with the Smagorinsky turbulence model (Fig. 4a). This suggests that in the channel regions where the slow flow occurs (e.g. floodplains), the variation of the eddy viscosity enables the simulation of the correct turbulent flow, resulting in a well predicted velocity field. In the fast flow region (e.g. main channel), the change of eddy viscosity will affect the magnitude of velocity, especially in the channel center. Moreover, using the Smagorinsky turbulence model for the eddy viscosity also results in a better reproduction of the velocity in the transition region between floodplain and main channel. This means that a good transverse transfer of momentum between the shallow and deep areas is obtained.

In addition, the lateral distribution of the eddy viscosity varies significantly when using the Smagonrinsky turbulent closure model, while the other models (except the Model 1) give much smoother results with a higher value in the main channel (Fig. 4b). The detailed variation of the eddy viscosity in channel is shown in Figure 5 for the case using the Smagorinsky turbulent closure model.

As mentioned already, both computed and measured values of eddy viscosity change rapidly in channel sections when using the Smagorinsky turbulence closure model (Fig. 3b). The maximum value of the eddy viscosity can be found around the interface between the floodplain and transition region while the small values appear in the middle location of floodplain and central channel. The magnitude value of the eddy viscosity is about 10−3 (m2/s). According to Ogink (1985), the eddy viscosity can be estimated using an expression below:

vt=u′v′¯∂u/∂y. (12)

where cp = coefficient that has to be determined experimentally, umc,o = undistributed velocity in the main channel, and ufp,o = undistributed velocity in the floodplain. Using experimental velocities (Fig. 3a) and a value cp = 0.014 given in Schlichting (1968), a value νt = 8.8 × 10−4 (m2/s) is obtained based on eq. (12). This suggests that the magnitude of the eddy viscosity in current calculation is very close to the estimated value from eq. (12). Furthermore, the order of magnitude of νt in this study is also very close to the value reported by Wilson et al. (2002) who showed the eddy viscosity νt in a range between 10−4 and 10−3 m2/s from their calculations using a k-ε model (Model 4) in the framework of finite element Telemac-2D model.
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Figure 5. Spatial distribution of eddy viscosity obtained from the Smagorinsky turbulence closure model.





6 CONCLUSIONS

The Smagonrinsky turbulence closure model, which has been widely used for homogeneous and isotropic turbulence in large-scale application simulations, was successfully applied for simulating the flow in compound open-channel flumes. The turbulence closure model also represented very well the lateral variation of eddy viscosity in comparison with the measurement data obtained by using the depth-averaged Reynolds’ stress and the lateral gradient of longitudinal velocity reported by Zeng et al. (2012). Concerning the variability of eddy viscosity in the channel section, the small values of eddy viscosity occurred around the middle location of floodplains and central channel while the large values appeared around the transition locations between the main channel and flood-plain. This variation of eddy viscosity allowed a better representation of turbulence flow and nonuniform velocity, especially in the region where the channel bed changes significantly.

The Smagorinsky turbulence closure model was finally found to be superior for applications among five different models considered. Only one parameter, non-dimensional coefficient Cs, has to be adjusted when using this model, which makes the model rather simple and a useful tool for practical applications.

Four classical models including a constant value, zero-equation, one-equation, and two-equation turbulence models to determine eddy viscosity coefficient were also considered. The computed results of flow depth and velocity profiles obtained from these models showed that there were not any significant improvements associated with the more complicated models such as one- and two-equations turbulence models.



ACKNOWLEDGEMENTS

Sandra Soares-Frazão and Eric Deleersnijder are honorary research associates with the Belgian National Fund for Scientific Research (F.R.S-FNRS). The present study was carried out in the framework of the project “Taking up the challenges of multi-scale marine modeling” which is funded by the Communauté Francaise de Belgique under contract ARC 10/15-028 (Actions de Recherche Concertées) with the aim of developing and using SLIM. The authors also would like to thank Quentin Fraselle for providing all details on his experiments.



REFERENCES


	Comblen, R., Lambrechts, J., Remacle, J.-F., & Legat, V., 2010. Practical evaluation of five partly discontinuous finite element pairs for the non-conservative shallow water equations. International Journal for Numerical Methods in Fluids 63, 701–724.

	Fraselle, Q., 2010. Solid transport in flooding rivers with deposition on the floodplain: experimental and numerical investigations. Ph.D thesis, Université Catholique de Louvain, Louvain-la-Neuve, Belgium.

	Kärnä, T., de Brye, B., Gourgue, O., Lambrechts, J., Comblen, R., Legat, V. & Deleersnijder, E., 2011. A fully implicit wetting–drying method for DG-FEM shallow water models, with an application to the Scheldt Estuary. Computer Methods in Applied Mechanics and Engineering 200, 509–524.

	Keller, R.J. & Rodi, W., 1988. Prediction of flow characteristics in main channel/floodplain flows. Journal of Hydraulic Research 26(4), 425–441.

	Kuzmin, D. & Mierka, O., 2006. On the implementation of the k-ε turbulence model in incompressible flow solvers based on a finite element discretization. International Conference on Boundary and Interior Layers, Bail, Germany, 108.

	Madsen, P.A., Rugbjerg, M. & Warren I.R., 1988. Subgrid modelling in depth integrated flows. Coastal Engineering Conference, Malaga, Spain, 505–511.

	Nadaoka, K. & Yagi, H., 1998. Shallow-water turbulence modeling and horizontal large-eddy computation of river flow. Journal of Hydraulic Engineering 124(5), 493–500.

	Ogink H.J.M., 1985. The effective viscosity coefficient in 2-D depth-averaged flow model. 21st IAHR Congress, Melbourne, Australia, 475–479.

	Pope, S.B., 2000. Turbulent flows. Cambridge University Press.

	Radojkovic M. & Djordjevic S., 1985. Computation of discharge distribution in compound channels, 21st IAHR Congress, Melbourne, Australia, 367–371.

	Rastogi, A.K. & Rodi, W., 1978. Predicitons of heat and mass transfer in open channels, Journal of the Hydraulics Division, ASCE 104(3), 397–420.

	Schlichting, H., 1968. Boundary layer theory. 6th edition, McGraw-Hill, New York.

	Sellin, R.H.J., 1964. A laboratory investigation into the interaction between the flow in the channel of a river and that over its floodplain. La Houille Blanche 7, 793–802.

	Smagorinsky, J., 1963. General circulation experiments with the primitive equations. Monthly Weather Review 91, 99–164.

	Vreugdenhil, C.B. & Wijbenga, J.H.A., 1982. Computation of Flow Patterns in Rivers. Journal of the Hydraulics Division, ASCE 108(11), 1296–1310.

	Wark, J.B., Samuels, P.G. & Ervine, D.A., 1990. A practical method of estimating velocity and discharge in a compound channel. River Flood Hydraulics, White, W.R. (ed.), John Wiley & Sons, Chichester, UK, 163–172.

	Wilson, C.A.M.E., Bates, P.D. & Hervouet, J.-M., 2002. Comparison of turbulence models for stage-discharge rating curve prediction in reach-scale compound channel flows using two-dimensional finite element methods. Journal of Hydrology, 257, 42–58.

	Zeng, Y.H., Guymer, I., Spence, K.J. & Huai, W.X., 2012. Application of analytical solutions in trapezoidal compound channel flow. River Research and Applications, 28(1), 53–61.







Numerical study on secondary currents of the second kind in wide shallow open channel flows
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ABSTRACT: The secondary current of the second kind, which is initiated by the turbulence anisotropy, is a classical topic in fluid engineering and has been studied by many researchers with wide variety of methods. However, we have still controversy on this phenomenon, in particular, the secondary currents in open channels with larger aspect ratio (=B/h > 5, B: channel width, h: water depth). This paper investigated the fundamental characteristics of the secondary current of the second kind in wide shallow open channel flows through the comparison between 3-D (three-dimensional) URANS (Unsteady Reynolds Averaged Navier Stokes Equations) computations and results of laboratory experiments performed by Blanckaert et al. (2010). A second order non-linear k-ε model proposed by Ali et al. (2007) was employed as a turbulence model.

First, we tried to carry out the computations under the same conditions of the laboratory tests by Blanckaert et al. We employed three cases in rectangular open channels with different depths for validating the numerical model. The computational results are generally in good agreement with the experimental results not only the cross-sectional secondary flow patterns but also patterns of Reynolds stresses and turbulence kinetic energy. The experimental results showed that the periodic vortices with streamwise axes are generated regularly in the cross section except the vicinity of side walls, and their diameter is almost same as the water depth. It means that the larger vortices are generated in case of larger depth. The same tendency was well simulated by the present computations.

It has been pointed out in previous papers that the secondary currents of straight open channels are initiated by the surface vortex and the bottom vortex near the side walls, and the secondary current becomes weaker as the distance from the side wall increases. It has been reported that the clear secondary current is not generated at the region where the distance from the side wall is larger than 2.5 h (e.g., Nezu et al., 1985). However, such damping of vortex strength was not observed in the present computations as well as the experiments by Blanckaert et al. In order to check the effect of side walls to the secondary current, we performed the computation under the aspect ratio = 100. In this case, the secondary currents are again generated clearly in the whole channel and no damping effect is observed in the middle part. The result was also same even if a periodic boundary condition is adopted in the lateral direction to neglect completely the effect of side walls. Those results imply an important finding that the surface and bottom vortices near the side walls, which have been considered to drive the secondary current cells, are not a necessary source for generating secondary currents in entire cross section of a shallow straight open channel.



1 INTRODUCTION

Secondary flow motions in a cross-sectional plane perpendicular to the primary flow direction of a channel have been classified into two categories, as the secondary current of the first kind and of the second kind. The secondary current of the first kind is generated by the unbalance of the centrifugal force and the lateral pressure gradient. It is well known that the secondary current of the first kind has dominant roles on bed deformation as well as bank erosion at river bends. On the other hand, the secondary current of the second kind, which is thought to be initiated by the turbulence anisotropy, is also a classical topic in fluid engineering and has been studied by many researchers with wide variety of methods. Previous several studies have reported that the sand ridge was caused by secondary currents which relate to bed fluctuations. Once the secondary currents induce bed fluctuations, those have an effect on flow resistance, sediment transport and ecosystem. Therefore, this phenomenon should be taken into consideration for training river channels adequately and stably. In spite of this rather urgent necessity, the cause and the fundamental characteristics of secondary flow motions have not been explicitly elucidated yet.

Above all, the secondary currents motions in open channels with larger aspect ratio (=B/h, B: channel width, h: water depth) are a matter for debate. According to some frontier works, the secondary currents of straight open channels are considered to be initiated by the surface vortex and the bottom vortex near the side walls, and the secondary current becomes weaker as the distance from the side wall increases. It has been reported that the clear secondary current in straight open-channel flows over flat stable beds with uniform roughness is not generated at the region where the distance from the side wall is larger than 2.5 h (e.g., Nezu et al. 1985). On the other hand, secondary currents were observed over the entire cross section under B/h > 10 in the laboratory tests by Blanckaert et al. Furthermore, it has been proposed by some pioneering works that the main cause of secondary current is anisotropy due to the sidewalls. On the other hand, Colombini (1993) have asserted that the side wall is not a necessary source for generating secondary currents in entire cross section of a straight open channel. On the basis of this assumption, Colombini performed a linear stability analysis of the flow in an infinitely wide channel. As mentioned above, the fundamental mechanism to induce the secondary current of the second kin is still under controversy, in particular, on whether the side-wall effect is crucial, or not. It is important to elucidate the fundamental characteristics of secondary flow motions from engineering point of view, since, for instance, secondary currents induce bed fluctuations.

Hence, the purpose of this study is to investigate numerically the fundamental characteristics of the secondary current of the second kind in wide shallow open channel flows. In order to address the question, we adopted 3D (three-dimensional) URANS (Unsteady Reynolds Averaged Navier Stokes Equations) computations. A second order non-linear k-ε model proposed by Ali et al. (2003) was employed as a turbulence model. First, we compared the numerical results and results of laboratory experiments performed by Blanckaert et al. (2010), so as to evaluate the adequacy of the present model. Some numerical experiments with the present model are also be conducted to clarify the initiation mechanism of the secondary currents in a wide channel.

In chapter 2, we indicate the computational method in detail. Then, the outline of the laboratory test by Blanckaert et al. is described briefly in chapter 3. The results and discussions are made in chapter 4 and the summary of the present work is shown in chapter 5.



2 COMPUTATIONAL MODEL


2.1 Basic equations

The governing equations of the present computational model are incompressible three-dimensional Reynolds Averaged Navier Stokes equations in the Cartesian coordinate. As a turbulence model, we adopted a second order non-linear k-ε model proposed by Ali et al. (2007) and a standard linear k-ε model. Those governing equations can be described as follows.

[continuity equation]

∂Ui∂xi=0 (1)

[momentum equation]

∂Ui∂t+∂UjUi∂xj=gi−1ρ∂p∂xi+∂−uiuj¯∂xj+v∂2Ui∂xj2 (2)

[k-equation]

∂k∂t+∂kUj∂xj=−uiuj¯∂Ui∂xj−ε+∂∂xj{ (vtσk+v)∂k∂xj } (3)

[ε-equation]

∂ε∂t+∂εUj∂xj=−Cε1εkuiuj¯∂Ui∂xj                                    −Cε2ε2k+∂∂xj{ (vtσε+v)∂ε∂xj } (4)

where xi: spatial coordinates, t: time, Ui: averaged velocities, ui: turbulent velocities, p: averaged pressure, ρ: density of fluid, k: averaged turbulent energy, ε: averaged turbulent energy dissipation rate, νt: eddy viscosity coefficient, ν: molecular kinematic viscosity coefficient, σk, σε, Cε1, Cε2: model constants (σk = 1.0, σε = 1.3, Cε1 = 1.44, Cε2 = 1.92 are used).



2.2 Turbulence model

As turbulence models for the 3D computations both linear and non-linear models are applied and the results are compared.


1. Linear Model

The standard linear k-ε model with the following constitutive equation is applied as the linear model.

−uiuj¯=vtSij−23kδij, i,j=1,2,3,       Sij=∂Ui∂xj+∂Uj∂xi (5)

The eddy viscosity νt is evaluated as;

vt=Cμk2ε,Cμ=0.09= const.  (6)



2. Non-linear Model

The constitutive equation of Reynolds stress tensor including second order non-linear terms proposed by Yoshizawa (1984) is described as

−uiuj¯=vtSij−23kδij                    −kεvt∑​β=13Cβ(Sβij−13Sβααδij), i,j=1,2,3 (7)

where

Sij=∂Ui∂xj+∂Uj∂xi,                               S1ij=∂Ui∂xr∂Uj∂xrS2ij=12(∂Ur∂xi∂Uj∂xr+∂Ur∂xj∂Ui∂xr),        S3ij=∂Ur∂xi∂Ur∂xj (8)

The eddy viscosity coefficient is again expressed as

vt=Cμk2ε (9)

The model coefficients C1, C2 and C3 in equation (7) and Cμ in equation (9) are not constants but functions of the strain parameter S and the rotation parameter Ω as shown in the studies by Pope (1975) and Gatski & Speziale (1993).

S=kε12SijSij, Ω=kε12ΩijΩij (10a,b)

Many kinds of model functions have been proposed for these coefficients. In this study, we employed the model proposed by Ali et al. (2007). The coefficients of this model are:

cβ=cβ011+mdcS2+md0Ω2,β=1,1,2,3 (11)

cμ=cμo(1+cnsS2+cnΩΩ2)1+cdsS2+cdΩΩ2+cdsSΩ+cds1S4+cdΩ1Ω4+cdsΩ1S2Ω2 (12)

The model coefficients proposed by Pope (1975) or Gatski & Speziale (1993) can be obtained from the above equations by simply neglecting some higher order terms.

There are totally 10 model constants in the equations above. Ali et al. (2007) tuned those coefficients in the following way. They chose the Stuart vortices, which include two kinds of singular points; vortex points and saddle points, as typical turbulent flow field with large scale coherent structures. Previous experimental and theoretical investigations have shown that the turbulent normal stresses at vortex points become elliptical in shape and the turbulent shear stresses form hyperbolic profiles. They determined the 10 model constants to satisfy the qualitative features of profiles of Reynolds stresses. We adopted the values listed in Table 1, which have been proposed by Ali et al. through aforementioned procedure.




2.3 Computational scheme

The differential equations governing the mean-velocities and the turbulence quantities are solved with the conservative finite volume method on full-staggered grid system. The QUICK scheme of second order accuracy in space is applied to the convective inertia terms and the central differencing is used for the diffusion terms in the momentum equations. The hybrid central upwind scheme is applied to the k and ε equations considering the computational stability. The Adams-Bashforth scheme with second-order accuracy in time is used for time integration in each equation. The basic equations are discretized as fully explicit forms in the similar way as the present 2D computations. The pressure field is solved using an iterative procedure at each time step utilizing HSMAC method.




Table 1. Model constants of the non-linear k-ε model proposed by Ali et al. (2007).




	Cb1

	Cb2

	Cb3

	mdS

	mdΩ

	cnS

	cnW

	cdS

	cdW

	cdSW

	cdS1

	cdW1

	cdSW1






	0.4

	0

	−0.13

	0.01

	0.003

	0.0028

	0.007

	0.0085

	0.004

	−0.003

	0.00005

	0.00005

	0.00025







We applied a periodic boundary condition at the inlet and the outlet assuming the completely streamwise uniform flow. The number of grid cells in the streamwise, the lateral and the vertical directions are 3, 110 and 10, respectively.




3 OUTLINE OF EXPERIMENTAL SETUP IN THE LABORATORY TESTS BY BLANCKAERT ET AL

Blanckaert et al. (2010) carried out laboratory experiments in three patterns with different water depth in order to investigate the effect of aspect ratio affecting secondary currents of second kind.

Laboratory experiments were carried out in a 1.3 m wide 9 m long straight tilting experimental flume. The flat bed was covered by quasi-uniform sand grains with a diameter of d = 2 mm, and immobilized by means of paint. Detailed hydraulic parameters are listed in Table 2.



4 COMPARISONS BETWEEN

EXPERIMENTAL AND COMPUTATIONAL RESULTS

Figure 1 to 4 show the results of Case 1, Figure 9 to 12 show the results of Case 2, and Figure 13 to 16 show the results of Case 3. Note that the visualization scale of the computational results is consistent with the visualization scale of the experimental results. Here, the subscript s, n and z in those figures indicate the streamwise, transverse and vertical directions, respectively. For instance, Vs, Vn and Vz in those figures show the longitudinal, vertical and streamwise velocity component, respectively.

Figure 1 schematically shows the comparison of the distributions of the secondary current cells in a cross section. The computational result is in good agreement with the result of the laboratory experiment in terms of the number and the scale of secondary current cells. Note that a surface vortex and a bottom vortex align vertically at the vicinity of each side wall. In other region, vortices with a scale of depth align uniformly. It also should be noted that the strength of circulating velocity of a cell near the center is almost same as the cell close to the side-wall. The result is against the result by Nezu et al. (1985), in which the secondary current at the center part of the channel becomes unclear when the aspect ratio becomes larger than 5.




Table 2. Experimental conditions by Balnckaert et al. (2010).




	
	Width (B[m])

	Aspect ratio (B/H[−])

	Velocity (U[ms−1])

	Discharge (Q[m3/s])

	Channel slope (i[−])






	Case 1

	1.3

	11.9

	0.4

	0.06

	6.8 × 10−4




	Case 2

	1.3

	8.1

	0.43

	0.09

	6.2 × 10−4




	Case 3

	1.3

	6.2

	0.38

	0.1

	4.1 × 10−4
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Figure 1. Schematic pattern of the secondary currents in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.
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Figure 2. Normalized streamwise velocity Vs/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.
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Figure 3. Normalized transverse velocity 100 Vn/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.
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Figure 4. Normalized vertical velocity 100 Vz/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.



Figure 2 shows the comparison of the normalized streamwise velocity contours. The computational result is again satisfactorily. As for the maximum velocity normalized by mean velocity Vs/U, the experimental result is Vs/U = 1.2 and the computational result is Vs/U = 1.31. Where U is the cross sectional average flow velocity (U = 0.40[m/s]). That means the present computation a little bit overpredicts the strength of vortices. In both experimental and numerical result, the low velocity masses were raised toward the water surface in the region where the upwelling currents occur, whereas the high velocity masses were reached to the bottom in the region where the downwelling currents occur.

Figure 4 shows the comparison of the normalized lateral velocity Vn/U in both experimental and numerical results. The computational result shows that the profile of the lateral velocity in the span wise   direction is almost periodic although the experimental result contains irregular features. One of the causes of such irregularity in the laboratory test. The experimental profile with irregularity implies the existence of long time flow fluctuation, which cannot be captured by the present computation with RANS model. Another reason seems to be that the measurement time at each point was 180 s, which may be too small to capture the long time fluctuations. A ratio of the maximum lateral velocity to the cross sectional average flow velocity in the experimental and computational results are 100 Vn/U = 4.0 and 100 Vn/U = 3.04, respectively.

As can be seen from the distributions of vertical velocity in Figure 4, the computational result is basically in reasonable agreement with the experimental result, although the irregular fluctuation can be seen only in the experimental result. In addition, taking a more detailed look at the computational result, the velocity direction is in compatible with the secondary current cells shown in Figure 1. A ratio of the maximum magnitude of velocity to the cross sectional average flow velocity in the experimental and numerical results are 100 Vz/U=2.0 and 100 Vz/U = 2.33, respectively. Therefore, the accuracy of the present model is satisfactorily.

Next, we examine the results of cases with different depths, Case 2 and Case 3. Figures 5 and 6 show the results of Case 2, and Figures 7 and 8 show the results of Case 3.

Figures 5 and 7 schematically show the results of the distribution of secondary currents cells. As shown in Figures 5 and 7, the numbers of secondary current cells of computational result are two cells more than the experimental result. Although the numbers of secondary current cells in the computational result does not agree with the experimental result, the cross-sectional flow patterns are qualitatively simulated by the present computation. For example, there are periodic secondary currents cells with a scale of depth in central region in both experimental and numerical results. Furthermore, if the depth of water become deeper, the number and size of cells become lesser and larger, respectively.
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Figure 5. Schematic pattern of the secondary currents in the case 2: (a) experiment (Blanckaert et al.); (b) numerical simulation.
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Figure 6. Normalized streamwise velocity VJU in the case 2: (a) experiment (Blanckaert et al.); (b) numerical simulation.
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Figure 7. Schematic pattern of the secondary currents in the case 3: (a) experiment (Blanckaert et al.); (b) numerical simulation.



Figures 6 and 8 show the results of the distribution of normalized streamwise velocity in Case 2 and Case 3, respectively. In Case 2, the maximum velocity normalized by the mean velocity Vs/U in the experimental and computational results are Vs/U = 1.23 and Vs/U = 1.25, respectively. Where, U is the cross sectional average flow velocity and U = 0.43[m/s]. Thus, the computational result is almost perfectly compatible with the experimental result. In the similar way, we compared the experimental result with the computational results in Case 3 (Fig. 8). The maximum magnitude of velocity normalized by the mean velocity Vs/U in the experimental and computational results are Vs/U = 1.24 and Vs/U = 1.23, respectively. Where, U is the cross sectional average flow velocity (U = 0.38[m/s]). These results indicate that the present computations predict satisfactorily the maximum values of Vs/U in call cases.
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Figure 8. Normalized streamwise velocity Vs/U in the case 3: (a) experiment (Blanckaert et al.); (b) numerical simulation.



From the discussions above, it is shown clearly that the present computational model based on the second order non-linear k-ε model can simulate not only the pattern of the secondary current cells but also their magnitude in a practical accuracy. In addition, the present computational result implies that secondary currents of the second kind exist in central region where the influence of the side-wall is very small. Further, the intensity of vortices does not decrease as the distance from the side wall increases. Those results imply that turbulence anisotropy caused by the corner between a side-wall and a bed is not crucial source of the secondary current cells aligned in the entire width of shallow open channels. The next chapter is devoted to the examination of the effects of side-walls in more detail.



5 NUMERICAL EXPERIMENTS TO ELUCIDATE THE INITIATION OF SECONDARY CURRENTS

We carried out some numerical experiments in order to clarify the cause of secondary currents. As a beginning, we conducted a numerical experiment on condition that streamwise and transverse direction is a periodic boundary condition to remove completely the effect of the side walls (Case 4). Other hydraulic conditions are same as those in Case 1. This numerical experiment aims to check whether the secondary currents appear without side-walls or not.


[image: ]

Figure 9. Velocity at t = 360[s] in the case 4.
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Figure 10. Velocity at t = 1000[s] in the case 4.



Figures 9 and 10 show a cross sectional features of the result of the numerical analysis in Case 4. This numerical experiment was carried out for 1000[s] to achieve an equilibrium state. Just after starting the calculation, only flow redistribution due to the shear from the bed happens and no irregular motion was observed for a while. Then, weak rotation cells appear in central region of a cross section after t = 360[s], as shown in Figure 9. The rotation cells extend gradually toward the side walls and finally covers the entire channel section. Finally, clear vortex cells, which diameter is almost same as the depth align regularly at t = 1000[s] (Fig. 10). Finally, the cross-sectional flow pattern of this case becomes very similar to the flow observed at the center part of a cross section in Case 1. This process is likely to a kind of flow instability, i.e., once small disturbance appears in the flow, the disturbance is amplified and become secondary current cells finally. In the laboratory experiment, the initial disturbance easily occurs by such as turbulence or small irregularity of bed roughness. However, in the computation, the initial disturbances are considered to be introduced by the numerical truncation error. If side walls exit, the shear form the side walls acts as strong disturbance and cause the secondary current more swiftly compared with present no-wall case. Colombini (1993) has already expected the effect of instability though he performed linear instability analysis in combining flow and bed deformation. That means it is still unclear that the instability case the secondary currents even on a fixed flat bed. In order to check this point, we carried out the numerical experiment adding forced pin-point disturbance at the inlet, and checked how the disturbance amplifies and propagates in the downstream direction. This numerical experiment was carried out in a straight flume with 1.3 m in the width and 20 m in the length, and other hydraulic conditions are set same as those in Case 1. The periodic boundary conditions are specified in the transverse direction though that is not used in the streamwise direction. An small obstacle which is 2 cm high and 2 cm wide was installed at a inlet part as a forced disturbance. This Case is regarded as Case 5.

Figures 11 and 12 show the distribution of velocity magnitude at the bed and at the cross-section of the outlet, respectively. In Figure 12, velocity vectors are drawn together to show the flow patterns. As can be seen in Figure 11, the disturbance triggered by the obstacle at the inlet amplifies as the flow goes toward the downstream direction, though the disturbance does not form chaotic flow pattern but a coherent flow pattern with regularly aligned vortex cells in the lateral direction. The attained flow pattern at the center part of the cross-section at the outlet in Figure 12 almost coincides with the flow pattern in Case 1 except the period of the lateral direction is a little bit smaller than that in Case 1. From Figure 11, the flow is still developing. It is expected that the range of the vortex cells will extend wider in the lateral direction if the computation is made in a longer channel.
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Figure 11. Velocity at the bottom at t = 780[s] in the case 5.
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Figure 12. Velocity at transverse section at t = 780[s] in the case 5.



From this numerical experiment in Case 5, a small disturbance added in the flow at upstream region amplifies and finally form a clear coherent structure with streamwise vortex cells aligned regularly in the span wise   direction. Therefore, this numerical experiment gives one evidence that the secondary current cells in wide shallow open channels are caused by a flow instability.



6 CONCLUSIONS

In this study, we apply the three-dimensional computational model with a non-linear k-ε model to the uniform rectangular wide shallow open channel flows. We compared the results by the present computations with the results of the laboratory experiments performed by Blanckaert et al. (2010) so as to evaluate the adequacy of using this model and to consider the initiation process of the secondary current. The main findings by the present work are summarized as follows.


	The present computational model could capture excellently the fundamental aspects of cross-sectional flow pattern and turbulence features observed in the experiment. However, the present model a little bit overestimated the strength of the vortices and the number of vortices in a cross-section is not consistent with the results of the experiment in case of larger flow depth. Therefore, it is pointed out that further model improvement is necessary.


	It has been pointed out in some pioneering works on the secondary current of the second kind in open channels that the clear secondary current cells do not appear in the cross section where the distance from the side wall is farer than 2.5 h. Nevertheless, according to the result of numerical analysis, the secondary current cells were observed in the entire region of a cross section in cases of the aspect ratio larger than 10. Also the intensity of vortices in central region was not decreased when compared with the vortices near the side walls. Those features are also in good agreement with the experimental result by Blanckaert et al. (2010).


	We performed some numerical experiments eliminated the effects of side wall completely by applying the periodic boundary conditions in the lateral direction. Those results clearly implied that the secondary current of the second kind in a wide shallow open channel is caused by a kind of flow instability and the existence of side walls are not a necessary condition.







ACKNOWLEDGEMENT

We express our sincere thanks to Dr. Koen Blanckaert of Chinese Academy of Sciences for his kind technical advises.



REFERENCES


	Ali, M.S., Hosoda, T., and Kimura, I. 2007. A non-linear k-ε model to predict the spatial change of turbulent structures in large scale vortices, J. of Applied Mech., JSCE, vol. 10, pp. 723–732.

	Blanckaert K., A. Duarte, A.J. Schleiss. 2010. Influence of shallowness, bank inclination and bank roughness on the variability of flow patterns and boundary shear stress due to secondary currents in straight open-channels, Advances in Water Resources, pp. 1062–1074.

	Colombini M. 1993. Turbulence-driven secondary flows and formation of sand ridges, J. Fluid Mech, vol. 254, pp. 701–719.

	Kimura, I. and Hosoda, T. 2003. A Non-linear k-ε model with realizability for prediction of flows around bluff bodies, Int. J. for Numerical Methods in Fluids, Vol. 42, 813–837.

	Nezu, I., Nakagawa, H. and Tominaga, A. 1985. Secondary currents in a straight channel flow and the relation to its aspect ratio, Turbulent shear flows 4., SpringerVerlag, pp. 246–260.








Large Eddy Simulation of gravity currents moving on up-sloping boundaries

L. Ottolenghi & C. Adduce

University Roma Tre, Rome, Italy

R. Inghilesi

Institute for Environmental Protection and Research, Rome, Italy

F. Roman

Iefluids, Trieste, Italy

V. Armenio

University of Trieste, Trieste, Italy


ABSTRACT: Three-dimensional Large Eddy Simulations and laboratory experiments of lock exchange gravity currents propagating on up-sloping boundaries are presented. Different sloping angles were tested, while all the other parameters were fixed. The LES reproduce the same domain as the laboratory experiments by a very high resolution computational grid. A very good agreement is found between the numerical simulations and laboratory experiments. The gravity current, moving on a horizontal boundary, mixes with the ambient fluid and shows its classical features: a head region followed by a tail region. When a gravity current propagates on an up-sloping boundary, a reverse flow, close to the bed in the gate region, occurs. The reverse flow produces an accumulation region in the left part of the tank. The intensity of the reverse flow and the thickness of the head of the gravity current are found to be dependent on the sloping angle.



1 INTRODUCTION

Gravity or density currents are buoyancy flows driven by the difference in density between the current and the ambient fluid. This difference in density can be generated by a gradient in the temperature or in the concentration field. Gravity currents are frequently found in the environment, and for this reason represent an important issue in environmental sciences. Many examples of gravity currents spontaneously occurring in the environment or caused by anthropic influence are described in Simpson (1987). The dynamics of these flows had been thoroughly investigated for the last fifty years both by laboratory experiments and numerical simulations, giving rise to the description of the general patterns of the flow and the different phases of the gravity current.

In particular, steady and unsteady gravity currents propagating on both obstacles or on down-sloping boundaries have been described (Britter & Linden 1980, Hacker et al. 1996, Birman et al. 2007, Cantero et al. 2007, Cenedese & Adduce 2008, Cenedese & Adduce 2010, La Rocca et al. 2008, Maxworthy & Nokes 2007, Nogueira et al. 2013a, b, Noguiera et al. 2014a, Noguiera et al., unpub.).

In laboratory the lock exchange technique is a simple and useful method to generate unsteady gravity currents. It consists in filling a tank with two fluids at different densities, separated by a sliding gate. When the gate is instantaneously removed, the dense fluid collapses starting to flow on the bottom of the tank, resulting in the formation of a gravity current. This technique was considered to be the best choice to study the dynamics of the gravity currents object of this paper.

The numerical simulations which have been most successfully used to study the dynamics of a gravity current are Direct Numerical Simulations (DNS), Large Eddy Simulations (LES) and spectral methods. In particular the wall shear stresses distribution, the three-dimensional characteristic of the flow and the interactions with obstacles were investigated by Ooi et al. (2007, 2009), Gonzalez-Juez et al. (2009) and Tokyay et al. (2011). The effect of the inclination of the bottom was investigated by a series of LES simulations (both up-sloping and down-sloping) by Safray & Tkachenko (2009). Lattice Boltzmann method was also used to investigate gravity currents both in an up-sloping and three-dimensional setting (La Rocca et al. 2012b, 2013). Since most of the efforts in the field were oriented to the study of down-sloping gravity currents, the aim of this paper is the investigation of the dynamics of unsteady gravity currents moving on an up-sloping bottom. The investigation is based on lock-exchange laboratory experiments and LES. Laboratory experiments provide a partial description of the general patterns of the flow, in particular the time evolution of the front position and the main structures of the gravity current. LES, in addition, supply detailed quantitative information on the velocity and the density fields. In section 2 laboratory experiments are presented; in section 3 the LES numerical code is described; in section 4 numerical results are analyzed, showing the comparison between laboratory experiments and numerical simulations. Finally, conclusions are presented in section 5.



2 LABORATORY EXPERIMENTS

Gravity currents generated by the lock-exchange technique (Adduce et al. 2012, La Rocca et al. 2012a, Noguiera et al. 2013a, b, Noguiera et al., 2014a, Noguiera et al., unpub.) were performed at the Hydraulics laboratory of the University “Roma Tre”. A short description of the experimental apparatus is given in the following (Fig. 1). A Plexiglas tank 3 m long, 0.3 m high and 0.2 m wide divided in two different volumes by a sliding gate is used to run the experiments. The removable gate is located at a distance x0 from the left wall of the tank and both the volumes are filled at the same height H/h0 = 1, where H is the height of the ambient fluid on the right-hand side of the gate and h0 is the initial height of the current on the left-hand side (both measured at the location x = x0). A mixture of salt, water and a controlled quantity of dye (metilene-blue) is used to fill the volume on the left of the gate, reaching a density ρ1 for the dense fluid, while fresh water at a density ρ0 is used to fill the right part of the tank. The tank can be tilted of small angles θ to perform experiments with gravity currents moving on an up-sloping bottom. Measures of density are made with a pycnometer. The experiment starts removing the sliding gate as instantaneously as possible. The dense fluid column collapses to the bottom of the tank forming a gravity current which moves to the right under the lighter fluid (ambient fluid). While the gravity current flows downstream the ambient fluid flows upstream due to continuity, and mixing occurs between the two layers. The experiments are recorded with a black and white CCD video camera (768 × 576 pixels of resolution and 25 Hz of acquisition frequency) and images are then analyzed with a threshold method to delimitate the interface between the dense and the lighter fluid with an accuracy of 4 mm.


[image: ]

Figure 1. Schematic view of the Plexiglas tank used during the lock-exchange experiments.



Two experiments are performed varying the inclination of the tank to compare experimental measurements and numerical simulations obtained by a LES code descripted in the following section. The first experiment consists of a gravity current moving on a horizontal bed, i.e. θ = 0°, while in the second experiment the bed has a small inclination θ = 1.4°, producing a gravity current moving on an up-sloping bed. The initial reduced gravity g0′, defined as

g0′=g⋅ρ1−ρ0ρ0 (1)

the position x0 of the lock and the initial depth of the fluids h0 are not changed during the experiments.

All the experimental parameters are shown in Table 1. For each experiment a bulk Reynolds number and an initial Froude number can be evaluated as

Re=Ubulk h03v (2)

where Ubulk is the mean velocity of the current and ν is the kinematic viscosity.

Frin=Ubulk g0′h03cos θ (3)




Table 1. Parameters of the experiments performed.




	Name

	[m/s2]

	x0[m]

	h0[m]

	θ[°]

	Ubulk[m/s]

	Re

	Frin






	EXP0

	0.28

	0.1

	0.2

	0.0

	0.075

	4998

	0.55




	EXP1

	0.28

	0.1

	0.2

	1.4

	0.061

	4068

	0.45










3 NUMERICAL SIMULATIONS


3.1 Mathematical and numerical model

The Large Eddy Simulation code LES-COAST, widely used in the past to simulate a large variety of fluid-dynamics phenomena (Salon et al. 2007, Inghilesi et al. 2008, Roman et al. 2010), was applied for the investigation of unsteady gravity currents. In particular, lock-exchange gravity currents moving on both horizontal and up-sloping boundaries are simulated.

LES-COAST model performs the numerical resolution of the Navier-Stokes Equations using the LES approach (the overbar in the following equations •¯ denotes LES filtering operation), combined with both the Boussinesq and the rigid lid approximations (Armenio & Sarkar 2002).

The continuity equation, the momentum equations and the equation for the dispersion of the salinity are reported in 4, 5 and 6 respectively:

∂u¯i∂xi=0 (4)

∂u¯i∂t+∂u¯ju¯i∂xj=−1ρ0∂p¯∂xj+∂∂xjv∂u¯i∂xj−ρρ0gδij−∂τij∂xj (5)

∂s¯∂t+∂u¯js¯2∂xj=∂∂xjks∂s¯∂xj−∂λj∂xj (6)

In the presented equations ui, are the components of the velocity vector where i are the x, y and z directions of the computational domain. The kinematic viscosity is indicated with ν, and k is the molecular salt diffusivity. The effect of the inclination of the tank on the development of the gravity current is simulated splitting the gravity force in two components: the first one is in the vertical direction (orthogonally to the flow), and the second one is oriented along the x-axes, in the upstream direction. Thus, in the equation 3.2 g is the gravity acceleration acting on the first and on the second component δĳ (Eq. 3.4) of the momentum equation (streamwise and vertical directions).

δij={ sin θ if     i=j=1→x− direction cos θ if     i=j=2→y−direction    0      if       i=j=3→z−direction    0     if        i≠j  (7)

The density variation is due, in this case, only to gradients in the salinity concentration field and temperature is kept constant. In the equations before, p is the pressure, s is the salinity, ρ is the density variation with respect to the reference value ρ0 (corresponding to s0 salinity). The state equation is shown hereafter (Eq. 8), where β is the salinity contraction coefficient.

ρ=ρ0[ 1+β(s−s0) ] (8)

The Navier-Stokes equations are filtered following the LES approach: the motion of the flow at large scales is directly solved, while smaller scales of turbulence are modelled as Subgrid Stresses (SGS). τij and λi in 5 and 6 are respectively the SGS momentum and salinity fluxes resolved with the dynamic Smagorinsky eddy viscosity model (Eqs. 9, 13).

τij=−2vtS¯ij (9)

S¯ij=12 (∂u¯i∂xj+∂u¯j∂xi) (10)

vt=CΔ2|S¯| (11)

S¯=2S¯ijS¯ij (12)

λj=−CSΔ2|S¯|∂s¯∂xj (13)

Equation 10 is the strain rate tensor of solved stresses, in 11 the eddy viscosity νt is defined, Δ is a length scale related to the grid cell size and |S¯| is defined in Equation 12. Finally C and Cs are model constants, computed dynamically with a Lagrangian approach (Menevau et al. 1996) for SGS fluxes of momentum and scalar quantities, respectively.

The semi-implicit fractional-step method of Zang et al. (1994) is used for the resolution of momentum and scalar diffusion equations. The second-order centered scheme discretizes the spatial derivatives. The time advancement of the convective terms is solved explicitly through second-order Adams–Bashfort technique, while diagonal diffusive terms are turned off. The implicit Crank-Nicolson scheme is used to solve the diagonal diffusive terms. Finally, a multigrid technique (SOR algorithm) is used for the resolution of the pressure equation. More information about the code can be found in Armenio & Sarkar (2002), Salon et al. (2007), and Roman et al. (2010).



3.2 Implementation of the numerical model

The resolution of the computational grid used in the present paper was made as similar as possible to the one defined in the low-buoyancy Reynolds number case of Tokyay et al. (2011). The buoyancy Reynolds number is defined as

Reb=ubHv (14)

where

ub=g0′H (15)

is the buoyancy velocity. In the current simulations the maximum value of Reb is 48,522.

The values of grid spacing adopted in this work are 0.01 H for the streamwise and the vertical directions, whereas 0.015625 H in the spanwise. Close to the bed a finer resolution (0.002 H) was also realized. In order to compare numerical simulations with the laboratory experiments, the geometrical configuration of the apparatus was numerically reproduced. Both in the vertical and in the span wise   direction the size of the computational domain was H = 0.2 m, while the length of the channel used in the simulations was 4.096 m = 20.48 H (comparisons with laboratory experiments and data analysis were performed only for the first 1500 cells). The time step of the simulation was recalculated for each iteration in order to assure a constant value of the Courant number of 0.6.

Different numerical studies investigated the influence of the Schmidt number Sc = ν/k (with ν the kinematic viscosity and k the molecular diffusivity) on the dynamics of buoyancy driven flows (Bonometti & Balachandar 2008, Ooi et al. 2009). Little effects were found in a large range of cases, nevertheless in the performed simulations Sc = 600, which is the value of reference for salty water.

Flat no-slip surfaces were imposed as boundary conditions in the streamwise direction and on the bottom of the tank (y = 0). Periodicity was forced in the span wise   direction and a free-surface condition (no-stress) at the top of the domain (y = H) was applied.

The initial condition of the simulations was imposed as a discontinuity in the spatial distribution of the salinity field at the lock position x0: for x < x0 the density of the fluid was ρ1 (dense fluid), while for x > x0 the density was set as ρ0 (ambient fluid). The fluid velocity was zero everywhere.

Three different simulations called in the following RUN0, RUN1 and RUN2, were performed to study the influence of an up-sloping bed on gravity currents dynamics.

The following parameters were set for all the numerical simulations: g0′ = 0.29, ρ1 = 1030 kg/m3, ρ0 = 1000 kg/m3, h0 = H = 0.2 m and x0 = 0.1 m. The inclination of the tank was instead varied in each simulation. The parameters used in the numerical simulations are shown in Table 2, where Re and Frin are defined in the Equations 1 and 2, respectively.




Table 2. Parameters varied in the numerical simulations.




	Run

	θ[°]

	Ubulk[m/s]

	Re

	Frin






	RUN0

	0.0

	0.075

	5000

	0.54




	RUN1

	1.4

	0.061

	4055

	0.43




	RUN2

	2.5

	0.053

	3551

	0.38










4 RESULTS


4.1 Comparison between experiments and numerical simulations

The realized laboratory experiments EXP0 and EXP1 were compared to the numerical simulations RUN0 and RUN1. At the time of writing the experiment with θ = 2.5° was unworkable and the numerical simulation was the only available indicator of the behavior of a gravity current moving on a steep bottom. In order to compare laboratory experiments and numerical simulations the dimensionless density field ρ* is defined as

ρ*(x,y,z,t)=ρ(x,y,z,t)−ρ0ρ1−ρ0 (16)

The isodensity line ρ* = 0.02, is chosen to define the interface between the dense and the lighter fluid as in Nogueira et al. (2013a, b). Two types of comparisons are made: the first one regards the front position, while the second one is an analysis of the shape of the current profile.

The front position of the current xf is defined as the x-axis location of the foremost point of the nose of the dense current, taken at a distance from the bed of 4 mm (to take into account the camera resolution in the laboratory experiments).

The current profile is defined in Equation 16 and the main features of the current are deduced from the observation of its shape.

The images recorded during laboratory experiments show a side-view of the advancement of the current during time. Thus, the span wise   variation of the features of the flow is not detectable and only the mean behavior of the current was analyzed. On the other hand, LES simulations are performed in a three-dimensional domain, but the span wise   variation of the flow is not analyzed in this work. In fact, the maximum variance of the front position along the span wise   direction was 0.8%. Therefore, only span wise   averaged quantities are considered.

Err=mean (| xfex(t)−xfnum(t)xfex(t) |) (17)

where xfex and xfnum are the experimental and the numerical front position, respectively. Err resulted 1% for RUN0 and 5% for RUN1, indicating a good level of agreement between laboratory experiments and numerical simulations.
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Figure 2. Numerical and experimental front position versus time.



The front positions of the gravity currents versus time are presented in Figure 2. There is a clear correspondence between experimental points and the numerical curve for RUN0. In RUN1 the LES output differs in the central part of the simulation from the experiment, and the numerical front has a less pronounced curvature. Focusing on the numerical front position curves, the effect of the up-sloping bottom can be seen. Up to a distance of about ten lock-lengths (xf = 1 m), density currents are not influenced by the bed slope. From this point on, curves of different runs start to diversify. This point corresponds to the transition from the slumping to the self-similar phase, in density currents moving on flat beds (Simpson 1987). As the bed slope increases the front velocity decreases and the curves plotted become more bended. At the end of the up-sloping simulations viscous forces influence the motion and the viscous-phase seems to take place.

Figure 3 shows the comparison between dimensionless density fields, obtained by numerical simulations, and experimental pictures taken at the same time steps, for RUN0 and EXP0. Both the numerical position of the nose of the dense current and the predicted interface between the two layers are in very good agreement with the measured ones. Kelvin-Helmholtz instabilities due to the shear-stress at the interface of the gravity current are well reproduced by the numerical code as shown in Figure 3e. These billows characterize the beginning of the simulation, and then they lose their power during the inertial phase, leading to a smoother shape of the interface between the current and the ambient fluid (Fig. 3f). From the observation of the simulations on the right hand side of the panel, is possible to see mixing occurring at the interface of the two layers, and consequently the density values in the body of the gravity current decrease as the time increases. At the same time, the head’s thickness decreases, while the tail region increases in length and becomes thinner and thinner.
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Figure 3. Pictures of EXPO a–d) and dimensionless density fields of RUN0 e–h) at different time steps: 9 s a) and e); 19 s b) and f); 28 s c) and g); 37 s d) and h).





4.2 Effect of an up-sloping bed on the dynamics of a gravity current

LES provide accurate measure of the local velocity and the density, which are not derivable from the experiments. The analysis of the very high space resolution outputs, yields detailed information about the influence of the up-sloping bottom on the current dynamics. In Figure 4 the dimensionless density field for a gravity current moving on an up-sloping bed (θ = 2.5°), i.e. RUN2, at different time steps is shown.

The main dynamics of a gravity current moving on a horizontal bed are already verified on an up-sloping boundary. Kelvin-Helmholtz instabilities at the interface between the two fluids can be observed in the up-sloping simulation shown (Fig. 4a). As the time advances, the gravity current moves along the tank entraining ambient fluid and mixing with it, thus fluid density decreases. At the end of the simulation, the gravity current becomes thinner, velocities decrease and the interface between the dense current and the ambient fluid becomes smoother.

The main effect of the up-sloping bottom is visible in the central part of the simulation through the separation of the current in two parts behaving differently. While the head of the dense current propagates along the positive streamwise direction climbing the channel, the final part of the tail detaches from the rest of the current and moves backward to the left of the tank, where the density field and the thickness of current reach values comparable with those at the head (Fig. 4c, d). In fact for up-sloping runs, the thickness of the dense fluid is high at the head of the current, then it decreases in the tail region and after a minimum, it increases up again.
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Figure 4. Dimensionless density field at different time steps for RUN2: a) t = 7 s; b) t = 16 s; c) t = 31 s; d) t = 49 s.



The height of the current on the left part of the tank reaches values greater than those recorded in the body region, due to fluid’s accumulation.

The velocity of the front of the gravity current U is calculated as

U=dxfdt (18)

The effect of the up-sloping bottom on U can be observed in Figure 5, where U is plotted versus xf for the three simulated runs. During the slumping phase (xf < 1) the behavior of the curves shown is very similar in all the simulations; the front velocity is in the range 0.08 ≤ U ≤ 0.11 m/s and the maximum relative difference among the velocities in the three runs is less than 5%. This suggests a limited influence of the bed slope during this phase. During the inertial phase (xf > 1), the curves of the different runs separate from each other, revealing the effect of the inclination of the bottom. At the end of the simulations, the front velocity reaches the values of U ~ 0.05, 0.04 and 0.02 for RUN0, RUN1 and RUN2, respectively.

The influence of the bed upslope on gravity currents dynamics is also shown in Figure 6, where the streamwise velocity component, for the different numerical runs, is plotted at the same time step t = 38 s. In all the simulations the streamwise velocity component reaches the highest values in the body of the current, particularly at the head, and decreases gradually in the tail region. In the horizontal run negative values of u are visible in the ambient fluid over the body of the current: while the gravity current propagates forwards, the ambient fluid goes backwards for continuity (Fig. 6a). In up-sloping simulations negative values of u are also visible in the tail region, close to the bed, where part of the current, due to the inclination of the channel, starts to move toward the gate. As the bed upslope increases, the velocity of the dense current decreases and negative values of u, that are absent in RUN0, can be observed in the tail region. In RUN2, i.e. the run with the highest bed upslope, negative values of u become dominant (Fig. 6c). In the same run positive u values appear also in the upper part of the dense current in the tail region: this dynamics is due to a part of the heavy fluid that after having moved upstream, collides to the left end wall of the tank, rebounds, and starts to move downstream again (Fig. 6c at the x = 0.6 m). For this reason a very complex dynamics is observed at the beginning of the tank, where the accumulated fluid starts to stratify.
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Figure 5. Front velocity versus the front position for different numerical simulations.
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Figure 6. u velocity component for different numerical simulations at 38 s: a) RUN0; b) RUN1; c) RUN2.






5 CONCLUSIONS

Laboratory experiments and LES simulations of gravity currents moving on an up-sloping bed were performed. The numerical xf (t) calculated for RUN0 and RUN1 were compared with the experimental xf (t) recorded for EXP0 and EXP1, respectively. The main features of the currents were also examined for the same cases, comparing the numerical general patterns of the currents with the pictures taken during the laboratory experiments, and a very good agreement was found.

The numerical results were then analyzed, and a description of the dynamics of a gravity current moving on an up-sloping bottom was given. When a gravity current moves along an up-sloping bed, it mixes with the ambient fluid and the density in the body of the current decreases, until the buoyancy force is overcome by the gravity force. Velocities decrease as the angle between the bed and the horizontal increases. The main features of up-sloping gravity currents differ from the horizontal gravity currents: the interface becomes very smooth and the thickness of the head decreases. As expected, the steeper is the up-slope of the bottom of the tank, the slower is the gravity current, but this becomes evident only during the inertial phase. In fact, during the slumping phase the maximum relative difference of U at different slopes is always less than 5%, while it exceeds 100% at the end of the inertial phase. A division of the flow in two different regions is also observed: the head and the body of the dense current move downstream climbing the tank and a part of the tail detaches from the rest of the current and moves backwards. At the beginning of the tank higher values of density are found and an accumulation region develops. Finally, negative values of velocity are found inside the gravity current close to the bed, due to the part of the fluid moving upstream.
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ABSTRACT: The present research aims to present the validity, usefulness and applicability of multiphase numerical approach for the simulation and study of the hydrodynamic and salinity intrusion that are usually formed at estuaries, coastal lakes and tidal rivers due to tide effect representing the water surface fluctuations as well as the density current propagation. A two-dimensional multi-phase numerical model for incompressible, immiscible and variable density fluids has been developed based on Navier-Stokes equations. The governing equations were discretized in a collocated grid system and solved with a finite volume method. The present model was parallelized in a shared memory system using Open Multiprocessing (OpenMp), which reduced the computational time. The model was verified against Boussinesq and non-Boussinesq lock exchange problems. In addition, the model was applied to simulate salinity intrusion into Ohashi River that connects Nakaumi and Shinji brackish coastal lakes. The developed model successfully predicted the density current propagation in the experimental cases while it still needs refinement for field study cases.



1 INTRODUCTION

Gravity or density currents constitute a large class of natural flows that are generated and driven by the density difference between two or even more fluids. The density difference between two fluids usually arises due to differences in temperature or salinity, but it can also arise due to the presence of suspended solid particles. In water environments, saline intrusions or oil spills in the oceans, turbid water intrusions in a lake and suspended sediment plumes in a river are good examples. In case of shallow coastal lakes or estuaries, usually there is an interaction between sea water and the lake’s fresh water. During tide, the sea water propagates into the lake, causing the sea water to plunge underneath the free surface of a receiving water basin. The plunge sea water forms a density current that continues to flow along the bottom causing water stratification. This stratification acts as a barrier restraining the mixing of the water column in coastal lakes. As a result of the incomplete mixing of the water column and lack of light for the photosynthesis in deeper layers, the water column may become anoxic. Assessing the exchanges between water layers is important because they influence the trophic organization of the ecosystem. Density stratification in lakes, estuaries and in the oceans leads to circulation and mixing of large volumes of water resulting in multiphase flow. Modeling of these processes is of great importance for conservation of the ecological balance of these systems.

Several laboratory experiments have been performed to study density currents, e.g. (Lowe et al. 2005, Kolar et al. 2009, Nogueira et al. 2014, Nogueira et al. 2013a, Nogueira et al. 2013b). With the rapid development of numerical methods and advancements in computer technology, Computational Fluid Dynamics has been widely used to study density currents. Mathematical and numerical models when properly designed and tested against field or laboratory data, can provide significant knowledge for density current dynamics and characteristics (La Rocca et al. 2012, La Rocca et al. 2012, La Rocca et al. 2013, Adduce et al. 2012). The characteristics of a gravity current head have been studied by means of Large-Eddy Simulation (LES) and 3D Direct Numerical Simulations (DNS) of flow fronts in the lockexchange configuration, e.g. (Hartel et al. 2000, Ooi et al. 2007). Other researchers studied the density current using commercial CFD codes based on multiphase flow as FLUENT and FLOW-3D, e.g. (Georgoulas et al. 2010, Sangdo et al. 2012). A number of hydrodynamic models are also used to simulate density currents in lakes, estuaries and coastal seas, e.g. (Kassem & Imran 2004, DeCesare et al. 2006, Ushijima et al. 2007).

In this paper, a 2D vertical multiphase model has been developed for studying salinity propagation process in brackish coastal lakes due to tidal water flux fluctuations. The present model describes a multiphase system for immiscible and incompressible fluids with collocated grid system which are parallelized in a shared memory system by Open Multiprocessing (OpenMP 2011). The present research aims to present the validity, usefulness and applicability of multiphase numerical approach for the simulation and study of the hydrodynamic and salinity intrusion that are usually formed at estuaries and coastal lakes due to tide effect representing the water surface fluctuations as well as the density current propagation. The developed model is validated against the experimental data for Boussinesq and non-Boussinesq lock-exchange problems. In addition, saltwater intrusion into the tidal Ohashi River is simulated and validated using field measured data.



2 NUMERICAL PROCEDURES


2.1 Flow governing equations

In this paper DNS is used to simulate flow propagation. The basic governing equations for flow are the mass conservation equation and momentum equations, Eq.(1)–Eq.(2), which describe the flow conditions in the vertical domain Ω as follows:

∫Ω∂ρ∂tdΩ+∮∂Ωρu⋅ndl=0 (1)

∫Ω∂ui∂tdΩ+∮∂Ωuiu⋅ndl=∫ΩfidΩ      −1ρ∮∂Ωp⋅ndl+∮∂Ωv∇ui⋅ndl (2)

where t is time; ρ is the cell averaged fluid density; u is the velocity vector; ui is the velocity component with subscript i = 1 and 2 in x- and z-directions, respectively; x and z are the vertical orthogonal coordinates; n is the unit normal vector on the domain boundary dΩ towards the outside direction; p and ν are the average fluid pressure and dynamic viscosity, respectively; and fi is the external force component due to acceleration.



2.2 The interface tracking method

The motion of the interface between immiscible liquids of different densities and viscosities is defined by the volume fraction function Φ and the interface is convected using the computed velocity field by the following three conditions:

ϕ={ =1fluid 10<>1,interface=0,fluid 2  (3)

The time dependence of the volume fraction function Φ is governed by:

∫Ω∂ϕ∂tdΩ+∫∂Ωuϕ⋅ndl=0 (4)

Eq. (4) states that Φ moves with the fluid and is considered as a flag identifying cells that contain fluid. According to the local value of Φ, appropriate properties and variables are assigned to each cell within the domain.



2.3 Convection diffusion equation for transported concentration

The transported concentration is obtained by solving the convection-diffusion equation:

∫Ω∂c∂tdΩ+∮∂Ωuc⋅ndl=∮∂Ωvσc∇c⋅ndl (5)

where c is the fluid concentration, and σc is Schmidt number for concentration diffusion, which represents the ratio of viscosity to fluid diffusivity, set as 1.0 in this study.



2.4 Computational procedure

The Numerical computation consists of four stages: flow computation, interface tracking, mass transport, and updating fluid properties stages. The governing equations are discretized in a collocated grid system and solved with a finite volume method.


	In flow computation stage; the flow equations, Eq.(1)–Eq.(2), are solved according to the existing domain and boundary conditions. Estimated velocity components are obtained at the cell center using pressure at the present computational step while upwind scheme is used to calculate convective terms. The cell center velocity components are interpolated at the cell boundaries. C-HSMAC algorithm is used to correct the pressure field so that the divergence of velocity in a cell should be less than a small threshold value (Ushijima et al. 2003). This algorithm for pressure computation has the power to deal with large density contrast fluids (Ushijima et al. 2007). The cell centered velocity components then are corrected with the obtained pressure values.


	In the interface tracking stage; the volume fraction function Φ is calculated from Eq. (4) using the computed velocity field. The interface between different fluids is achieved and hence various fluid zones can be determined.


	In the mass transport stage; concentrations can be estimated using the convection-diffusion equation, Eq. (5), using the computed velocity field.


	In the updating fluid properties stage; a simplified equation of state is used to compute fluid density according to the volume fraction function and concentration values, given in a simple linear equations:

ρ−ϕρl+(1−ϕ)ρg (6)

v=ϕρlvl+(1−ϕ)ρgvgρ (7)

with

ρ=ρo+β(c−co) (8)

where ρ is the cell average density according to the existing fluid; ρl and ρg are the densities of two-phase immiscible fluids (liquid and gas); ν is the cell average viscosity according to the existing fluid; νl and νg are the viscosities of the two-phase immiscible fluids; ρo and co are the reference density and concentration values which are usually taken as 0.998 g/cm3 and zero, respectively, for fresh water; and β is the direct proportional coefficient of the salinity gradient between the maximum and minimum value.



	Finally, the model goes to the flow computation stage again to calculate the water pressure and the flow velocity field and so on.






2.5 Open multiprocessing computation technique (Open MP)

A parallel computation technique in shared memory system is implemented in the present model. This model parallelized by Open Multiprocessing, (OpenMP 2011). OpenMP is an implementation of multithreading which is a method of parallelizing whereby a master thread (a series of instructions executed consecutively) forks a specified number of slave threads and a task is divided among them, Figure 1. The threads then run concurrently, with the FORTRAN runtime environment allocating threads to different processors. This process enables us to significantly reduce the elapsed time of the large-scale computations.




3 MODEL VALIDATION WITH EXPERIMENTAL RESULTS

The present model has been tested to evaluate its applicability. Therefore, it was applied to density current problems and compared with experimental results and field data. The simulation results for these test cases are described below.


3.1 Lock-exchange problem

The lock-exchange test or dam break problem is defined as water of different densities are separated by a vertical barrier which is removed at time zero. Lock exchange involves fluids either with small density differences (the Boussinesq case) or with large density differences (the non-Boussinesq case). The removal of the barrier results in a gravity current of the lighter fluid propagating at constant speed along the upper surface of the channel into the heavy fluid. In the opposite direction a gravity current of the heavier fluid propagates also at constant speed along the bottom of the channel. The lock-exchange test represents mixing processes that occur frequently in geophysical fluid dynamics. For the Boussinesq case: when a fresh water river empties into a salt water estuary while for the non-Boussinesq case: the volcanic eruptions often take the form of gravity currents. The density within the flow is a result of suspended ash and hot rocks, and is often many times larger than the surrounding air. Figure 2 presents a sketch for the used the lock-release cell of a total depth H. In this cell, two different fluid densities ρ1 and ρ2 are separated by a removable lock gate. Herein, the Boussinesq and Non-Boussinesq lock-exchange tests have been used to validate the developed code.
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Figure 1. An illustration of multithreading process where the master thread forks off a number of threads which execute blocks of code in parallel.






3.2 Boussinesq lock-exchange experiment

This model was applied to the Boussinesq lock-exchange experimental results obtained by Kolar et al. (2009). The density cell had internal dimensions of length (B) = 58.4 cm, height (H) = 29.5 cm, and width = 2.54 cm. The both mixing fluids were initially separated by the barrier which was 0.4 mm thick of stainless steel sheet. The both mixing fluids were fresh water and saline water with a salt concentration of 17.5 ppt. Water at room temperature was used, resulted in a heavy water density (ρ1) of = 1.011 g/cm3 and a light water density (ρ2) of 0.998 g/cm3, for a density ratio of 0.987, which was clearly in the Boussinesq realm.

Herein, we present high-resolution outcomes for direct and quantitative comparison of experimental and numerical results throughout the domain, not just the wave front. Figure 3 compares the model results with the laboratory experiments and determines how well the model captured the evolution of a density field that is driven entirely by gravity currents. This Figure clearly shows a good agreement between the calculated density propagation of the wave front compared with those which are experimentally measured. In addition, a coincidence between the front position for the estimated and the measured data was obtained as shown in Figure 4.



3.3 Non-Boussinesq lock-exchange experiment

Lowe et al. (2005) have carried out a series of experiments on the lock exchange involving fluids with large density differences—the non-Boussinesq case. One of the experiments is selected in this study. The experiments were performed in a rectangular channel using two fluids of density ratio (γ = 0.681). The less dense fluid was fresh water (ρ2 = 0.998 g/cm3) and the denser fluid was either a solution of sodium chloride (NaCl) or sodium iodide (NaI) (ρ1 = 1.466 g/cm3). The channel length was B = 182 cm, 23 cm wide and was filled to a depth of H = 20 cm. The flow was started by a vertically removing lock gate.
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Figure 2. Sketch of the lock-release tank.
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Figure 3. Comparison of experimental and predicted results for the density current propagation sequences for the Boussinesq lock-exchange case; (left) laboratory results and (right) model results for the volume fraction function Φ.
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Figure 4. Comparison of the front position estimated from the laboratory experiments and the present model for the Boussinesq lock-exchange case.



Figure 5 compares the model results with the laboratory experiments and determines how well the model captured the evolution of a density field that is driven entirely by gravity currents. This Figure clearly shows an acceptable agreement between the calculated density propagation of the wave front compared with those that are experimentally measured but in a different time scale. In addition, the developed model successfully predicted the bore within the heavy front. The front velocity of the density current is almost the same for the light case as well as the heavy case as shown in Figure 6. In the heavy front case, discrepancy may be observed because of the gate removal effect.
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Figure 5. Comparison of experimental and predicted results for the density current propagation sequences for the non-Boussinesq lock-exchange case; (left) model results for the volume fraction function Φ and (right) laboratory results (where t*=t(g(1−γ))/H).
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Figure 6. Comparison of the relative front position estimated from the laboratory experiments and the present model for the non-Boussinesq lock-exchange case; (a) light front and (b) heavy front.






4 THE MODEL APPLICATION ON OHASHI RIVER, JAPAN

The Ohashi River in southwest Japan is a tidal river located between two brackish lakes, Shinji and Nakaumi, Figure 7. These brackish lakes are stably stratified due to salinity (density) differences. Nakaumi Lake is strongly affected by the salt water entering from the Sea of Japan through Sakai channel while the freshwater Hii River influenced on Lake Shinji. The density gradient has a significant impact on water movement in the Ohashi River. In this study, the field measured data (September 10, 1999) for the saltwater intrusion into the Ohashi River are used to validate the present model ( Moriwaki et al. 2003). Figure 7 shows the nine measuring stations along the Ohashi River.

The salinity initial conditions of the salinity concentration values, computational domain, and the two lakes water levels are introduced in Figure 8. The model run starting time was 10:30 am. The used simulation time period was chosen to decrease the effect of temperature on density values. The computational domain was separated vertically into two phases, air at top and water at bottom with different concentrations. A computational time step of 0.1 sec. and a computational grid of 0.25 m and 100 m in the vertical and the horizontal directions, respectively, were used in the numerical calculations. The computations were performed using 32 threads which could reduce the computational time by 85% compared with the case of using single thread. The linear wave theory was used to calculate the intrusion water flux from Lake Nakaumi using the water level difference between the two lakes. The model results show good agreement against the measured data for salinity concentrations at 14:30 pm and 16:30 pm as shown in Figure 9 and Figure 10. However, model refinement is needed to avoid the stripping shape of salinity concentrations.
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Figure 7. Geographical location of the Ohashi River and sampling locations: (a) location in the Lake Shinji-Nakaumi system and (b) nine sampling localities in September, 1999.
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Figure 8. Initial conditions at 10:30 am: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.
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Figure 9. Comparison of the measured and the estimated results at 14:30 pm: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.
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Figure 10. Comparison of the measured and the estimated results at 16:30 pm: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.





5 CONCLUSION

A two-dimensional multiphase numerical model for incompressible, immiscible and variable density fluids has been developed to study salinity propagation of brackish coastal lakes due to tidal water flux. The governing equations are discretized in a collocated grid system and solved with a finite volume method. Using openMp parallel programing approach reasonably decreased the computational time. The developed model successfully predicted the density current propagation in the lock-exchange problems for Boussinesq and non-Boussinesq experimental cases. In addition, saltwater intrusion into Ohashi River was simulated and validated using field measured data. The predicted model still needs refinement to avoid concentration oscillations.
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Modeling of the spread of thermal pollution in rivers with limited data

M.B. Kalinowska & P.M. Rowiński

Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland


ABSTRACT: While solving practical problems concerning thermal pollution spreading in rivers, we very often deal with limited measuring data. At the same time the main target of such studies is usually the assessment of possible threats to the environment. Therefore the use of numerical models to simulate various scenarios of pollution spreading is a useful tool for such studies. In the present paper a two-dimensional numerical model developed by authors (called RivMix model) has been used to simulate the temperature distribution, after a continuous release of warm water into a river. Heat transport in the model is represented by the depth-averaged advection-diffusion equation with the included off-diagonal elements in the dispersion tensor. The simulations have been made for a few different study areas with complicated real channel geometries. A number of warm water release scenarios have been considered as well. Limitations and problems encountered have been discussed in the paper.



1 INTRODUCTION

Continuous development of industry, the growth of power plants and other facilities that use water for cooling purposes have made thermal pollution one of the major water quality problems. In general thermal pollution is a result of any process that changes ambient water temperature (usually it causes the increase of water temperature). In rivers one of the most common reasons for thermal pollution are discharges of heated water from all kinds of technical facilities (mostly power plants). Increasing human care for the environment and water quality has resulted in a number of regulations concerning newly constructed objects of this type. Environmental Impact Assessment (EIA) is required in many countries and frequently, among others it consists in the prediction of a possible increase in the water temperature, caused by discharges of hot water and the analysis of various possible variants of that discharges under different hydrological and meteorological conditions. The preparation of predictions of this type is not at all an easy task. Usually in such practical applications we have to deal with lack of sufficient information and input data. Often the execution of necessary measurements is difficult and/or too expensive. Therefore, we are forced to prepare forecasts based on a limited data.

Some of data are not available and never measured since we search for answers related to situations that have never occurred so far but are anticipated as probable future behavior of the system. In such situations numerical models are extremely useful. Nevertheless choosing the appropriate numerical model is difficult and at the same time very important. Such a model must be adequate for the problem being solved. We have to take into account the possibilities and costs of obtaining the required input data and sufficient accuracy of the results. We must always bear in mind the applied simplifications in the given model and the possible uncertainty of the results (Kalinowska & Rowiński, 2012, Rowiński & Kalinowska 2006).

In general, temperature distribution in rivers is described by three dimensional (3D) heat transport equation. Since the information about the 3D temperature field is not always necessary, and the data required to solve such equation are difficult to obtain, the reductions to two (2D) or even one dimension (1D) are used in practice. In the paper we are interested in the so-called mid-field zone in river in which the temperature distribution should be modelled with the application of 2D heat transport equation (Rodi et al., 1981, Seo et al., 2010; Szymkiewicz, 2010, Kalinowska & Rowiński 2012):

h(x)∂T(x,t)∂t=∇(h(x)D(x)⋅∇T(x,t))                                 −∇(h(x)v(x)⋅T(x,t))+q(x,t) (1)

where: t—time, x = (x, y)—position vector, T(x, t)—depth-averaged water temperature, h(x)—local river depth, v(x)—depth-averaged velocity vector, D(x)—heat dispersion tensor, q(x, t)—source function describing additional heating or cooling processes. The mid-field zone begins after complete vertical mixing (that is very fast in rivers) and stretches down the river until complete lateral mixing occurs. In this zone we can often neglect additional heating or cooling processes (like exchange with the atmosphere or groundwater). Since we are interested in the difference between the ambient water temperature in the river and in the warm water jet, and this difference is not huge (is of the order of degrees celsius) we can assume that those additional terms affect and change both heated and the ambient water in more or less the same way and do not significantly change the difference between their temperatures. Moreover we often deal with situations where no sufficient data to model the neglected processes with a satisfactory accuracy is at our disposal. Consequently their inaccurate calculation may introduce much larger errors in the final results then their omission. We are also not interested in day-night or seasonal changes in the water temperature in the considered temporal scales, but it should be mentioned that after the complete vertical mixing further cooling of water is mostly due to those additional processes.

The two-dimensional River Mixing Model (RivMix) has been proposed in the paper to model the spread of thermal pollution in rivers. The aim of the paper is to demonstrate its applicability in the mid-field zones.



2 RIVMIX—RIVER MIXING MODEL

The River Mixing Model is a two-dimensional finite-difference numerical model that may be used to simulate the spreading of passive pollutant in flowing surface waters. The model has been developed by authors at the Institute of Geophysics of the Polish Academy of Sciences. The heat transport in the model is represented by the 2D depth-averaged advection-diffusion equation with the included offdiagonal elements in the dispersion tensor (Eq. 1). Taking into account all tensor components is crucial especially for complicated geometries that normally exist in practice. Problems that might occur when omitting the off-diagonal tensor components have been pointed out by authors in their earlier publications (Rowiński & Kalinowska, 2006, Kalinowska & Rowiński, 2012). Detailed description of the RivMix model as applied to mass transport may be found in (Kalinowska & Rowiński, 2008).

For the cases presented in the paper the relatively fast and accurate Alternative Direction Implicit numerical scheme (ADI)—one from several implemented in the RivMix model has been used. In some cases it may be beneficial to use other implemented numerical schemes e.g. an upwind scheme when for the huge area (large computational mesh) the very fast solution is necessary, but then the results are biased with the numerical diffusion error (for details see Kalinowska & Rowiński, 2007). For the visualization of results ROOT (Object Oriented Data Analysis Framework)—a data analysis package created in the European Organization for Nuclear Research—CERN (Brun & Rademakers, 1997) has been used.

To run the model the following input data are necessary:


	– the river geometry and the water depth,

	– the two-dimensional velocity field,

	– the dispersion tensor,

	– the initial and boundary conditions,

	– the information about the sources of heated water,

	– the simulation parameters.





3 INPUT DATA

Appropriate representation of the channel geometry—necessary to prepare a computational mesh—is laborious and difficult, but crucial for final results. Note that the applied simplifications can be a source of serious uncertainty of the final results (see e.g. Kalinowska & Rowiński, 2012, Sojka et al., 2013). Usually the necessary data are taken from Digital Terrain Model complemented by the measured channel cross-sections. However, the number of available cross-sections is often insufficient and the data between the profiles need to be interpolated. In the paper a CCHE2D mesh generator developed by NCCHE—National Center for Computational Hydroscience and Engineering—has been used to prepare the 2D computational grids. This is a user-friendly mesh generator for generating structured quadrilateral meshes based on the bed topography and the bed elevation data (Zhang, 2005a).

The velocity and the depth fields, especially in 2D real cases, have to be modeled since such amount of measuring data is basically not available with the exception of a few academic studies. Herein the two dimensional depth-averaged CCHE2D unsteady, turbulent open channel model also developed by NCCHE (Altinakar et al., 2005, Jia & Wang, 2001, Ye & McCorquodale, 1997, Zhang, 2005b) has been used. Since it is technically impossible to model the temperature field for all possible discharges, it is necessary to choose the suitable flow conditions for computations. From the environmental point of view we are interested in the possibly worst conditions that may occur, therefore it is important to analyze the historical data to find reasonably low discharges for the given river reach. Similar procedure is recommended while setting up the initial water temperature and the boundary conditions.

The dispersion tensor that includes four dispersion coefficients (Dxx Dxy, Dyx, Dyy) is determined in the RivMix program on the basis of the longitudinal (DL) and transverse (DT) dispersion coefficients. DL and DT are the most important and the most difficult to determine factors characterizing the mixing processes (Czernuszenko, 1900). In practice they are very often determined using different available formulae (which one is the best is still a debatable question), but obviously the best source of information on the dispersion coefficients for the given river reach might be a tracer test if available (but it is still extremely complicated and expensive in 2D cases). This problem is widely discussed by authors in (Rowiński & Kalinowska 2006, Kalinowska & Rowiήski, 2008, 2013). In the situation when there is no experimental data that could be used to calibrate the model to obtain the proper values of the DL and DT coefficients we propose to use the most general relationship for dispersion coefficients (Czernuszenko, 1990; Sawicki, 2003):

D=ahu* (2)

where: D—longitudinal or transverse dispersion coefficient, u*—bed shear velocity, a—dimensionless parameter. Parameter a may assume values from a relatively large range especially for DL coefficient, but to find the most severe case which is usually the task in case of prediction of the possible change in the water temperature, it is satisfactory to analyze the result with the application of reasonable maximum and minimum values of the parameter a.

The information about the sources of heated water must include their position, temperature and rate. It is possible to set up: instantaneous or continuous discharge of pollutants, the discharge in one or many locations, point-like discharge or discharge along a segment.

The most important simulation parameters are: Δt—time step, Δxand Δy—the grid spacing, n—the duration of the simulation (the number of time steps), sh—the selected numerical scheme (ADI scheme by default), method—the parameter determining the way of solving the system of linear equations (Thomas method by default). Before running the model, the simulation parameters need to be specified, but choosing appropriate parameters usually requires preliminary test simulations. For example, the smaller grid spacing increases the resolution of the obtained results, but at the same time it increases the simulation time, so the choice of optimal grid spacing is of crucial importance. For some numerical schemes when selecting the spatial and temporal steps we must also take into account the stability condition (ADI scheme is unconditionally stable) and the size of the received numerical errors that are dependent on them. Wrongly chosen parameters may result in nonphysical oscillations (the so-called numerical dispersion error) or the excessive spreading of the pollutants (the so-called numerical diffusion error). While the first of errors is relatively easy to observe, the second one may not be noticed, causing an erroneous interpretation of the results. The selected ADI scheme does not cause the numerical diffusion error, but in certain situations some non-physical oscillations may occur. The detailed description and calculations of numerical diffusion and numerical dispersion errors for the schemes implemented in the RivMix program can be found in (Kalinowska & Rowiήski 2007).



4 EXAMPLES OF APPLICATION OF THE RIVMIX MODEL

Two different cases of continuous discharge of heated water to the river have been chosen to i llustrate the application of the RivMix model. Both cases relate to the real situation of continuous warm water discharges from the designed gassteam power plants. In both cases, it was necessary to build the scenarios of possible increases in water temperature in the rivers with limited input data. Both power plants are to be situated in Poland on the bank of the River Vistula in two different locations. They are briefly described below.


4.1 Case 1

This new power unit is still at planning stage so its detailed location will not be given herein but this information is not crucial for the illustration of the modeling results. The important fact is that the given reach of the Vistula River has semi natural braided channel geometry and is protected by Nature 2000 protocol. Therefore, diminishing of the anticipated heat effects on the local environment is of crucial importance. The necessary information about the input data have been pointed out below. The detailed case description and presentation of different anticipated variants of heat discharge will be published in a separate paper.

– River geometry

The digital terrain model based on the 1:10000 scale land survey and height map (1999) and the measured river cross-sections have been used to prepare the computational mesh. Initially the twenty three kilometers river reach has been taken into account. The preliminary computations of temperature distribution showed that the considered stretch of the river may be reduced (river water temperature returns to the background value much earlier). Finally, the calculations were performed for the four-kilometer stretch of the river. Study area has been shown in Figure 1.

– Depth and velocity field

The velocity field and the water depths obtained with use of the CCHE2D model are presented in Figures 2 and 3 respectively. Since we would like to take into account the extreme conditions, the computations have been made for the mean low-flow of the Vistula River: Q = 200 m3/s. The values have been determined on the basis on the longstanding observations (century of observations).

– Dispersion coefficients

As it was mentioned earlier the dispersion coefficients are difficult to estimate. In the considered case there was no experimental data that could be used to calibrate the model to obtain the proper values of the DL and DT coefficients. The relationship (Eq. 2) has been used to determine them. Several tests with different parameter a have been made. For the purpose of this presentation the values of a equal to 100 and 0.6 have been assumed for the DL and DT coefficient respectively.

– Initial and boundary conditions

The averaged natural (ambient) water temperature has been taken as the initial temperature and the possible spatial and temporal changes of that value are omitted in the computations.
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Figure 1. Case 1 study area.




[image: ]

Figure 2. The water depth for Case 1 for the considered study area, computed for the averaged low-flow discharge Q = 200 m3/s.
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Figure 3. The velocity magnitude for Case 1 for the considered study area, computed for the averaged low-flow discharge Q = 200 m3/s.



It was assumed that the river bank had a temperature equal to the initial temperature of ambient water, and the boundary conditions were defined in the way not allowing the river water to heat the bank, but the bank could possibly cool down the water.

Such assumption was obviously caused by the lack of information on the bank temperature, but we are aware that it could locally influence the results.

– Information about the sources of heated water Different variants of warm water release with constant intensity of 9 m3/s have been analysed. The temperature of the discharge water was 8°C higher than the temperature of the ambient river water but did not exceed the temperature of 35°C (the limit imposed by Polish law). A continuous point-like discharge through a single nozzle located near the right river bank has been chosen to present in the paper.

– Simulation parameters

After preliminary tests the simulation parameters have been set up to: Δt = 1 s; Δx = Δy = 10 m. Those values ensure accurate enough solution with the selected ADI scheme with Thomas method (Thomas method is an effective way of solving a tridiagonal system of linear equations (Press et al 2007)). The simulations have been stopped after 10,000 time steps, but no significant changes have been seen much earlier.



4.2 Case 2

Case 2—located in the lower Vistula in the Kuyavian-Pomeranian Voivodeship in Włocławek town. Detailed case description may be found in (Kalinowska et al. 2012).

– River geometry

A topographic map and twenty one measured cross-sections of Vistula River (between the 690.250 and 718.200 kilometers) have been used to prepare the computational mesh. Preliminary computations allow to reduce the analyzed stretch of the river to the study area presented in Figure 4.

– Depth and velocity field

As in the previous case (Case 1) the velocity and water depth fields have been obtained with the use of the CCHE2D model. The situation with the mean low-flow in the considered river stretch, Q = 334 m3/s is taken into account. The detailed results of that calculations may be found in (Kalinowska & Rowiήski 2012, Kalinowska et al., 2012).

– Dispersion coefficients

Various values of dispersion coefficients were considered in the previous study (Kalinowska & Rowiήski 2012) whereas in this paper a = 100 and 0.6 have been used for the DL and DT coefficients respectively.
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Figure 4. Case 2 study area. Reach of Vistula River located in the Kuyavian-Pomeranian Voivodeship in Włocławek, Poland.



– Initial and boundary conditions

Similarly to Case 1 the averaged natural water temperature has been taken as the initial temperature conditions and it was additionally assumed that the river bank had a temperature equal to the initial temperature of ambient water.

– Information about the sources of heated water Different variants of warm water release with constant intensity of 14 m3/s have been analysed. The temperature of the discharged water was set as 7°C higher than the temperature of the ambient river water. A continuous point-like discharge through a single nozzle located in the middle of the channel at point Z = (497.635 km, 542.121 km) has been presented in this paper. Additional variants with point-like discharge through a single nozzle or a continuous distributed discharge through a series of uniformly spaced nozzles along a straight exit pipe may be found in (Kalinowska et al 2012).

– Simulation parameters

The simulation parameters have been set up to: Δt = 1 s; Δx = Δy = 10 m. ADI scheme with method SOR ( Successive Overrelaxation Method is an iterative method for solving a linear system of equations (Press et. al, 2007)) have been chosen. Simulations have been stopped after 30,000 time steps (no significant changes have been noticed much earlier).




4.3 Results

The predicted temperature distributions in both cases have been presented for the conditions occurring in summer. The average temperature of natural water in summer in the considered region of the Vistula River in Case 1 is equal to
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Figure 5. Predicted 2D temperature distribution in Case 1. Point-like continuous discharge of 9 m3/s of warm water in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 200 m3/s.
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Figure 6. Predicted 2D temperature distribution in Case 1. Point-like continuous discharge of 9 m3/s of warm water in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 200 m3/s—the zoomed discharge area.
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Figure 7. Predicted 2D temperature distribution in Case 2. Point-like continuous discharge of 14 m3/s of warm water at point Z = (497.635 km, 542.121 km) in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 334 m3/s.
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Figure 8. Predicted 2D temperature distribution in Case 2. Point-like continuous discharge of 14 m3/s of warm water at point Z = (497.635 km, 542.121 km) in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 334 m3/s—the zoomed discharge area.



22.7°C. The same initial water temperature has been used in Case 2 to facilitate comparison of the two cases. The results for the continuous point like discharges are presented in Figures 5, 6 (Case 1) and 7, 8 (Case 2). Additional results for Case 2 are discussed in (Kalinowska et al, 2012).

From the environmental point of view, according to Polish law, in both cases—since the river is a habitat for fish from Cyprinidae family—there are two trashold values of water temperature. These values are: the temperature equal to 28°C and the temperature 3°C higher than the ambient water temperature (marked as Tw + 3°C in figures).

Both values should not be exceeded below the warm water discharge on the boundary of the mixing zone. The selected results presented in the paper, as well as other variants (different seasons, different flow conditions, locations of discharge and methods of discharge way) meet these conditions for both cases. Such statement is supported by Figures 9 and 10 which shows the maximum temperature that might occur within a distance r
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Figure 9. The maximum temperature which might occur within a distance r range 0 to 3000 m from the discharge point in Case 1 for different parameters a using to compute the longitudinal dispersion coefficient.
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Figure 10. The maximum temperature which might occur within a distance r range 0 to 3000 m from the discharge point for Case 2 for different parameters a using to compute the longitudinal dispersion coefficient.



from the discharge point. Additionally curves for extreme values of parameter a used to calculate the longitudinal dispersion coefficient have been plotted in Figures 9 and 10. While for the Case 1, the results for different parameters a are very similar, in the Case 2, we have noted much bigger differences in the temperature growth for different values of parameter a. Changes of the transverse dispersion coefficient do not introduce any visible modifications in the heat distributions. As stated above, from the point of view of environmental impact assessments it is essential to meet the standards mentioned. The study shows that those standards are met in both cases for all reasonable values of parameters a.




5 CONCLUSIONS

Analysis of real cases with continuous discharges of warm water into river shows that River Mixing Model can be successfully applied to the modeling of thermal pollution spreading in the mid-field zone, with limited data available. Nevertheless we should bear in mind that in all stages of preparing the input data and modelling we have to make series of simplifications, that may influence final results.
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ABSTRACT: A simple depth-averaged model is derived based on deformation of streamwise velocity to reproduce the characteristics of hydraulic jump and bore. Initially, the streamwise velocity expressed in a power series of dimensionless depth and dependency of coefficients on spatial coordinate are considered. The relations amongst the coefficients of streamwise velocity are derived by using 2D continuity and momentum equations. The water surface profile equation for the hydraulic jump is then deduced by substituting the obtained relation of coefficient into depth-averaged continuity and momentum equation. The analytical results are verified with the previous experimental data.



1 INTRODUCTION

Hydraulic jump has been well investigated for a long time as a classical problem in the hydraulic engineering field. This local phenomenon had been the subject of repeated experimental investigation. Bakhmeteff & Matzke (1936), seems to be the initial contributor who made the phenomenon of the hydraulic jump clearer. Following their study, Rouse et al. (1958) measured the flow pattern of the hydraulic jump in an air duct so as to allow greater insight into the phenomenon. These studies were helpful to determine the water surface profile, length of the jump and to predict the turbulent characteristics of the jump. The intensive efforts have been continued successively, considering the effects of air entrainment in the jump. Current knowledge in hydraulic jumps with air entrainment was summarized by Chanson (2009).

Numerical investigation of the jump gained an importance with the advent of the computers. Earlier, most of the researchers were considering the hydrostatic pressure and uniform velocity distribution to derive the momentum equation for water surface profile analysis (For example, Chow (1959), Abbott et al. (1969)). However, Basco (1983) showed that the pressure distribution is not hydrostatic. He assumed the vertical velocity variation, stating zero velocity at the bed to maximum at the free surface and proposed Boussinesq equations to include the non-hydrostatic pressure variations. Numerical studies in one-dimensional flow are then conducted with the solution of Boussinesq equation (Gharangik et al. (1991)). Since the simple depth averaged model is only considered in this paper, multi-dimensional CFD models with turbulence model are not described here.

Not only experimental and numerical studies but also theoretical studies of hydraulic jumps had been performed by few researchers. Narayanan (1975) in his study, treated plane turbulent wall jet as a hydraulic jump in turbulent flow, just like what Rajaratnam (1965) showed experimentally. On the other hand, Madsen & Sevendsen (1983) developed turbulent closure model to determine the velocity field and the surface profile of bores and hydraulic jumps. Although their model predicted velocity deformation and water surface profile in hydraulic jump, it is not feasible to include their formulation in the derivation process of common momentum equation in the classical hydraulics.

The attempt of depth-averaged jump modeling was also made by Khan et al. (1996). However, their model focused on the introduction of momentum flux term in the Saint Venant equation. They derived the momentum flux by considering the non-uniform velocity distribution and by approximating the turbulent stresses using a simplified algebraic stress model. Contrarily, in present research, the deformation mechanism of streamwise velocity is considered and a simplified form of depth-averaged continuity and momentum equation is derived to obtain the water surface profile of the jump. Starting from the simple analytical solution of the momentum equation with eddy diffusivity term, the effect of bed shear stress is introduced to determine the surface profile of the jump. In order to obtain the water surface profile and velocity distribution together in hydraulic jump the deformation principle is considered in the later part of the analysis. The deformation principle is adopted from the previously developed depth-averaged model, derived for unsteady flow. (Langhi et al. 2013). The performance of the models are verified with the experimental data of Bakhmeteff & Matzke (1936), Gharangik et al. (1991) and theoretical and experimental data of Madsen et al. (1983).



2 MODEL ANALYSIS


2.1 Momentum equation with eddy diffusivity term

Before deriving the model with velocity deformation, the basic features of the model with uniform velocity and eddy diffusivity are studied theoretically in this section. The momentum equation assuming the hydrostatic pressure and uniform velocity distribution and including the eddy diffusivity term is:

ddx(hU2+g2h2cos θ)           =ddx(DmhdUdx)+ghsin θ−τbxρ (1)

where x = streamwise distance; h = flow depth; U = depth-averaged velocity; θ = angle made by the streamwise slope with the horizontal; Dm = eddy diffusivity coefficient; g = gravitational acceleration; τbx = bed shear stress; ρ = mass density of fluids.

Using continuity equation,

hU=q (2)

and by the definition of bed shear stress,

τbxρ=CfU2 (3)

For horizontal bed, Eq. (1) is expressed as:

(−q+g h3)dhdx−Dmq (dhdx)2+Dmqhd2hdx2+Cfq2=0 (4)

The eddy diffusivity coefficient is correlated to the discharge by similarity function as:

Dm=αq (5)

where α is a proportionality factor.

Neglecting bed shear stresses, Eq. (4) is reduced to the form given as:

dhdx=−1Dmq (q2+gh32−M0h) (6)

The momentum flux M0 is defined as:

M0=q2h1+gh122 (7)

Integrating Eq. (6) from critical depth hc to h and by simplification, the exact solution for water surface profile of a jump, passing through critical depth is obtained as:

a1′ln (h−h1hc−h1)+a2′ln (h−h2hc−h2)       +a3′ln (h−h3hc−h3)=−A′(x−xc) (8)

where xc is the location of the critical depth and constants a1′, a2′, a3′ and A’ are defined as:

a1′=a1b; a2′=a2b; a3′=a3b; A′=Ab  and b=(a1a2a3)1/3 (9)

a1=−1(h1−h2)(h3−h1);                a2=−1(h1−h2)(h2−h3);a3=−1(h2−h3)(h3−h1) and    A=1Dmqg2 (10)

To check the performance of the analytical method, the water surface profile obtained by Eq. (8) is compared with the experimental data of Madsen et al. (1983). The hydraulic parameters of the experimental data are shown in Table 1.

As shown in Figure 1, different values for the coefficient of the proportionality factor α are used to reproduce the water surface profile of the jump.

From the definition of turbulent diffusivity coefficient, which is hu, (where u* is the friction velocity), it is considered that the value of α ranges from 0.005 to 0.1. Contrary to these values, the length of





Table 1. Hydraulic parameters considered for numerical simulation.




	Experimental case

	Upstream depth, h1 (m)

	Velocity, u1 (m/s)

	Froude number

	Downstream depth, h2 (m)






	Madsen et al

	0.0728

	1.808

	1.97

	0.175




	Bakhmeteff and Matzke

	0.0765

	1.720

	1.98

	0.175




	Gharangik et al

	0.043

	2.737

	4.23

	0.222




	
	0.040

	3.578

	5.74

	0.286




	
	0.024

	3.255

	6.65

	0.195




	
	0.031

	3.831

	7.0

	0.265
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Figure 1. Water surface profile obtained by exact solution.



the hydraulic jump fit well with the experimental data for α = 1.0. Despite that, the water surface profile of the jump is not in a good agreement with the experimental data. This implies the further necessity to review the meaning of eddy diffusivity term and revise the model to obtain the reasonable comparison with the experimental data.

Additionally, numerical simulation of Eq. (4) using 4th order Runge-Kutta method is conducted to examine the effect of bed shear stress on water surface profile of a jump. The simulations are conducted under the experimental conditions of Gharangik et al. (1991) for different Froude numbers. The calculation begins with the values of water depth and the derivative of water depth, as an initial condition. The experimental depths are not the conjugate depths, hence, adjustment of the value of derivative of the water depth at the upstream location complies with the experimental depth of water at the downstream end. The results of the numerical simulation for Froude number 4.23, 5.74, 6.65 and 7 are checked with respective to the experimental data. Here, only two simulation results for Froude number 4.23 and 7 are shown in Figure 2.


[image: ]

Figure 2. Water surface profile for Fr = 4.23, obtained by Eq. (4).



In this case, different values of α are also considered to obtain the water surface profile of the jump. Here, the coefficient of friction velocity is considered as 0.01. The comparisons of the water surface profile with the experimental data shows that, with the increase of the value of α, the water surface profiles of the hydraulic jump come closer to the experimental results. It is also seen from the figures that, the Froude number of the hydraulic jump is in directly proportional to α value. That is, if the Froude number of the hydraulic jump increases, the values of the proportionality factor α increases and vice versa.

All these results justify numerically the existence of continuous water surface profile of the hydraulic jump passing through the critical depth even if the bed shear stress and eddy diffusivity term are included. Therefore, to prove the existence of the solution for continuous water surface profile passing through the critical depth, the condition of Eq. (4) is expressed analytically as,

h=h0(x)+Cf  δh1(x) (11)
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Figure 3. Water surface profile for Fr = 7, obtained by Eq. (4).



where h0(x) is satisfied by analytical solution of Eq. (8). It is re-described as

F(h0)=−1A′ln { (h0−h1hc−h1)a1′(h0−h2hc−h2)a2′(h0−h3hc−h3)a3′ }             =(x−xc) (12)

By using Taylor’s series, the expansion of F(h0) around a critical depth is given as

F(h0)=x−xc=b1(h0−hc)+b2(h0−hc)2⋯                  +b3(h0−hc)3+⋯ (13)

Substituting Eq. (11) into Eq. (4) and after simplification, following equation is obtained.

3gh02dh0dxδh1+(gh03−q2)dδh1dx−2Dmqdh0dxdδh1dx        +Dmqh0d2δh1dx2+Dmqd2h0dx2δh1+q2=0 (14)

δh1 is expressed using Taylor series as

δh1=β1(h0−hc)+β2(h0−hc)2+β3(h0−hc)3+⋯ (15)

Substituting δh1 and dh0/dx = 1/ (dF(h0)/dh0) into Eq. (14), the relations between the coefficients of power series for δh1 are derived as Eq. (16).

β2=2Dmqα1β1+2  Dmqhcα2β1−q2α132  Dmqhcα1 (16)

β3= [ −6ghc2α12β1+2Dmq (α1β2+4α2β1+3hcα3β1)             −6q2α12α2 ]/6Dmqhcα1 (17)

These relations show that, by providing the gradient at the critical depth, i.e. β1 and the critical depth hc; the other coefficients can be calculated. The other two coefficients indicate the water depth at the upstream and downstream end. Hence, the surface profile passing through the critical depth between two boundaries of jump can be evaluated by Eq. (11).

The whole analysis until now is describing the fact that, continuous water surface profile can be obtained between the conjugate depths of the hydraulic jump. Of course, the nature of the surface profile obtained is based on the eddy diffusivity value selected during the calculation. Thus, in order to reproduce the water surface profile of the hydraulic jump more accurately, a revised simple depth-averaged model is developed. The formulation of the model is based on the concept of velocity deformation, which is similar to the method of the model of the unsteady open channel flow described in the paper by Langhi et al. (2013). The details of the depth-averaged model evaluation are described henceforth.



2.2 Revised depth-averaged model formulation

Referring to Figure 4, the fundamental form of the streamwise velocity is expressed by the power series of relative depth as:

u=u0+u1η+u2η2+u3η3+u4η4+⋯ (18)

where η = y/h.

From the continuity equation, the vertical velocity distribution is represented as:

∫0y∂v∂y dy=v=−h∑i=04(∂ui∂x−iuih∂h∂x)η+1i+1 (19)
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Figure 4. Schematic illustration of the hydraulic jump.



Madsen et al. (1983) reported that the pressure variation has very small effect on the horizontal balance. Therefore, for present study the hydrostatic pressure distribution is considered.

p=ρg cos θ(h−y) (20)

The steady form of the equation of motion in x-direction is

u∂u∂x+v∂u∂y=gsinθ−1ρ∂p∂x+∂∂y(τxyρ)+Dmy∂2u∂y2 (21)

The shear stress has small influence on the jump height depending on the Froude number (see Madsen et al. 1983). Thus for simplicity, and to make the model as similar as to the Madsen et al. (1983)’s model, shear stress is neglected from the derivation. This led value of u1 to be zero, assuming Boussinesq eddy viscosity concept. Substituting Eq. (18), (19) and (20) into the equation of motion, the coefficients of velocity are expressed into the form as:

u3=h26Dmyu0(∂u1∂x−u1h∂h∂x) (22)

u2=h22Dmy(u0∂u0∂x+g∂h∂x) (23)

u4=h212Dmy( u0∂u2∂x−2u0u2h∂h∂x−u2∂u0∂x            +u12∂u1∂x−u122h∂h∂x ) (24)

where Dmy indicates the eddy diffusivity.

The depth-averaged continuity and momentum equations are expressed by using only coefficients u0 and u2 as:

qh=u0+13u2 (25)

h u02+23h u0u2+15h u22+gh22=M0 (26)

Defining coefficient X by relation,

X≡u0−qh (27)

Substituting Eq. (27) into the momentum equation, Eq. (26), the expression for coefficient X is obtained as

X=54(M0h−q2h2−gh2)=12h5g2−(h−h1)(h−h2)(h−h3) (28)

To derive the depth-averaged model consistent with water surface profile equation, initially, u2 is represented by substituting U = q/h as a first approximation for u0 in Eq. (22). The second approximation for u0 is then determined from the continuity equation as:

u0=qh+g h26 Dmy(−1+q2g h3)∂h∂x (29)

The second approximation for u2 is obtained by re-substituting u0 of Eq. (29) into Eq. (22). That is

u2=12Dmyh[ q+16  Dmy(q2−g h3)∂h∂x ]           × [ −q∂h∂x−16  Dmy(q2+2gh3)(∂h∂x)2           +h6Dmy(q2−gh3)∂2h∂x2 ]+12Dmygh2∂h∂x (30)

Because of the singularity observed for gradient of water depth in the first approximated solution, the second approximations for the coefficients are considered. It is observed from Eq. (25) and Eq. (27), that,

u2=3(qh−u0)=−3X (31)

Comparing Eq. (30) and Eq. (31) and by using the expression of coefficient X, the water surface profile equation for the hydraulic jump is obtained as:

q2+gh32−M0h+145  Dmy2(q2−gh3)2(∂h∂x)2     +q135  Dmv3(q2−gh3)(2q2+gh3)(∂h∂x)3     +1810  Dmy4 [ q22(2q2+gh3)2      +(q2−gh3)2(q2+2gh3) ](∂h∂x)4=0 (32)
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Figure 5. Water surface profile of the hydraulic jump obtained by depth-averaged model.
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Figure 6a. Velocity distribution at the upstream of hydraulic jump obtained from simple depth-averaged model.
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Figure 6b. Velocity distribution within hydraulic jump obtained from simple depth-averaged model.







3 RESULTS OF DEPTH-AVERAGED MODEL


3.1 Water surface profile of the hydraulic jump

The estimation of water depth is carried out from the upstream point where initial depth is h1. Assuming the increment of Δh, water depth satisfying the Eq. (32) is figured out. The calculations performed for each Δx from upstream to downstream direction. The water surface profile obtained by using Eq. (32) is plotted in Figure 5. The experimental data of Madsen et al. (1983) and Bakhmeteff and Matzke (1936) are used for the comparisons. For the proportionality factor α = 0.09, the obtained results shows reasonable agreement with the experimental data. The water surface profile exhibits the smooth increment from initial depth h1 to its consecutive depth h2. However, the length of the jump for the theoretical model is bit smaller than the experimental results. Although little discrepancy is observed in the recirculation zone, the overall tendency of the water surface prolife is in good agreement with the experimental data of Madsen et al. (1983).



3.2 Velocity distribution in the hydraulic jump

The distributions of velocities in consistent with the water depth are compared with the experimental and theoretical results of Madsen et al. (1983). The distributions are plotted for different depths as shown in Figure 6. The comparisons of the velocity distribution with the experiment shows that, at upstream and downstream end of the jump the depth is constant.

Thus, the velocity profile exhibits the constant distribution as an averaged velocity. However, in the recirculation zone of the hydraulic jump, the velocity deforms and indicates the better agreement with the previous theoretical results. Unlike the theory of Madsen et al. (1983), the present analysis described that, the surface profile is sensitive to the form of the velocity profiles. Therefore, the assumptions employed for determination of velocity produce reasonable distribution satisfying the continuity equation for each velocity profile. From the viewpoint of the accuracy of the distributions, it is observed that the deformation of the velocity is achieved well to some extent. Thus, it is necessary to improve the model by employing the higher order terms in the formulation. It is worth mentioning here that, the model proposed herein does not contain eddy viscosity term as a turbulent transfer term as described in section 2.1. Instead, it is considered as a momentum transfer term caused due to the deformation of the velocity.




4 CONCLUSIONS

Following the deformation principle in gradually varied unsteady flows (Langhi et al. 2013), an analytical solution for hydraulic jump was developed in successive steps.

The analysis commenced with the solution of momentum equation by including the eddy diffusivity term. The obtained results with this solution could reproduce the continuous profile of the jump between two conjugate depths. The solutions also brought the similar trend of continuous profile between two conjugate depths when bed shear stress term is included into the basic equation. However, obtained results from both the methods reproduced appropriate characteristics only for large proportionality factor. This led to further analysis to predict the formation of the jump.

The simple depth-averaged model by including the velocity deformation is then proposed. The behavior of the model is verified in comparisons with the experimental data. The analytical solution obtained by the depth-averaged model satisfied the findings of the previous studies indicating the reasonable agreement of the water surface profile with the experimental data. The assumptions employed for the velocity distribution also provided reasonably good agreement with the experimental data. Although further improvement is required, it is found that the proposed model can reproduced the experimental characteristics from the view point of accuracy of the approximate distributions.
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ABSTRACT: The Arc River (French Alps) undergoes consistent suspended sediment transport, therefore hydroelectric facilities are affected by high rates of sedimentation. To clarify suspended sediment transport in this river a tracing experiment has been set in March 2013. Flow discharge was near the minimum instream flow. A known volume of fluorescent tracer (Rhodamine Water Tracer) was injected (Dirac-type pulse) in the river and monitored over 7 km downstream using immerged field fluorometers located in 5 measurement sites. On every site, measurements show a clear pattern of tracer transport which shape evolves from upstream to downstream sites, showing the advection-dispersion process. Additional monitoring of the flow (with water level and surface radar velocity measurements) was done during the tracer experiment.

Additionally, a 1D advection-dispersion and hydrodynamic numerical model (MASCARET COURLIS, part of TELEMAC MASCARET SYSTEM) was compared with in-situ measurements. Constant dispersion coefficients are tried out as well as different formulae depending on hydraulic parameters. The numerical model well reproduces the data. However, approximation due to the one dimensional approach limited the whole comparison with field data. Using, the measurements on both sides of the river bed, a discussion of the mixing dynamic is proposed.



1 INTRODUCTION

The understanding of transport of fine sediments in rivers is essential in several major issues. For examples, dam operators must be able to predict the impact of dam flushing or lowering on the downstream reach (Brandt 1999, Jodeau and Menu 2012), water quality managers need tools to specify the sources and transport of contaminants (Launay et al. 2012).

Suspended sediment transport is controlled by advection and dispersion processes. Erosion and deposition processes determine the source terms. Therefore transport of suspended sediments could be written in the well-known following advection-dispersion equation (written in one dimension for simplicity):

∂AC∂t+∂QC∂x=∂∂x(KxA∂C∂x)+E−D+q (1)

where A is the water area, C the averaged sediment concentration, Q the flow discharge, Kx a longitudinal dispersion coefficient, E, D and q respective erosion, deposition, tributary source terms.

Advection is the translation of the sediments by the water flow, in equation 1 it is the term ∂QC/∂x, it depends only on the flow velocity. The dispersion term, ∂/∂x(KxA(∂C/∂x)),gathers several physical processes: (i) The molecular diffusion due to the Brownian motion of particles, the order of magnitude of the associate coefficient is Dm = 10−9 m2 s−1; (ii) The turbulent dispersion due to the turbulent fluctuations of the flow velocity field, in rivers it varies from Dturb = 10−2 to 102 m2 s−1; (iii) dispersion due to the lateral or vertical non uniformity of the flow velocities in the river, in rivers it varies from Ddisp = 10−1 to 104 m2 s−1.

The knowledge of advection and dispersion processes in rivers is a key point in the prediction of suspended sediment transport. Depending on flow characteristics, advection or dispersion t ransport could be predominant. Besides the order of magnitude of the dispersion coefficient Kx could be significantly different depending on the geometry and the flow characteristics of the river. Moreover a large number of formulas for dispersion coefficient estimation could be found in the literature (Kashefipour and Falconer 2002).

In order to predict dam flushing downstream effects (Antoine et al. 2014), we are interested in suspended sediment transport. We decided to investigate the dispersion processes in details in order to better parametrize the future sediment models. The first part of this paper characterizes the site of interest, then we present the experiment set up to measure advection and dispersion processes, the paper follows with the analysis of the experiment and a comparison with a 1D numerical model, MASCARET COURLIS, and it finishes with a discussion, a conclusion and some work perspectives.



2 PRESENTATION OF THE STUDY SITE

The Arc River is a torrential river of the French Alps with a mean slope about 1%, a high rate of suspended and bed load transport and a watershed area of 1950 km2. The river is harvested in order to produce electricity. Dams and reservoirs of the upper Arc River are managed by EDF (Electricity of France) and flushed once a year to prevent a loss of storage and to avoid safety issues. Water diversions induce a low discharge in the river most of the time.


[image: ]

Figure 1. Study reach: (a) Location in the Arc valley, (b) Longitudinal profile of the river.



The area of interest is a typical reach of the river, located downstream all the reservoirs in the regulated reach, Figure 1 (a). The length of the studied reach is around 6 km, the mean slope is 0.8% with a maximal value around 2.4% and the width of the river in this area is around 50 m. The river bed is made of small boulders and gravels, some small patches of vegetation could be found in the river.

The experiment was performed in winter time, before the snow melt, on March 2013, to avoid large concentration of suspended sediment. In this area the low regulated discharge is around 7 m3 s-1. The map on Figure 1 gives the location of the reach.



3 DISPERSION EXPERIMENT IN THE ARC RIVER

The dispersion experiment was performed in order to analyze dispersion and advection processes, therefore we focused on flow velocity and tracer measurements. The topography of the river has been measured before the experiment.


3.1 Flow velocity and flow discharge measurements

The water discharge of Arc River at Site 5 (Sainte Marie de Cuines), was measured using a simplified version of the velocity-area method, which is an integration of velocity field in the river cross-section (Herschy 1999). The discharge is estimated combining water depths and mean velocities in the cross section. The Surface Velocity Radar (SVR), 24.1 GHz, developed by Decatur Electronics, was used to measure the surface velocities of the flow across the river section. The radar antenna directs a beam of microwave energy at the moving water surface and collects the energy reflected back. The shift in signal frequency is proportional to surface water velocity. This is the well know Doppler Effect. The beam size depends of the position of the radar device above the river. In our case, the detection area has a diameter of 1.7 m. The surfaces velocities were measured at 21 verticals distributed regularly throughout the river cross section.

(Jodeau et al. 2008) studied the mean to surface velocity ratio of Site 5 for a wide range of discharges (up to 120 m3 s−1). The ratio ranges from 0.69 to 0.80, and the mean value for low flow is 0.76. The surface velocity measured by SVR was converted to depth-averaged velocity applying this ratio of 0.76. The depths of the river cross-section were obtained from a DGPS survey (28 verticals) done the same day. The stream stage was read on a gauge stage.

In order to estimate the uncertainties in discharge measurement we apply the method presented in the ISO 748 standard (ISO 2007). The measurement accuracy of the Surface Velocity Radar corresponds to 5% of the measured velocity (Decatur 2011). The overall calculated uncertainty is about 8.0%. (Le Coz et al. 2012) mentioned an uncertainty ranging between 5 to 10%.

The Pontamafrey gauging station (Fig. 2), located at the Injection Site, operated by EDF-DTG yields the reference discharge measurements in the Lower Arc River. Water level is monitored by a pneumatic pressure gauge (Hydrologic). The gauging station is located upstream of a concrete sill which provides hydraulic control. About 4 discharge measurements are conducted per year in order to document the stage-discharge relationship (so-called rating curve). At low flow, the sensibility of the station, defined as the difference of discharge getting for an increase of the water height of 1 cm, is about 5%. Considering the uncertainty of the discharge measurements used for computing the rating curve (about 7%), the uncertainty of the stage measurement (about 1%), and the uncertainty of the tracing of the rating curve (about 5%), a global uncertainty of about 10% can be associated to the discharge value given by the station.



3.2 Tracer monitoring

For estimating dispersion, river field studies have used radioactive or fluorescent tracers by recording concentrations at fixed locations downstream of an injection point (Atkinson and Davis 2000)
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Figure 2. Locations of the measurements sites. Distances from injection site along the river are indicated.



(Godfrey and Frederick 1970). A number of theoretical and empirical dispersion models were developed from these types of observations. In most rivers, the ratio of width to depth is large causing the tracer to rapidly mix in the vertical before becoming mixed in the transverse. In order to predict the far field longitudinal dispersion, assuming that vertical mixing is short, an accurate estimate of transverse mixing is required.

In our study, the comportment of suspended sediments in terms of advection and dispersion is modeled using a fluorescent tracer. A known volume of fluorescent tracer is introduced with a rapid pulse into the water. The tracer is transported downstream, mixed with the water and forms an elongated cloud. The shape of this cloud is monitored using fluorometers.

Several tracers are used by hydro-geologists. Most common are Uranine (green tracer), Eosine, Sulforhodamine B, Rhodamine Water Tracer (red tracers), and Naphtionate (uncoloured). Uranine (fluoresceine) is not advisable for free surface flow because of its sensibility to sunlight. At EDF, the choice of Rhodamine Water Tracer (RWT) is based on a long practice. It is an excellent compromise between stability to UV light, sorption by the soil, sensitivity, eco-toxicity and price, see (Carre et al. 2007).

Analyzing the behavior and the dynamic of a tracer over the 7 km of the studied area requires sufficient spatial sampling. The tracer was injected at the hydrometric station of Pontamafrey, so called the Injection site. 5 measurement sites, well-distributed along the studied area and located at distances from 645 m to 7000 m were selected (see Fig. 2). The exact locations of these points are given in Table 1.

Each site was equipped with two fluorometers for the real-time measurement of the tracer concentration, one close to the right bank, and the other close to the left bank. On site 3, the right bank was not accessible, and both instruments were installed on the left bank, separated by about 200 m. We used GGUN-FL30 flow-through field fluorometers (Albilia, see (Schnegg and Flynn 2003)), lightweight (3.6 kg) and compact, using 12V battery as power source, see Figure 3 (b). The threshold of detectability of the fluorometers is 0.1 ppb of a RWT 20% solution. Calibration curves, converting the signal measured by the fluorometer (in mV) onto ratio of concentration (in ppb), were set in the laboratory using RWT 20% solution. It is important to note that the same RWT solution was used for the calibration and the tracing experiment. In the field, fluorometers were immersed in the river water to measure the natural fluorescence, and then immersed in a solution of known concentration (50 ppb) in order to





Table 1. Location of measurements sites.




	Site

	Informal name

	Latitude

	Longitude

	Distance from injection (m)






	Injection site

	Pontamafrey

	4517′50.23″N

	621′14.71″E

	0




	Site 1

	Highway Bridge

	4518′8.68″N

	621′1.59″E

	645




	Site 2

	Pontamafrey’s chapel

	4518′40.75″N

	620′25.26″E

	1900




	Site 3

	Chaney

	4519′14.16″N

	619′13.85″E

	3800




	Site 4

	Les Champagnes

	4520′5.88″N

	618′46.53″E

	5500




	Site 5

	Ste Marie

	4520′51.67″N

	618’20.32″E

	7000
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Figure 3. (a) Picture of the river downstream the i njection site a few minutes after the tracer injection. (b) Preparation of the field fluorometers (GGUN-FL30).



adjust the calibration and to take into account the effects of the river water on the fluorescence. The fluorometers measured the tracer concentration every 3 seconds, wich is sufficient enough to get the dynamic of the tracer cloud.

A known volume of a solution of RWT (with a 20% dye content) was quickly poured in the river at the injection site (Fig. 3 (a)). The volume was calculated considering the detection limit of the fluorometer, the discharge and the distance between injection and the downstream measurement site (i.e. site 5):

VRWT=RvTQ (2)

where VRWT is the volume of tracer to inject (in L); Rv is the ratio between the concentration of the solution of RWT injected and the averaged concentration of RWT of the tracer cloud in the river at site 5 (in ppb); T is the duration of the cloud of tracer at site 5 (in s); and Q is the river discharge (in Ls−1). In order to get a sufficient signal to noise ratio, Rv must reach 30 ppb. The experiment was conducted for a discharge of about 7 m3 s−1, given by the hydrometric station of Pontamafrey (see section 3.1). The duration of the cloud of tracer at site 5 was estimated at 1 hour, using the hydraulic numerical model set for the studied area (section 5). Using Equation 2 leads to an injected volume of 0.756 L of RWT 20% solution. The Arc River is a torrential river with high concentration of suspended sediment. RWT can be adsorbed on to sediments suspended (Talbot and Boon 1975), resulting in a loss of tracer and a decrease of Rv. The injected volume was set to 1 L, in order to take into account the adsorption.




4 EXPERIMENT RESULTS


4.1 Flow measurement result

The SVR discharge measurement was 6.59 m3 s−1 within a range between 6.06 m3 s−1 and 7.11 m3 s−1 if we consider the uncertainty. The Pontamafrey hydrometric station gave a discharge of 5.8 m3 s−1 within a range between 5.22 m3 s−1 and 6.38 m3 s−1 if we consider the uncertainty. Site 5 is 7 km downstream the Injection Site. At the time of the measurement, the watershed was covered by snow which gently smelt the day of the experiment. The discharge provided by the subwatershed between Injection Site and Site 5 must be considered. The watershed area at Injection Site is 1430 km2, and 1570 km2 at Site 5. The subwatershed contribution is considered to be proportional to the watershed ratio. The discharge obtained from the hydrometric station (called RC, for Rating Curve, measurement) is increased of 1570/1430 = 1.1, which leads to a discharge, from the rating curve at site 5, of 6.4 m3 s−1 within a range between 5.76 m3 s−1 and 7.04 m3 s−1 if we consider the uncertainty. The SVR measurement is very consistent with the RC measurement (less than 3% of difference) and is used as the reference discharge for this study.



4.2 Results of tracer dispersion

1 L of tracer’s solution was injected at the Injection Site at 08:45 UTC on 19th March 2013. The signal detected by the fluorometers are represented on Figure 4. The cloud of tracer is well detected on every site. Sampling information are detailed in Table 2.

At site 1, the cloud of tracer has a short duration (about 1300s) and a high concentration (the peak reaches 400 ppb). Going downstream, the peak of concentration decreases and the cloud duration increases. At site 5, the peak of tracer reaches about 50 ppb, with an average of 25 ppb, and lasts about 3300s. In Table 2, Vp is computed as follow:

Vp=Di/Tp (3)

where Vp is the averaged velocity of the dye cloud; Di is the distance between a sampling site and the injection site and Tp is the time of arrival of the peak of the tracer cloud. As shown in Figure 1 (b), Vp is in good agreement with the local slope of the river bed.

At sites 1, 2, 4 and 5, fluorometers were installed on both side of the river. One can see that the tracer’s concentration is not homogeneous at site 1, the shapes of the right and left bank signals being significantly different. From site 2 and 4, the left and right banks signals are more consistent, indicating that the mixing distance was reached between site 1 and 2 (between 645 and 1900 m). At site 5, there is an important difference between the right and left bank. Site 5 is located on a part of the river showing alternate gravel bars (Jodeau 2007). The left bank fluorometers only measure a residual discharge flowing between the gravel bar and the left bank. This can explain why the cloud of tracer is delayed and decreased in comparison with the right bank.
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Figure 4. Tracer dispersion measurements: time evolution of the quantity of Rhodamine Water Tracer in ppb at the five measurement sites.



The volume of tracer present in the dye cloud as it passed each sampling point Vc can be estimated using Eq. 2, using a reference discharge. SVR measurement (6.59 m3 s−1) is used as reference. The fractional recovery of tracer Vc/V (where V is the volume injected) is equal to Vc as V is 1 L. Table 2 shows the averaged values of Vc for the two fluorometers of each site. An important loss of tracer is noticeable from upstream to downstream. About 50% of tracer is missing at site 5, due to the adsorption of RWT on to suspended sediment. The suspended sediment concentration was measured during the experiment, water was sampled from the river and filtered at the lab. The sediment concentration reached 0.081 g/L, which is very low for the Arc River. Even with low concentration, the interaction between suspended sediment and RWT is important.




5 NUMERICAL MODELING OF THE EXPERIMENT


5.1 Presentation of the numerical model

COURLIS is a one-dimensional numerical code used to solve suspended sediment transport problems (Marot et al. 2005). It is based on a coupling between the hydraulic component MASCARET which solves the 1D shallow water equations (Goutal and Maurel 2002) and the sediment component which handles sediment processes. Specifically, the suspended sediment processes are solved with an advection-dispersion equation, as presented in equation (1). For this study, we won’t pay attention to deposition or erosion processes.




Table 2. Time of arrival (Ta), time of the peak (Tp) and time of the end (Te) of the tracer cloud, duration of the tracer cloud (D), concentration of the peak (Cp), averaged velocity of the dye cloud Vp and volume of tracer present in the dye cloud (Vc)




	
	Site 1

	Site 2

	Site 3

	Site 4

	Site 5




	
	LB

	RB

	LB

	RB

	LB

	RB

	LB

	RB

	LB

	RB






	Ta (s)

	900

	960

	2400

	2300

	4200

	4200

	5800

	6000

	7300

	7200




	Tp (s)

	1110

	1200

	2930

	2850

	4770

	4770

	6850

	7050

	8550

	8530




	Te (s)

	2000

	2600

	4300

	4500

	6600

	6600

	8800

	8800

	10550

	10550




	D (s)

	1100

	1640

	1900

	2200

	2400

	2400

	3000

	2800

	3250

	3350




	Cp (ppb)

	400

	325

	160

	145

	80

	95

	61

	67

	37

	60




	Vp (m/s)

	0.58

	0.54

	0.65

	0.67

	0.8

	0.8

	0.8

	0.78

	0.82

	0.82




	Vc (L)

	0.971

	 

	0.774

	 

	0.647

	 

	0.582

	 

	0.480

	 






Only the transport part of the equation, which deals with the advection and dispersion terms of the equation (1), will be used.

To solve the equation (1), the terms of advection and dispersion are solved separately, using a Marchuk-Yanenko splitting operator (Yanenko 1968). The advection term is solved with a second order finite volume scheme, developed following the MUSCL-Hancock Method (Van Leer 1985) with a slope-limiter centered schemes (Toro 1997), and the numerical scheme used for the dispersion step is a generalized Crank-Nicholson scheme, also called θ-scheme, with θ = 0.75.



5.2 Parameterization of the longitudinal dispersion coefficient

By default, the dispersion coefficient is fixed as a constant value. However, it is possible to use an empirical formula which evaluates, using the hydraulic variables, the dispersion coefficient values for each cross section. In most of the empirical formulae, the diffusion coefficient is made dimensionless with the section-averaged water depth H and shear velocity U*, and is expressed as follow:

KxHU∗=a(UU∗)b(WH)c (4)

where W is the flow surface width and a, b, and c are fitted parameters. In Table 3, one can see that these coefficients vary significantly depending on the authors.



5.3 Numerical results

The hydraulic model has been calibrated on water level measurements performed along the river reach during the experiment. The hydraulic upstream condition has been fixed as a discharge value of 6 m3/s. The Strickler coefficient varies on the river reach between 11 and 18 m1/3 s−1. These friction coefficient values are very small, and can be explained by the measured water level. Indeed,




Table 3. Values of the constants in equation 4 from various authors.




	Authors

	a

	b

	c






	(Fischer 1975)

	0.01

	2.00

	2.00




	(Liu 1977)

	0.18

	2.00

	0.50




	(Iwasa and Aya 1991)

	2.00

	0.00

	1.50




	(Seo and Cheong 1998)

	5.92

	1.43

	0.62




	(Li et al. 1998)

	0.20

	1.30

	2.20




	(Koussis and

	0.60

	0.00

	2.00




	Rodriguez-Mirasol 1998)

	
	
	






the water level value was estimated around 40 cm, which is not very high compared to the grain size of the gravel bed. For the tracer part of the model, the concentration measured at the site 1 on the left bank has been used as an upstream condition.

The dispersion coefficient has been first calibrated with a constant value to reproduce measurements. The Figure 5 shows the numerical results obtained for the left side of the river reach. This Figure shows that the use of a constant value of Kx = 15 m2/s allows to reproduce well the measured data at the Site 2 and the Site 3, but not at the Site 4 and 5. After the Site 3, the dispersion processes seem to be larger, certainly because of the slope break (Fig. 1) and the resulting acceleration of the flow. This result shows the necessity to take into account the local hydraulic conditions, therefore several formulae (presented in the Table 3) have been tested in the numerical model.

The best results have been obtained with the Fischer formula. The Figure 5 shows these results, and we can see on this figure the increase of the dispersion process between the Sites 3 and 4 which is correctly reproduced by the Fischer formula. The other formulas presented in the Table 3 have given too high values of dispersion coefficient.

The dispersion coefficient values calculated along the river reach by the different formulas are presented in the Figure 6. The curves presented on the Figure 6 show that the dispersion formulas
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Figure 5. Results from numerical model: comparison with measured data (left bank).
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Figure 6. Spatial profil of the longitudinal dispersion coefficient, calculated with several formulas.



have the same tendencies along the river reach, but with large differences in magnitude (a logarithmic scale is used for the dispersion coefficient). More precisely, we can see the effect of the slope break about three kilometers after the injection site, which increases significantly the dispersion effect. Compared to the constant value of Kx = 15 m2/s, the values given by the Fischer formula are very different, varying between 0.1 and 47 m2/s along the reach, with an average value of 1.75 m2/s. These results show that the dispersion process depends mainly on local hydraulic conditions, and the use of a constant coefficient is not recommended in the case of very variable conditions.




6 CONCLUSIONS AND PERSPECTIVES

In this paper, we have presented the results from a dispersion experiment in a torrential river. The objective was to improve the knowledge of advection and dispersion processes to better model suspended sediment transport. The experiment was performed at low flow, discharge and tracer dispersion were measured and analyzed. The discharge assessment based on radar measurement shows good agreement with an estimation using the well-documented site gauging curve. The tracer experiment is based on a detailed monitoring on 7 km and gives a good overview of the dispersion processes. In the last part of the paper, the tracer dispersion has been modeled with a 1D numerical model, modeling results show good agreement with the measurement and highlights the relevance of using a variable longitudinal dispersion coefficient instead of a constant coefficient.

Several questions arise from this work. It may be interesting to compare sediment dispersion and tracer dispersion in the same hydraulic conditions, maybe first in no-erosion no-deposition conditions. The capability of fluorescent tracers to represent suspended sediment could be discussed. Besides, it could be interesting to investigate if a 2D model would give such results for these low flow conditions. Eventually, we wonder about the validity of using the results of this study, i.e. the use of Fischer formula, in high flow conditions. Monitoring tracer dispersion in flows with discharges higher than 100 m3/s is very difficult, therefore means have to be found to experimentally assess dispersion for such flows in torrential rivers.
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ABSTRACT: Tidal river networks form complex environments in which both river and tidal processes play an important role in determining the hydrodynamics. Some research has been conducted on single-junction tidal rivers, but for tidal networks the available research is very limited. This paper aims to take a first step in the understanding of the development of hydrodynamics and morphology of tidal river networks by analysing flow velocity data in the Rhine-Meuse tidal network in the western Netherlands. The Rhine-Meuse tidal river network is a heavily engineered system in which both hydrodynamics and morphology are in large part determined by anthropogenic influences. In May 2011, 13-hour measurements of flow and salinity have been conducted at twelve different tidal junctions. Analysis of the data shows that seaward junctions are subject to a distinct vertical layering of the flow, while upstream junctions display an increasingly horizontal flow differentiation. Although tidal flow generally decreases when moving upstream, local morphology is an important factor in determining tidal flow velocities in individual channels. The contribution of salt water to the total river flux depends highly on the stage of the tide, but decreases quickly upstream.



1 INTRODUCTION

Tidal river networks worldwide are part of densely populated delta systems that form economically important regions. These networks have a very dynamic nature due to the interaction of fluvial processes and tidal forcing (Jay and Flinchem 1997). Multiple tidal junctions further complicate the dynamics of these systems and have a profound effect on the temporal and spatial variability in hydrodynamics, such as water levels, distribution of discharge and sediment and salinity intrusion. Nevertheless, tidal river networks have received little attention in the scientific literature, as opposed to both upstream river systems (e.g. Frings & Kleinhans 2008) and downstream located and tide-dominated, estuarine systems (e.g. Friedrichs and Aubrey 1994, MacCready and Geyer 2010, Huijts et al. 2009). High population densities and economic activities imply that tidal rivers are being increasingly heavily engineered, especially in developing economies. These human interventions will also significantly alter the network system and recent studies show a large impact on e.g. water levels and tidal amplitudes (Zhang et al. 2009, Zhang et al. 2010, Vellinga et al. 2014).

Simulations with an idealized model for a single tidal junction already demonstrate a distinct influence of tides in the division of river discharge (Buschman et al. 2010). Reality, however is more complex as reported by Buschman, van der Vegt, Hoitink, & Hoekstra (2013) and Sassi and Hoitink (2013). Based on field measurements Buschman et al. (2013) not only describe the impact of tides but also show the effects of local morphology and density gradients on the discharge distribution. Further research is clearly needed to understand the mechanisms driving the dominant hydrodynamic and morphologic developments of tidal river systems, especially when expanding from a single tidal junction to a tidal river network with multiple branches and tidal junctions.

The first step is to extend our observational records by measuring and analysing water levels, flow velocity and discharge in a well-defined tidal river network. For this purpose we have selected the well-monitored Rhine-Meuse tidal river network in the western Netherlands. In the second step the field data will be used to set-up, calibrate and validate a state-of-the-art three dimensional hydrodynamic model to further investigate key processes and conditions. This paper will focus on the results of extensive field surveys at a series of tidal junctions.



2 THE RHINE-MEUSE TIDAL RIVER NETWORK

The Rhine-Meuse tidal river network in the Netherlands is part of the Rhine-Meuse delta (Fig. 1). Since the Middle Ages, the river system within the delta has been increasingly heavily engineered. During the past 150 years, two major engineering works have been implemented: the construction of the New Waterway in the north and the closure of the Haringvliet estuary in the south of the system. The New Waterway was dug from 1870 onwards in order to guarantee access to the Port of Rotterdam (Fig. 2). From 1870 to 1970, the New Waterway eroded, while sedimentation took place in the Haringvliet estuary. In 1970, in the framework of the Delta works the Haringvliet and Hollandsch Diep estuaries were closed off and transformed into freshwater lakes to mitigate flood risks and salinity intrusion (Fig. 2). Due to closure of the estuaries, a sudden northward shift in discharge took place. Since 1970, the closure of the Haringvliet results in large flow velocities and severe erosion in the small connecting channels in the center of the system. The estuaries themselves are gradually filling up with fine-grained sediment due to the sudden decrease in flow velocity. Morphological change in the present system is however fully dominated by dredging, making it difficult to distinguish natural patterns in sedimentation and erosion from anthropogenic effects (Snippen, Fioole, Geelen, Kamsteeg, van Spijk, & Visser 2005, Rijkswaterstaat 1978, Haring 1977, Haring 1978). The effects of large-scale engineering on water level statistics is often well documented. Smaller scale measures also have a distinct effect on water levels and tidal characteristics, as Vellinga et al. (2014) show in a recent study. For the Rhine-Meuse tidal river network, the removal of sluices and a dam has changed extreme water levels and tidal amplitudes in the network. The effects of these smaller-scale and local engineering measures are in the same order of magnitude as sea level rise.



3 FIELD MEASUREMENTS AND DATA ANALYSIS

For this study, ADCP measurements have been executed at twelve different tidal junctions (Fig. 1). The measured junctions vary from tide-dominated
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Figure 1. The Rhine-Meuse tidal river network. Each circle represents a river junction or confluence at which 13-hour ADCP-measurements and CTD-casts were taken.
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Figure 2. Large-scale engineering in the Rhine-Meuse river network. a) New Waterway region as it was before 1870 and the location of the New Waterway as it was created after 1870. b) The location of the dams that closed off the Haringvliet and Hollandsch Diep estuary in the south of the system, in 1969 and 1970. From Vellinga et al. (2014).



in the west to river-dominated in the east. Also, water masses at the most seaward junctions are characterized by relatively high salinities whereas upstream junctions are fully fresh. The measurements were done with a boat-mounted ADCP during an exceptional low-flow event in May 2011, when the upstream Rhine-discharge was around 1000 m3/s, while the annual mean discharge is 2200 m3/s. Each branch of a junction is crossed over the full width approximately once every hour, during a total of thirteen hours to cover a full semidiurnal tidal cycle. Also, at each ADCP crossing a CTD (Conductivity, Temperature, Depth) cast was taken at the centre of the channel to determine the salinity profile. All flow velocity measurements are transformed to along channel and cross channel flow velocities. With the help of fixed water level monitoring stations throughout the network, the measured hydrodynamic variables have all been referenced relative to NAP, Dutch Ordnance Datum. Discharges have been derived from the flow velocity measurements, estimating discharge at locations near the bed, surface and river banks that were not covered by ADCP measurements. A harmonic fit was performed on time-series from the ADCP measurements, resulting in tidal flow amplitudes and phases for specific tidal constituents. Here, the semi-diurnal, quarter-diurnal and sixth-diurnal (M2, M4 and M6, respectively) constituents havebeen determined, as well as the tidal mean flow velocity (M0). The flow amplitude and phase for M2, M4 and M6 have been determined as follows: flow velocity is given by

v=M0+∑​k[ aksin(ωkt)+bkcos(ωkt) ] (1)

where M0 is the tidal mean flow velocity, a and b are constants, ω is the angular velocity and t is time. The subscriptkdenotes a particulartidalconstituent. In this case, k = 2,4,6 have been used for the semidiurnal, quarterdiurnal and sixth-diurnal tidal constituents, respectively. Equation 1 is solved for ak and bk, after which the tidal amplitude is defined as

Ak=ak2+bk2,  (2)

while the phase is given by

φk={     arcsin(bkAk)             if a≥0,π−arcsin(bkAk)         if a<0,  (3)

Using CTD-casts and flow velocity, total river flow was separated into a saltwater flux and a freshwater flux. The saltwater discharge is given by

Qs=QtStSs (4)

in which Qs denotes salwater discharge, Qt denotes total discharge, St denotes the measured salinity of the total discharge and Ss is the salinity of fully saline water, in this case set at 33 psu. The freshwater discharge consequently becomes Qf = Qt − Qs.



4 RESULTS

The analysis of flow velocity measurements shows several distinct features. Firstly, the seaward junctions show a uniform velocity pattern during flood flow, but a distinct two-layered pattern during Ebb flow as a result of density gradients between saltsea water and fresh river water. The most downstream stations show an inflow of saline water near the bottom throughout the tidal cycle (Fig. 3). More upstream, for example at junction 04, the flow
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Figure 3. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the New Waterway (junction 01, western branch). Both scales are in cm/s. For the top graph, red depicts seaward flow, while blue depicts landward flow. In the bottom graph, black lines depict the phase of the tide. The left-hand side depicts the sourthern bank. The top graph depicts a strongly layered flow structure, with dense, saline water flowing inward near the bed and fresher river water flowing seaward near the surface. Tidal flows are strong (up to 1 m/s).
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Figure 4. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the Old Meuse (junction 04, eastern branch). Both scales are in cm/s. For the top graph, red depicts seaward flow, while blue depicts landward flow. In the bottom graph, black lines depict the phase of the tide. The left-hand side depicts the southern bank. A weakly vertically stratified flow is visible, with outflow of water near the surface, but an average velocity near zero near the bed. The flow shows a weak horizontal stratification. Tidal flows are strong (up to 1 m/s).



velocity pattern is almost uniform over depth for most of the tidal cycle and bed flow reverses sign with surface flow. Only around high water slack the near-bed flow lags behind the reversal of the surface flow, thereby creating a temporary two-layered structure (Fig. 4). The most upstream
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Figure 5. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the Upper Merwede (junction 09, eastern branch). Both scales are in cm/s. For the top graph, red depicts seaward flow. The left-hand side depicts the southern bank. The top graph depicts a vertically uniform landward flow. Tidal flows are weak (less than 25 cm/s).
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Figure 6. Sketch of locally reversed flow at junction 09. The eastern branch discharges an average of 500 m3/s river water, while the northwest branch is subject to high tidal flow velocities. Flow in the southeast branch is fully determined by the interplay of the flow between the other two branches. In the southeast branch, horizontal flow gradients are large and net seaward flow occurs at rising water levels (flood), while net flow is only weakly seaward at falling water levels (Ebb).



junctions display vertically uniform flow over depth (Fig. 5). Secondly, the landward junctions show an increasing horizontal differentiation in flow pattern. Here, the lay-out of the junction in terms of topography and bathymetry, differences
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Figure 7. Mean salinity (in psu) for each CTD-location in the tidal network. Colour scale is logarithmical.



in tidal velocities between branches and the presence and magnitude of upstream river discharge in one or both of the branches determines flow patterns at the junction, horizontal shear and net roundflow. Junctions in the centre of the system (junction 04 until 08) display a mix of vertically and horizontally sheared flow, their respective magnitudes depending on the tidal strength and local effects at the junction itself. Looking again at junction 04 as an example (Fig. 4), apart from the weak vertical layering, a horizontal differentiation in flow is visible. This horizontal differentiation is caused by the high flow velocities in the southwestern branch of the junction, bend-flow and an erratic bed morphology.

Thirdly, the tidal influence decreases with upstream distance, but here local effects become important. Small channels, connecting areas with high tidal amplitudes to areas with low tidal amplitudes contain relatively large discharges, resulting in high flow velocities. At junction nr 09, high tidal flow velocities in the northwest branch results in hampered river flow in the eastern, upstream branch. The southwest branch though does not deliver tidal energy or river discharge to the junction. In this case the eastern and northwest branch fully determine the behaviour of the southwest branch, which in turn shows a reversed flow pattern: a strong downstream flow associated with rising tide and a weak upstream flow associated with falling tide (Fig. 6). In fact the southwest branch and the more downstream estuaries connected to it act as a retention basin for upstream river and tidal discharge.

An overview of the tide-averaged mean salinity for all measurement locations (Fig. 7) shows that salinity decreases upstream. Likewise, the contribution of the salt water flux to the total flux quickly decreases when moving upstream. In the most downstream junction nr 3, salt water amounts to three quarters of the total water flux. However, at junction nr 1 and nr 2, the two second most seaward junctions, this amount has decreased to approximately a third. However, salinity intrusion strongly depends on the stage of the tide and local junction morphology. From preliminary analysis of the CTD-measurements a very steep salinity front was seen. A further analysis on the role of salinity and density-driven gradients on flow and discharge distribution at tidal junctions is part of our future studies.



5 CONCLUSIONS

A dataset comprised of 13-hour measurements at twelve junctions in the Rhine-Meuse tidal river network displays the following main features:


	At seaward stations, a two-layered flow pattern is seen as a result of density gradients. Moving upstream, the vertical layering disappears.


	Upstream junctions display higher degrees of horizontal flow differentiation than downstream junctions. The shift from vertically to horizontally differentiated flow is gradual.


	In general tidal effects decrease when moving upstream, but local effects and differences between branches are important in determining the precise flow pattern.


	The contribution of the salt water flux to the total water flux quickly decreases moving upstream, although the exact distribution of salt water depends on the stage of the tide and local effects.
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ABSTRACT: A Two-Dimensional (2D) non-stationary, high precision hydrodynamic model of the St. Lawrence fluvial estuary has been developed with the objective of providing detailed spatial description of the hydrodynamics in response to tidal and fluvial forcings. The model includes a drying-wetting component allowing water in intertidal areas to be cyclically stored and evacuated. The finite-element grid resolution is variable but averages to 50 m, with refinements down to 1 m. The model was calibrated using water level data from 28 tide gauges, yielding root-mean-square errors lower than 6 cm at stations upstream of Batiscan (rkm 199), inclusively. For stations downstream, the RMSE correspond to less than 5% of the local tidal ranges. Assimilation of the downstream boundary and calibration of the friction around the Orleans Island are being made to further reduce errors at the stations located downstream. To validate the model, cross-sectional water level and velocity data were collected along 13 transects, repeatedly surveyed during one complete tidal cycle (~12h). The agreement between the model and the measurements is good, both in terms of synchronicity of the signals and reproducibility of the lateral patterns, notably the exchanges between the intertidal zones and the channel. This research provides for the first time a detailed 2D description of the tidal hydrodynamics of this complex region where knowledge is very limited. In this paper, the model is described, the calibration process is detailed and validation results are presented.



1 INTRODUCTION

The St. Lawrence fluvial estuary (Quebec, Canada) is part of the St. Lawrence—Great Lakes system (Fig. 1). It stretches over a distance of ~180 km from the eastern end of Lake Saint-Pierre to the eastern tip of Orleans Island (OI). The flow is composed of vertically well-mixed freshwater and is subjected to the growing influence of a semidiurnal tide culminating with tidal ranges of 7 m at Saint-Joseph-de-la-Rive during the largest spring tides. Increases in water levels of more than 1 m/h can be observed at downstream locations during the rising tide, leading to rapid changes in flow conditions as well as in the wetted areas. The flow properties (e.g., tidal range, timing and duration of current reversals, timing of high and low tides, ebb/flood asymmetry) exhibit both lateral and longitudinal variations that were confirmed by field measurements (Matte et al. 2014a).


[image: ]

Figure 1. Map of the St. Lawrence fluvial estuary, showing permanent (squares) and temporary (triangles) tide gauges.



Previous numerical studies conducted in this reach of the St. Lawrence River only provided little insight into the circulation complexities of the river (e.g., Bourgault & Koutitonsky 1999, Leclerc et al. 1990, Morse 1990, Saucier et al. 1997, Simons et al. 2010). Most existing models are able to qualitatively reproduce the main tidal and fluvial characteristics encountered in the system. However, they usually lack accurate data for validation, and their spatial resolution is generally too coarse (≥200 m) to account for local variations (both lateral and longitudinal) in topography, friction and hydrodynamic properties. The system thus remains largely not documented.

A Two-Dimensional (2D) non-stationary, high precision hydrodynamic model of the St. Lawrence fluvial estuary has been developed with the objective of providing detailed spatial description of the hydrodynamics in response to tidal and fluvial forcings. The finite-element model (Secretan 2013, Heniche et al. 2000) includes a drying-wetting component allowing water in intertidal areas to be cyclically stored and evacuated. The model was calibrated using water level data from 28 tide gauges. To validate the model, cross-sectional water level and velocity data were collected along 13 transects, repeatedly surveyed during one complete tidal cycle (~12h).

In this paper, we describe the Numerical Terrain Model (NTM) and simulation conditions, present validation results, and discuss the various challenges associated with model development, and calibration and validation.



2 NUMERICAL TERRAIN MODEL

Development of the NTM was made using the MODELEUR software (Secretan and Leclerc, 1998). The different components composing the NTM are described in the following.


2.1 Topography

The main explanatory factor of the hydrodynamics is the topography, which includes channel bathymetry, floodplains, and engineering structures. Around 42M data points were obtained from multibeam bathymetric soundings performed by the Canadian Hydrographic Service (CHS). Data density is a function of the year of acquisition and location, and shallow regions are generally not covered.

To complete the data in shallow areas, a LiDAR campaign was conducted. Topographic data for all intertidal zones of a 200-km reach of the St. Lawrence, extending from Trois-Rivières to Montmagny, were obtained at low tide. A total of 420M data points were incorporated in the NTM after cleaning. All data were reduced to the Mean Sea Level (MSL) vertical datum.



2.2 Friction

Information on friction due to bottom substrate and macrophytes was added to the NTM. Substratum composition was defined for homogeneous regions characterized by uniform topography, based on 6400 substratum observation points obtained from the CHS. They were converted into Manning coefficients following Morin et al. (2000a).

Friction due to macrophytes was included as an additional layer in regions where aquatic plants are observed during summer. Friction coefficients were adjusted during calibration, within the range of values provided by Morin et al. (2000b).



2.3 Finite-element mesh

Both topography and friction data were projected on a computing grid, in this case a Two-Dimensional (2D) finite-element mesh. Average grid resolution is 50 m, with refinements down to 1 m around engineering structures and over regions of complex morphology.

Major tributaries were included in the model to allow water to be cyclically stored and evacuated as a function of the tide. The geometry of the river shores was preserved, but their bathymetry was emulated, due to a lack of data, by a regularly shaped channel of variable depth and width. A constant friction was used inside the tributaries.




3 HYDRODYNAMIC SIMULATIONS

Hydrodynamic simulations were performed using the H2D2 software (Secretan, 2013), which allows distributed computing. The 2D vertically-integrated St. Venant equations are presented by Heniche et al. (2000). They are solved using an implicit time scheme and direct Newton steps. A drying-wetting model, adapted from Heniche et al. (2000), is also included.


3.1 Boundary conditions

Measured water levels are imposed at both upstream and downstream boundaries, obtained from permanent tide gauges operated by Canada’s Department of Fisheries and Oceans (DFO). The downstream boundary is about 15-km wide and is positioned along a cotidal line of constant phase, a few km downstream of the nearest tide gauge, located on the north shore at Saint-Joseph-de-la-Rive. Imposed water levels along the boundary were taken from this station and assimilated in order to reproduce observations at upstream tide gauges located on both sides of the river.

Daily-averaged discharges are imposed at the tributaries, taken from the reconstruction of Bouchard & Morin (2000).



3.2 Non-stationary simulations

Simulations are run using a 5-min time step. A spin-up of a few tidal cycles is needed in order for the tide to propagate from one end of the domain to the other.




4 CALIBRATION AND VALIDATION


4.1 Field campaign

A field campaign was conducted in the St. Lawrence fluvial estuary during the summer of 2009. The objective was twofold: 1) to document the hydrodynamics and improve current knowledge of the system; and 2) to obtain recent and detailed data for the calibration and validation of the hydrodynamic model.

A set of 14 pressure sensors was installed from June to October 2009 for water level measurements, adding to the 14 DFO’s tide gauges already available in the fluvial estuary (Fig. 1). Boat surveys were also conducted over semi-diurnal tidal periods (12h25) along 13 cross-sections of 1 to 4 km in width of the St. Lawrence fluvial estuary, representative of the longitudinal variability in geomorphological and tidal-fluvial properties. The measurements were carried out between June 18, 2009, and August 25, 2009. At each transect, the boat repeatedly moved back and forth across the channel following the same transect line, perpendicular to the mean flow direction. Water levels and velocities were measured during each crossing, using mounted RTK GPS and ADCP, respectively. Details of the data acquisition and analyses are provided in Matte et al. (2014a, 2014b).



4.2 Calibration

Calibration consisted in model adjustments to reduce errors associated with topography, substrate, and friction. Topographic errors were detected and corrected by looking for the presence of incoherent velocity patterns or large errors in water levels. In a second step, substrate composition was locally controlled to ensure that mean surface slopes and tidal ranges are adequately reproduced by the model. Further adjustments in Manning friction coefficients were made, especially in shallow regions where macrophytes are present, until errors in water levels were minimized. Increases in bottom friction act on the tides by reducing its amplitude and increasing the Mean Water Levels (MWL) upstream of the modification. Because the model is controlled in water levels at both upstream and downstream boundaries, tidal amplitudes are also slightly increased downstream of the modification when friction is increased.

Preliminary results from the calibrated model are presented in Table 1, for a 15-day simulation period starting on June 14, 2009. Root-Mean-Square Errors (RMSE) between observed and simulated water levels are lower than 6 cm at stations upstream of Batiscan (rkm 199), inclusively. For stations downstream, the RMSE correspond to less than 5% of the local tidal ranges. Assimilation of the downstream boundary and calibration of the friction around the Orleans Island are being made to further reduce errors at the stations located downstream.




Table 1. RMSE between observed and simulated water levels at the stations; distances are from Saint-Joseph-de-la-Rive (downstream boundary).




	Distance (km)

	Tide gauge

	RMSE (m)






	0

	Saint-Joseph-de-la-Rive

	0.095




	30

	Islet-sur-Mer

	0.130




	38

	Rocher Neptune

	0.103




	45

	Ile-aux-Grues South

	0.110




	46

	Ile-aux-Grues North

	0.154




	54

	Banc du Cap Brûlé

	0.100




	66

	Saint-François

	0.124




	78

	Saint-Jean

	0.166




	97

	Beauport

	0.221




	100

	Lauzon

	0.185




	104

	Saint-Charles River

	0.182




	106.5

	Lévis

	0.175




	106.5

	Québec

	0.177




	115

	Québec Bridge

	0.177




	124

	Saint-Nicolas

	0.138




	138

	Neuville

	0.135




	146

	Sainte-Croix-Est

	0.123




	157

	Cap-Santé

	0.125




	161

	Pointe-Platon

	0.118




	163.5

	Portneuf

	0.089




	168

	Deschambault

	0.106




	179.5

	Grondines

	0.070




	186

	Cap-à-la-Roche

	0.070




	199

	Batiscan

	0.040




	213

	Champlain

	0.046




	217

	Bécancour

	0.027




	231

	Trois-Rivières

	0.025




	241

	Port Saint-François

	0.008









4.3 Validation

The model was validated using water level and velocity measurements at the surveyed transects. Fine tuning of the friction coefficients was made in order for the spatiotemporal patterns to be reproduced adequately.

A comparison is made in Figures 2a and 2b between measured and simulated water levels at the transect of Grondines. The agreement between the two figures is good, both in terms of synchronicity of the signals and reproducibility of the lateral patterns. A similar comparison
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Figure 2a. Measured water levels at Grondines on June 19, 2009 as a function of cross-sectional distance and time (in EDT), interpolated from the gridded data (black dots). Left panel shows the bathymetry along the transect.
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Figure 2b. Same as Figure 2a for simulated water levels.




[image: ]

Figure 3a. Same as Figure 2a for measured depth-averaged velocities, along with their respective velocity vectors.
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Figure 3b. Same as Figure 2a for simulated depth-averaged velocities, along with their respective velocity vectors.



is made in Figures 3a and 3b for depth-averaged velocities. The time of occurrence of current reversal, the exchanges between the intertidal zones and the channel and the general patterns in velocity are all well reproduced. Although these results are preliminary, this strongly suggests that the topography and friction as described by the model are a relatively good approximation of the reality.




5 CONCLUSION

A 2D hydrodynamic model of the St. Lawrence fluvial estuary was developed, using a finite-element grid with an average spatial resolution of 50 m, far more denser than previous/existing models. Various challenges associated with calibration and validation, the description of topography in shallow areas, the inclusion of main tributaries with limited terrain data, and the assimilation of boundary conditions were addressed. The model was calibrated and validated using field data collected in the summer of 2009, constituting the most detailed data set to date in this section of the St. Lawrence. Results showed very good agreement between modeled and observed water levels and velocities. This research provides for the first time a detailed 2D description of the tidal hydrodynamics of this complex region where knowledge is very limited.

High resolution 2D hydrodynamic modeling combined with Geographic Information Systems (GIS) is an important tool for environmental studies. It allows recreating the hydrodynamic history of the system and predicting the likely consequences of discharge and water level modifications as a result of management practices and anthropogenic and climatic events, thus ensuring reliable and sustainable ecosystem monitoring.
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		Figure 4. Reynolds stress profiles for both LES and experiment for smooth and rough bed flows.



		Figure 5. Longitudinal profiles of the time-averaged scalar concentration (normalized by the source concentration) along the plume centerline  for both the smooth-and rough-channels.



		Figure 6. Effective plume width along the plume centerline  for both the smooth- and rough-channels.



		Figure 7. Instantaneous scalar concentration in horiznatl planes near the bed. Top: Smooth bed, Bottom: Rough bed.



		Figure 8. Contours of instantaneous scalar concentration in longitudinal planes. Top: Smooth bed; Bottom: Rough bed.



		Figure 9. Contours of instantaneous scalar concentration in transverse planes. Top: Smooth bed; Bottom: Rough bed.



		Figure 10. Contours of instantaneous scalar concentration together with perturbation vectors comprised of streamwise  (u′) and wall-normal (w′) velocity fluctuations. These plots are at different instances in time at the same location.



		Figure 11. Contours of instantaneous scalar concentration together with visualized low speed streaks (shaded areas). Top: Smooth bed; Bottom: Rough bed.



		Figure 12. Iso-surfaces of the Q-criterion (yellow isosurfaces) and scalar concentration (blue isosurfaces) for the smooth- (top) and rough-bed (bottom) channel flows.



		Figure 13. Iso-surfaces of tracer concentration color-coded by The streamwise velocity for the smooth- (top) and rough-bed (bottom) channel flows. The isosurface is comprised of four isosurfaces of successive instants in time.



		Figure 1. Sketch of the computational domain.



		Figure 2. Visualization of mixing layer at the free surface and bed shear stress. a) concentration, C, in the instantaneous flow; b) concentration, C, in the mean flow; c) non-dimensional turbulent kinetic energy, k/U2; d) non-dimensional bed shear stress. The dotted line visualizes the centerline  of the mixing layer based on the mean concentration contours.



		Figure 3. Comparison of nondimensional mean free surface streamwise  velocity profiles, (u–U1)/(U2–U1) at several streamwise  locations (0.05 m < x < 11 m) between DES predictions and the experimental data of Uijttewaal and Booij (2000). The transverse profiles are plotted versus the nondimensional lateral distance which is nondimensionalized by the local width of the mixing layer, δ. Also shown is an error function curve corresponding to the self-similar solution for a free (deep) mixing layer.



		Figure 4. Mixing layer width variation in The streamwise direction at z/D = 0.85 based on the mean velocity and concentration fields. Also shown are results based on the experimental measurements of van Prooijen and Uijttewaal (2002) for x < 11 m.



		Figure 5. Variation of entrainment coefficient α with the bed friction number close to the free surface. Also shown are results based on the experimental measurements of Uijttewaal and Booij (2000) for x < 11 m.



		Figure 6. Autocorrelation function of span wise velocity fluctuations close to the centerline  of the mixing layer and the free surface (z/D = 0.85). The autocorrelation function, Rvv, is plotted at x = 2 m and x = 11 m. Also plotted is the autocorrelation function at x = 2 m and x = 11 m calculated by Uittewaal and Booij (2000).



		Figure 1. Computational domain and boundary conditions.



		Figure 2. Isovels of mean streamwise  velocity U normalized by Umax: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



		Figure 3. Log-law distribution of streamwise  velocity profiles: a) main channel (middle, y = 0.1 m); b) main channel (close to the bank, y = 0.185 m); c) floodplain (close to the bank, y = 0.205 m); d) floodplain (middle, y = 0.3 m).



		Figure 4. Normalised Reynolds Stress −u′v′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



		Figure 5. Normalised Reynolds Stress −u′v′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



		Figure 6. Normalised anisotropy v′v′¯−w′w′¯ distribution: a) experimental; b) BSL EARSM; c) BSL RSM; d) SSG RSM.



		Figure 7. Normalised normal Reynolds stress profiles: a) main channel (middle, y = 0.1 m); b) main channel (close to the bank, y = 0.185 m); c) floodplain (close to the bank, y = 0.205 m); d) floodplain (middle, y = 0.3 m).



		Figure 8. Normalised streamwise  vorticity generation distribution: a) BSL EARSM; b) BSL RSM; c) SSG RSM.



		Figure 1. Schematic illustration for a haft of cross-section channel flume.



		Figure 2. Observed and computed velocities (model 5) using different: a) constant Manning coefficient in the whole channel, b) constant Cs, and c) Manning coefficient in the floodplains.



		Figure 3. Lateral distribution of: a) velocity and b) eddy viscosity in the validation step.



		Figure 4. Simulation results in the case using different turbulence closure models for determining the eddy viscosity: a) velocity and b) eddy viscosity.



		Figure 5. Spatial distribution of eddy viscosity obtained from the Smagorinsky turbulence closure model.



		Figure 1. Schematic pattern of the secondary currents in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 2. Normalized streamwise velocity Vs/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 3. Normalized transverse velocity 100 Vn/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 4. Normalized vertical velocity 100 Vz/U in the case 1: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 5. Schematic pattern of the secondary currents in the case 2: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 6. Normalized streamwise velocity VJU in the case 2: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 7. Schematic pattern of the secondary currents in the case 3: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 8. Normalized streamwise velocity Vs/U in the case 3: (a) experiment (Blanckaert et al.); (b) numerical simulation.



		Figure 9. Velocity at t = 360[s] in the case 4.



		Figure 10. Velocity at t = 1000[s] in the case 4.



		Figure 11. Velocity at the bottom at t = 780[s] in the case 5.



		Figure 12. Velocity at transverse section at t = 780[s] in the case 5.



		Figure 1. Schematic view of the Plexiglas tank used during the lock-exchange experiments.



		Figure 2. Numerical and experimental front position versus time.



		Figure 3. Pictures of EXPO a–d) and dimensionless density fields of RUN0 e–h) at different time steps: 9 s a) and e); 19 s b) and f); 28 s c) and g); 37 s d) and h).



		Figure 4. Dimensionless density field at different time steps for RUN2: a) t = 7 s; b) t = 16 s; c) t = 31 s; d) t = 49 s.



		Figure 5. Front velocity versus the front position for different numerical simulations.



		Figure 6. u velocity component for different numerical simulations at 38 s: a) RUN0; b) RUN1; c) RUN2.



		Figure 1. An illustration of multithreading process where the master thread forks off a number of threads which execute blocks of code in parallel.



		Figure 2. Sketch of the lock-release tank.



		Figure 3. Comparison of experimental and predicted results for the density current propagation sequences for the Boussinesq lock-exchange case; (left) laboratory results and (right) model results for the volume fraction function Φ.



		Figure 4. Comparison of the front position estimated from the laboratory experiments and the present model for the Boussinesq lock-exchange case.



		Figure 5. Comparison of experimental and predicted results for the density current propagation sequences for the non-Boussinesq lock-exchange case; (left) model results for the volume fraction function Φ and (right) laboratory results (where t*=t(g(1−γ))/H).



		Figure 6. Comparison of the relative front position estimated from the laboratory experiments and the present model for the non-Boussinesq lock-exchange case; (a) light front and (b) heavy front.



		Figure 7. Geographical location of the Ohashi River and sampling locations: (a) location in the Lake Shinji-Nakaumi system and (b) nine sampling localities in September, 1999.



		Figure 8. Initial conditions at 10:30 am: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.



		Figure 9. Comparison of the measured and the estimated results at 14:30 pm: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.



		Figure 10. Comparison of the measured and the estimated results at 16:30 pm: (a) water level fluctuation, (b) measured salinity values along the Ohashi River, and (c) estimated salinity values along the Ohashi River.



		Figure 1. Case 1 study area.



		Figure 2. The water depth for Case 1 for the considered study area, computed for the averaged low-flow discharge Q = 200 m3/s.



		Figure 3. The velocity magnitude for Case 1 for the considered study area, computed for the averaged low-flow discharge Q = 200 m3/s.



		Figure 4. Case 2 study area. Reach of Vistula River located in the Kuyavian-Pomeranian Voivodeship in Włocławek, Poland.



		Figure 5. Predicted 2D temperature distribution in Case 1. Point-like continuous discharge of 9 m3/s of warm water in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 200 m3/s.



		Figure 6. Predicted 2D temperature distribution in Case 1. Point-like continuous discharge of 9 m3/s of warm water in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 200 m3/s—the zoomed discharge area.



		Figure 7. Predicted 2D temperature distribution in Case 2. Point-like continuous discharge of 14 m3/s of warm water at point Z = (497.635 km, 542.121 km) in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 334 m3/s.



		Figure 8. Predicted 2D temperature distribution in Case 2. Point-like continuous discharge of 14 m3/s of warm water at point Z = (497.635 km, 542.121 km) in the summer time for the average ambient water temperature Tw = 22.7°C and Q = 334 m3/s—the zoomed discharge area.



		Figure 9. The maximum temperature which might occur within a distance r range 0 to 3000 m from the discharge point in Case 1 for different parameters a using to compute the longitudinal dispersion coefficient.



		Figure 10. The maximum temperature which might occur within a distance r range 0 to 3000 m from the discharge point for Case 2 for different parameters a using to compute the longitudinal dispersion coefficient.



		Figure 1. Water surface profile obtained by exact solution.



		Figure 2. Water surface profile for Fr = 4.23, obtained by Eq. (4).



		Figure 3. Water surface profile for Fr = 7, obtained by Eq. (4).



		Figure 4. Schematic illustration of the hydraulic jump.



		Figure 5. Water surface profile of the hydraulic jump obtained by depth-averaged model.



		Figure 6a. Velocity distribution at the upstream of hydraulic jump obtained from simple depth-averaged model.



		Figure 6b. Velocity distribution within hydraulic jump obtained from simple depth-averaged model.



		Figure 1. Study reach: (a) Location in the Arc valley, (b) Longitudinal profile of the river.



		Figure 2. Locations of the measurements sites. Distances from injection site along the river are indicated.



		Figure 3. (a) Picture of the river downstream the i njection site a few minutes after the tracer injection. (b) Preparation of the field fluorometers (GGUN-FL30).



		Figure 4. Tracer dispersion measurements: time evolution of the quantity of Rhodamine Water Tracer in ppb at the five measurement sites.



		Figure 5. Results from numerical model: comparison with measured data (left bank).



		Figure 6. Spatial profil of the longitudinal dispersion coefficient, calculated with several formulas.



		Figure 1. The Rhine-Meuse tidal river network. Each circle represents a river junction or confluence at which 13-hour ADCP-measurements and CTD-casts were taken.



		Figure 2. Large-scale engineering in the Rhine-Meuse river network. a) New Waterway region as it was before 1870 and the location of the New Waterway as it was created after 1870. b) The location of the dams that closed off the Haringvliet and Hollandsch Diep estuary in the south of the system, in 1969 and 1970. From Vellinga et al. (2014).



		Figure 3. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the New Waterway (junction 01, western branch). Both scales are in cm/s. For the top graph, red depicts seaward flow, while blue depicts landward flow. In the bottom graph, black lines depict the phase of the tide. The left-hand side depicts the sourthern bank. The top graph depicts a strongly layered flow structure, with dense, saline water flowing inward near the bed and fresher river water flowing seaward near the surface. Tidal flows are strong (up to 1 m/s).



		Figure 4. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the Old Meuse (junction 04, eastern branch). Both scales are in cm/s. For the top graph, red depicts seaward flow, while blue depicts landward flow. In the bottom graph, black lines depict the phase of the tide. The left-hand side depicts the southern bank. A weakly vertically stratified flow is visible, with outflow of water near the surface, but an average velocity near zero near the bed. The flow shows a weak horizontal stratification. Tidal flows are strong (up to 1 m/s).



		Figure 5. Tidally averaged (M0, top graph) and semidiurnal tidal flow amplitude (M2, bottom graph) at the Upper Merwede (junction 09, eastern branch). Both scales are in cm/s. For the top graph, red depicts seaward flow. The left-hand side depicts the southern bank. The top graph depicts a vertically uniform landward flow. Tidal flows are weak (less than 25 cm/s).



		Figure 6. Sketch of locally reversed flow at junction 09. The eastern branch discharges an average of 500 m3/s river water, while the northwest branch is subject to high tidal flow velocities. Flow in the southeast branch is fully determined by the interplay of the flow between the other two branches. In the southeast branch, horizontal flow gradients are large and net seaward flow occurs at rising water levels (flood), while net flow is only weakly seaward at falling water levels (Ebb).



		Figure 7. Mean salinity (in psu) for each CTD-location in the tidal network. Colour scale is logarithmical.



		Figure 1. Map of the St. Lawrence fluvial estuary, showing permanent (squares) and temporary (triangles) tide gauges.



		Figure 2a. Measured water levels at Grondines on June 19, 2009 as a function of cross-sectional distance and time (in EDT), interpolated from the gridded data (black dots). Left panel shows the bathymetry along the transect.



		Figure 2b. Same as Figure 2a for simulated water levels.



		Figure 3a. Same as Figure 2a for measured depth-averaged velocities, along with their respective velocity vectors.



		Figure 3b. Same as Figure 2a for simulated depth-averaged velocities, along with their respective velocity vectors.



		Figure 1. Propeller jet schematization (Hamill 1987, taken from Lam et al. 2011).



		Figure 2. Angles of impact α of the propeller jet (1) without and (2) with central rudder (BAW 2005).



		Figure 3. Top view of the basin.



		Figure 4. Lateral section of the basin.



		Figure 5. Propeller rudder combinations, a) Wageningen propeller with central rudder, b) Kaplan propeller in a Kort nozzle with double rudder.



		Figure 6. Reference system scheme.



		Figure 7. Reproducibility of a) the time averaged velocities V¯X and b) the turbulence intensity σvx of repeated experiments W0.



		Figure 8. Velocity vectors field with Wageningen propeller without rudder.



		Figure 9. Comparison of horizontal velocity profiles measured at X = 12 cm in experiment W0 with a) calculated profile, and b) theoretical profile shifted 1.5 cm downward (measured = solid line; calculated = dashed line).



		Figure 10. Mean velocity profiles for a) Wageningen propeller with central rudder, and b) Kaplan propeller with double rudder, at distances of X = 16.6 cm (solid line), 36.6 cm (dotted line) and 47.7 cm (dashed line).



		Figure 11. Comparison between W0 (dotted line), WC (solid line) and KD (dashed line) at a distance from the propeller plane of a) X = 16.7 cm (= XSmax of WC),



		Figure 1. RTD curves for the five different cases.



		Figure 2. Short circuiting indices for the different cases.



		Figure 3. Statistical variabilities of short circuiting indices.



		Figure 4. Mixing indices for the different cases.



		Figure 5. Trend of the hydraulic efficiency indices compared with short circuiting and mixing indices.



		Figure 1. Variation of the ratio of Ks to Kr for four values of γ for the case of β = 0.5.



		Figure 2. Variation of the ratio of Ks to Kr for four values of γ for the case of β= 2.



		Figure 3. Variation of the ratio of Ks to Kr for four values of γ for the case of β= 4.



		Figure 4. Variation of the ratio of Kn to Kr for four values of γ for the case of β = 0.5.



		Figure 5. Variation of the ratio of Kn to Kr for four values of γ for the case of β = 2.



		Figure 6. Variation of the ratio of Kn to Kr for four values of γ for the case of β = 4.



		Figure 1. Laboratory model (dimensions in m).



		Figure 2. Selected cross sections from middle bend for calculating (r).



		Figure 3. Cross section No. 46 with latitudinal velocity contour. (Blue shows the lowest and red shows the highest values).



		Figure 4. Changing pattern of (r) along the bend.



		Figure 5. Velocity profile relationships comparison.



		Figure 1. Concept of monitoring system for river-bed elevation change by echo sounders.



		Figure 2. Time-series of water level, river-bed elevation and representative grain-diameter d50 at the same observational site of this study at 24th–25th July 2009.



		Figure 3. Superposition of bathymetry measured by ADCP and 8 sub-sections divided according to the characteristic of bathymetry. Diamond marks mean the location of echo sounder B1, B2 shown in Figure 1.



		Figure 4. Time-series of water level, river-bed elevation by echo sounder and mean river-bed elevation in section 3.



		Figure 5. Time-series of water level, river-bed elevation by echo sounder and mean river-bed elevation in section 6.



		Figure 6. Comparison between estimated τ′* - τ* relation and Engelund’s formula.



		Figure 7. Comparison between estimated τ′* - τ* relation and Kishi & Kuroki formula. (R/d = 372, which was the value when the water depth was the deepest during flooding).



		Figure 8. Relation between τ″*I And τ″*I.



		Figure 9. Relation between τ* and Manning’s n in sub-section 3.



		Figure 10. Relation between τ* and Manning’s n in sub-section 6.



		Figure 11. Relation between wave steepness of dunes and tractive force shown by Yalin(1978). The observed λ/h-τ*/τ′ relations corresponding to each d50 are plotted as.



		Figure 1. DEM of gravel-bed mold.



		Figure 2. Region of interest, with DEM overlaid, and identification of all 425 individual measurement locations. Flow direction is indicated with left arrow. Each row of measurement locations in this Figure represents a vertical slice of the flow field (as used for Figs. 3–5) and is numbered from bottom (slice 1) to top (slice 17).



		Figure 3. Percentage of good data after pre-processing for slice 9. Shown is the DEM profile (maximum value across the slice width) for all DEM data points in flow direction (black line), as well as the maximum for the squared surface area (25 × 25 data points), which occupies the 6-mm acoustic Doppler velocimeter sample volume, for each of the 25 sampling locations in flow direction (grey line).



		Figure 4. Average decomposed flow information for all three spatial direction for vertical slice 1.



		Figure 5. Average streamwise flow information for all vertical slices.



		Figure 6. Qualitative representation of the 2D flow field (streamwise and across flow) just above the highest roughness top for the region of interest. Red = high flow magnitude, blue = low flow magnitude.



		Figure 1. Top views of the rough bed configurations with 2 cm cubes and the positions of the PIV vertical planes (solid lines). The dashed lines indicate measurement planes inferred by symmetry of the flow. (a) Aligned configuration (S1) with λf = 0.2, (b) staggered configuration (S2) with λf = 0.4.



		Figure 2. Time-averaged vertical profiles of different mean flow and turbulence statistics. Aligned configuration with λf = 0.2.



		Figure 3. Reynolds stresses (o), dispersive stresses (☐), viscous stresses (grey lines) and total shear stress (solid line in (a) and broken line in (b)). (a) α = 0.15, λf = 0.2, (b) α = 0.33, λf = 0.2.



		Figure 4. Friction velocities normalized by maximum mean streamwise velocity as a function of confinement α. (a) Top of canopy evaluation umax∗/Umax/Umax and (b) total drag evaluation u0∗/Umax /Umax.



		Figure 5. Example of logarithmic law regression fit with 95% confidence intervals for λf = 0.2 and α = 0.15.



		Figure 6. Logarithmic laws for three confinement ratios α. (a) λf = 0.2 and (b) λf = 0.4.



		Figure 7. Upper and lower bounds of the validated logarithmic laws. (a) Zmin/h and (b) Zmax/h.



		Figure 8. Upper bounds of the validated logarithmic laws normalized by water depth D, zmax/D.



		Figure 9. (a) Displacement heights d/h and (b) roughness lengths z0/h.



		Figure 10. (a) Equivalent sand roughness normalized by the roughness height h, ks/h.



		Figure 11. (a) Equivalent sand roughness normalized by the effective water depth D′ = D − h , ks/D′.



		Figure 1. Hydraulic flume and experimental setup for Phase 1 experiments. Flow direction is from left to right.



		Figure 2. Illustrations of the four spoiler baffle configurations tested (a) 3-3-3, (b) 3-2-3, (c) 2-2-2, (d) 2-1-2.



		Figure 3. Individual Manning roughness n and trail data versus flow rate for the four spoiler baffle configurations tested at λ+ of a) 0.6, b) 1.2, c) 1.8.



		Figure 4. Averaged roughness values for each of the spoiler baffle configurations tested.



		Figure 5. Experimental setup for 3-3-3 spoiler baffle configuration with ADV side-looking probe pointing (a) upstream, (b) to the left side. Spoiler baffles spaced at λ+ = 0.6 can be observed protruding from the bottom of the pipe.



		Figure 6. Time averaged streamwise velocities (m/s) for the a) 3-3-3 b) 3-2-3 (upstream); and c) 3-2-3 (downstream) baffle configurations. Rectangular lines show baffle location at x+ = 0.



		Figure 7. Turbulent kinetic energy (m2/s2) for the a) 3-3-3 b) 3-2-3 (upstream); and c) 3-2-3 (downstream) baffle configurations. Rectangular lines show baffle location at x+ = 0.



		Figure 1. The flume with gravel bed.



		Figure 2. The washed river gravel bed.



		Figure 3. The temporal cross-correlation data for flow conditions 1, 4, and 7.



		Figure 4. The measured and fitted spatial cross-correlation function for the water surface roughness for flow conditions 1, 4 and 7.



		Figure 5. The dependence of flow velocity on mean depth and bed slope.



		Figure 6. The deviation of mobile bed data from the measured dependence (Blue circles—static bed, red crosses—mobile bed).



		Figure 7. The relationship between the free surface characteristic spatial period and the bulk flow properties.



		Figure 8. An alternative relationship between the free surface characteristic spatial period and the bulk flow properties.



		Figure 1. The “truth” gravel-bed DEM, as sent to the 3D printer, draped with a grey-scale ortho-image of the model after surface finishing. The 3D printed model size is 296 × 184 mm2, and check points are sampled every 0.25 mm in both directions. Therefore, the total number of check points is 873,345.



		Figure 2. The DEM alignment process. (Left) During horizontal alignment, the region where the 3D printed model is represented in the measured DEM is determined (the surface enclosed in the white dotted line). Before vertical alignment (middle), a tilt between the measured and the truth DEM is evident in the DEM of difference (DoD). (Right) This image presents the bilinear trend characterizing the misalignment. This trend was removed from the measured DEM before assessment. Elevations are in millimetre.



		Figure 3. (top) Measured DEM of the 3D printed model collected with 0.25 mm sampling distance, horizontally and vertically aligned with the ground truth; (bottom) truth DEM. The same colour representation, with elevation-scale in millimetre, is used for both DEMs.



		Figure 4. DEM of absolute difference obtained after point-by-point differentiation of the measured DEM, after alignment, with the truth DEM.



		Figure 5. 2D semivariogram versus distance lags normalised by the median sediment size, calculated over (top) the measured DEM; and (bottom) the truth DEM. The same colour representation is applied to the two semivariograms. The maximum lag was chosen to encompass all sediment size found on the DEM surface.



		Figure 6. Inclinations indices versus the normalised distance lags, calculated over the measured DEM and the truth DEM, in both the flow (black lines) and the transverse (grey lines) direction. A threshold of 0.01 was used to remove the influence of slopes smaller than the threshold, which are considered not reliable.



		Figure 1. Sketch (A) and view (B) of field setup. 1: Measurement area; 2: Catamaran with riverbed profiling unit suspended by steel cables; 3: Flat frame with flow profiling unit; 4: Bridge. Flow in x-direction.



		Figure 2. Sketch of ADV array (A) and profiler (B) with smapling volumes, as well as view of their setup (C). 1: ADV array; 2: ADV profiler; 3: Flat frame; 4: Bridge; 5: ADV holder; 6: Catamaran with bed profiling unit. Flow in x-direction.



		Figure 3. Sketch (A) and view (B) of flow profiling unit. 1: Echo sounder sensor; 2: Holder; 3: Orientation sensor; 4: GPS antenna; 5: Catamaran with platform; 6: Sliding connection with cable; 7: Computer. Flow in x-direction.



		Figure 4. GPS data for a single run. 1. Centreline; 2. Position of ADV.



		Figure 5. Profiles of bed topography from centreline and vertical turbulent stresses, −u′w′¯, for two successive runs, recorded with a time difference of 47 min. Vertical arrows indicate the position of ADVs during recording of bottom profile. Zoom view shows ripples on dune.



		Figure 1. Periodic boundary treatment for inflow and outflow.



		Figure 2. Schematic view of the flume in laboratory experiment.



		Figure 3. SPH particle snapshots of (a) velocity and (b) pressure.



		Figure 4. Comparisons of experimental and SPH velocity profiles.



		Figure 5. Log-law velocity profiles obtained from experimental, theoretical and SPH results.



		Figure 6. Comparisons of experimental and SPH computed shear stress distributions.



		Figure 7. SPH computed velocity profiles using different bed slopes and their comparisons with experimental measurement.



		Figure 8. Alternative SPH computation with different bed slope.



		Figure 1. Representation of multi-scale roughness.



		Figure 2. BVC method.



		Figure 3. Calculation domains for non-equilibrium wall law.



		Figure 4. Calculation domains for non-equilibrium wall law.



		Figure 5. Water surface velocity and bottom velocity distributions (SI unit).



		Figure 6. streamwise velocity vertical distribution along longitudinal section across boulders (y/dc = 0).



		Figure 7. streamwise velocity vertical distribution along longitudinal section between boulders (y/dc = 1).



		Figure 8. Calculation errors of bottom velocity by several calculation methods.



		Figure 1. Illustration of accuracy of developed models for subcritical region.



		Figure 2. Illustration of accuracy of developed model for Reynolds numbers up to 106.



		Figure 1. (a) Location of study site and (b) ADCP measurement locations.



		Figure 2. Comparison of flow depth measured with FV and MV survey procedures.



		Figure 3. Comparison of depth-averaged velocity determined from FV and MV survey procedures.



		Figure 4. Mean velocity profiles at xs1p2 determined from FV and MV survey procedures. The regression equation fit to the FV data is shown with a solid line.



		Figure 5. Mean velocity profiles at xs2p1 determined from FV and MV survey procedures. The regression equation fit to the FV data is shown with a solid line.



		Figure 6. Comparison of boundary shear stress determined from FV and MV survey procedures.



		Figure 1. Schematic diagram of experimental meandering channels with setup.



		Figure 2a. Dimension of the meandering channel.



		Figure 2b. Meandering channel inside the flume.



		Figure 3. Stage-discharge relationship of typical meandering channels.



		Figure 4. (a to e). Comparison of Manning’s n with different subsequent flow parameters.



		Figure 5. (a-d). Validation occurs in between actual vs. predicted.



		Figure 1. Measuring site, indicated river chainage and benchmarks, ortophotomap and DEM as background.



		Figure 2. Velocity distribution (top) and localization of velocity points for cross-section P3 during high water (the longitudinal bottom tracking included).



		Figure 3. Scheme for flow analysis.



		Figure 4. Tracking of the bottom—depth for different discharges.



		Figure 5. Dimensions of bedforms (averaged over selected sections).



		Figure 6. Water level slope with discharge.



		Figure 7. Manning’s roughness coefficient for central channel section.



		Figure 8. Rating curves for central zone and bank channel, chainage km 336.



		Figure 9. Cross-section km 336—measured through groynes and groyne fields.



		Figure 10. Flow area of the channel at the chainage km 336.



		Figure 11. Model I: calculated and recorded water levels.



		Figure 12. Model II: calculated and recorded water levels.



		Figure 13. Effect of groynes of the conveyance— computed and recorded rating curves.



		Figure 1. River Rhine in the Netherlands bifurcates into Waal, Nederrijn and IJssel. The circles show the bifurcation points Pannerdensche Kop (PK) and IJssel Kop (IJK).



		Figure 2. Sobek model schematization of the Rhine distributaries in the Netherlands. Names refer to water level stations. The roughness was computed for the three branches: P0, P1 and P2.



		Figure 3. Dune dimensions predicted by Coleman using observed water levels just upstream of PK (Upper Rhine branch).



		Figure 4. Predicted dune heights (top panels) for the Waal branch (P1, left) and Pannerdensch Kanaal branch (P2, right). Bottom: Chézy roughness and water level difference from Sobek Dune for the P1 and P2 branches. Both located just downstream of the bifurcation point.



		Figure 5. Chézy and Nikuradse roughness (top) and water levels (bottom) from the Sobek Dune model for location P0.



		Figure 1. Vegetation and gravel roughness in EXPT1 and the measured cross-section.



		Figure 2. Bed configuration EXPT1.



		Figure 3. Bed configuration EXPT2.



		Figure 4. Depth-averaged streamwise  velocity for CRS2 and CRS3.



		Figure 5. Lateral flow distribution (CRS3): (a) EXPT1; (b) EXPT2.



		Figure 6. Logarithmic distribution of the mean streamwise velocity.



		Figure 7. Vertical distribution of the relative turbulence intensities (EXPT1).



		Figure 8. Vertical distribution of the relative turbulence intensities (EXPT1).



		Figure 9. Vertical distribution of the turbulent kinetic energy (EXPT1): (a): Gravel bed (b): Vegetated bed.



		Figure 10. Vertical distribution of the turbulent kinetic energy (EXPT2): (a): Gravel bed (b): Vegetated bed.



		Figure 11. Lateral distribution of SKM.



		Figure 12. Lateral distribution of Γ and Ud.



		Figure 13. Lateral distribution of the SKM friction factor f.



		Figure 14. Experimental and SKM lateral distribution of the depth-averaged streamwise velocity Ud (CRS3).



		Figure 15. Experimental and SKM lateral distribution of the boundary shear stress (CRS3).



		Figure 1. Experimental set-up (a) x–y vertical plane, (b) x–z horizontal plane.



		Figure 2. Allocation pattern of vegetation elements.



		Figure 3. Contour of the time-averaged streamwise velocity in x–y plane (a) Nonwake zone, (b) Wake zone.



		Figure 4. Variations of the time-averaged streamwise velocity along the vegetation patch.



		Figure 5. Contour of the time-averaged vertical velocity in x–y plane (a) Nonwake zone, (b) Wake zone.



		Figure 6. Variations of the time-averaged vertical velocity along the vegetation patch.



		Figure 7. Contour of the time-averaged velocity in x–z plane (a) Streamwise velocity, (b) Transverse velocity.



		Figure 8. Variations of peak Reynolds stress along the vegetation patch.



		Figure 9. Variations of peak Reynolds stress in x–y plane.



		Figure 10. Correlation contours of streamwise velocity in x–y vertical plane.



		Figure 11. span wise   distribution of space-time correlation.



		Figure 1. Schematic top-view of flume close to the model vegetation patches (circles), not to scale. The coordinate axis in the horizontal plane is shown, with velocities U and V in the directions of x and y, respectively, with x = 0 at the patch leading edge and y = 0 on the centerline between the patches. The vertical axis is upwards (not depicted). Two patches, seperated by a gap Δ, consist of staggered arrays of dowels. The positions of the velocity measurements are indicated by heavy crosses, the positions of the deposition slides are indicated by gray rectangles. Only measurements close to the patch are shown.



		Figure 2. Mean, streamwise velocity on the flume centerline (center of the gap) and on two vegetation centerlines for two gap spacings: (a) Δ = 2 cm and (b) Δ = 11 cm.



		Figure 3. Average minimum, streamwise velocity on the centerline between patches for different gap spacings. The solid line is a fit with ε = 0, for the dashed line, ε = 1.8 cm.



		Figure 4. Average deposition [mg/cm2] from three measurements substracted from the mean deposition of each experimental run is shown in light gray, the interval indicating the error on the measurements. Mean, streamwise velocity U on the centerline of the gap, normalized by the upstream velocity U∞ for a gap spacing of 2 cm (above) and 11 cm (below) is indicated by solid, black dots. The position of the patch is indicated by a dark, grey bar.



		Figure 5. Average deposition [mg/cm2] from three measurements substracted from the mean deposition of each experimental run is shown in light gray, the interval indicating the error on the measurements. Mean, streamwise velocity U on the profile through the center of the left patch, normalized by the upstream velocity U∞ for a gap spacing of 2 cm (above) and 11 cm (below) is indicated by solid, black dots. The position of the patch is indicated by a dark, grey bar.



		Figure. 1 Schematic plan views of flow though emergent vegetation, Cases 1 and 2.



		Figure 2. Visualized instantaneous flow pattern on the free surface in Case 1.



		Figure 3. Visualized instantaneous flow pattern on the free surface in Case 2.



		Figure 4. Time series of velocity fluctuations u1 and u3 in Case 1, sampled at point A1: blue, u1; red, u3.



		Figure 5. Time series of free-surface fluctuations in Case 1, sampled at points A1 and A2. The fluctuations in LES are estimated by applying the hydrostatic approximation to the surface pressure.



		Figure 6. Time series of velocity fluctuations u1 and u3 in Case 2, sampled at points B1 and C1: blue, u1; red, u3.



		Figure 7. Time series of free-surface fluctuations in Case 2, sampled at points C1 and C2. The fluctuations in LES are estimated by applying the hydrostatic approximation to the surface pressure.



		Figure 8. Streamwise mean velocity profiles in Case 1, normalized by the bulk mean velocity. The secondary flow pattern is also shown in the LES results by the velocity vectors.



		Figure 9. Streamwise mean velocity profiles in Case 2, normalized by the bulk mean velocity. The secondary flow pattern is also shown in the LES results by the velocity vectors.



		Figure 10. Schematic plan views of additional flows through emergent vegetation, Cases 3 and 4.



		Figure 11. Visualized instantaneous flow patterns on the free surface in Cases 3 and 4. The mean flow component is subtracted from the vectors.



		Figure 12. Streamwise mean velocity profiles obtained from LES in Cases 3 and 4, normalized by the bulk mean velocity. The secondary flow pattern is also shown by the velocity vectors.



		Figure 13. Lateral variation of one-dimensional, time-averaged energy spectra of free-surface lateral velocity in streamwise direction.



		Figure 1. Sketch of computational domain for the submerged case (h/H = 0.5) showing position of the porous/non-porous cylinder of diameter D=H.



		Figure 2. Visualization of the coherent structures (necklace vortices and vortex tubes inside the SSLs) around the porous cylinder in the mean flow field using the Q criterion. a) submerged case; b) emerged case.



		Figure 3. 3D streamline patterns visualizing the flow structure within the porous cylinder and steady wake region. a) submerged case; b) emerged case. The view is from above.



		Figure 4. Visualization of the coherent structures in an instantaneous flow field for the submerged (top) and the emerged cylinder (bottom) using vertical vorticity contours, ωzH/U. The horizontal plane is situated at mid-porous cylinder depth (z/h = 0.5).



		Figure 5. Distribution of the non-dimensional vertical velocity w/U in several horizontal planes (z/H = 0.1, 0.3 and 0.5) cutting through the porous cylinder (submerged case).



		Figure 6. Distribution of the nondimensional TKE in several horizontal planes (z/h = 0.1, 0.5, 0.9) cutting through the porous cylinder (submerged case).



		Figure 7. Distribution of the nondimensional TKE in several horizontal planes (z/h = 0.1, 0.5, 0.9) cutting through the porous cylinder (emerged case).



		Figure 8. Distribution of the nondimensional TKE in several horizontal planes (z/H = 0.3, 0.6, 0.9) for the submerged case.



		Figure 9. Distribution of the nondimensional bed friction velocity. a) submerged case; b) emerged case.



		Figure 1. Flowchart of the present numerical simulation.



		Figure 2. Modeling of vegetation invasion to bare area.



		Figure 3. Initial cross-section in the computation (case 2).



		Figure 4. Transition of bar morphology and vegetation in the Yahagi river.



		Figure 5. Time series of the annual maximum discharge of the Yahagi river.



		Figure 6. Time development of bar morphology and vegetation height.



		Figure 7. Long term change of vegetation coverage, expansion and destruction.



		Figure 8. Long term vegetation dynamics with different sand barmode.



		Figure 1. Experimental set-up (a) PIV system, (b) Location of LLS.



		Figure 2. Contours of time-averaged streamwise  velocity.



		Figure 3. (a) Longitudinal profiles of time-averaged transverse velocity, (b) Longitudinal profiles of time-averaged streamwise  velocity along the vegetation patch.



		Figure 4. Longitudinal profiles of peak Reynolds stress along the vegetation patch.



		Figure 5. Evolution of streamwise  velocity behind the vegetation patch.



		Figure 6. Longitudinal profiles of the space-averaged streamwise  velocity Uv within the vegetation patch.



		Figure 7. Length-scale of vegetation wake region.



		Figure 8. Evolution of Reynolds stress behind the vegetation patch.



		Figure 9. Contours of the Reynolds stress behind the patch.



		Figure 10. Lateral distribution of the quadrant Reynolds stress behind the patch (Case A-L).



		Figure 1. 2011 aerial image and Electrical Resistivity Analysis (ERT) of the section. Light colours of the ERT are sandy deposits, while dark colours are coarse deposits (gravel and cobbles). The dot shows the position of the soil pit (Fig. 2).



		Figure 2. Analysed soil pit and defined soil and sedimentary layers. The position of the soil pit along the section is indicated in Figure 1. M = sandy deposits enriched with allochthonous organic matter; Ah = organic matter enriched soil layer; C = mineral layer (sand, gravel, cobble).



		Figure 3. Series of historical aerial pictures documenting the geomorphological development of the section.



		Figure 4. A; Quantity of the different organic matter pools along the soil profile. A1) fresh litter, A2) stable litter compounds, A3), humified litter, A4) stable humus compounds, A5) resistant humus compounds. B; Proportion of the different organic matter pools to the total organic carbon along the soil profile.



		Figure 5. Maximum discharge (Max Q) per year. The dashed lines represent the minimum, mean and maximum yearly max Q. Black squares refer to dates of the aerial images of Figures 1–3.



		Figure 1. a) Plane-view of experimental apparatus; b) sketch view of the vegetated bed.



		Figure 2. Cross-sectional velocity: no-vegetated bed.



		Figure 3. Cross-sectional velocity: vegetated bed.



		Figure 4. Contour maps in no-vegetated bed condition: a) τrr,n; b) τrz,n; c) τzz,n.



		Figure 5. Contour maps in no-vegetated bed condition: a) τrr,n; b) τrz,n; c) τzz,n.



		Figure 6. Contour maps in no-vegetated bed condition: a) τrr,n; b) τrz,n; c) τzz,n.



		Figure 7. Contour maps in vegetated bed condition—Section A: a) τrr,n; b) τrz,n; c) τzz,n.



		Figure 8. Contour maps in vegetated bed condition—Section B: a) τrr,n; b) τrz,n; c) τzz,nn.



		Figure 9. Contour maps in vegetated bed condition—Section C: a) τrr,n; b) τrz,n; c) τzz,n.



		Figure 1. Stand of trees and bushes in the River Borgne, Val d’Hérens, Switzerland. Picture provided by P. Perona.



		Figure 2. Two main types of root erosion mechanism.



		Figure 3. Method to measure the strength of fragile seedling roots. Roots were fixed in between the cardboard structure which was then cut into two pieces and pulled apart with constant velocity.



		Figure 4. The ratio of pullout force, Fp, and breaking strength, FB, plotted against the total root length, Ltot for three different grain sizes (A: 0.4–0.8, B: 1.0–1.7 and C: 1.5–2.2 mm, respectively) and two different saturation levels (70–80% (circles) and 90–100% (diamonds) of water bearing pores saturated).



		Figure 5. Schematic drawing of the setup of the flume experiment.



		Figure 6. DEM (digital elevation model) of the flume bed after a flood simulation (A). Flow direction is indicated with an arrow. B: Flume bed elevation of a section through the middle of the flume bed before (dotted line) and after (solid line) the flood simulation.



		Figure 7. The time of sediment erosion required before uprooting plotted against the length of the main root for the four investigated flow settings with increasing flow discharge Q1 (dark blue diamonds), Q2 (orange circles), Q3 (turquoise triangles) and Q4 (red squares).



		Figure 1. The CEH River Lambourn Observatory (a) before weed cut and (b) after weed cut on 18th May 2011.



		Figure 2. Planform of the vegetation patches before and after weed cut (solid circles show position of example ADV measurements).



		Figure 3. Vertical profile of Ranunculus using underwater camera.



		Figure 4. Model mesh.



		Figure 5. Digital elevation models of the gravel bed.



		Figure 6. Free surface profiles for gravel-bed calibration.



		Figure 7. Free surface profiles for (a) before weed cut and (b) after weed cut.



		Figure 8. Comparison of measured and simulated streamwise velocity (a) before weed cut and (b) after weed cut.



		Figure 9. Streamwise velocity at free surface between 30 m and 70 m for (a) before weed cut and (b) after weed cut (flow direction is from left to right).



		Figure 10. Turbulent kinetic energy at free surface between 30 m and 70 m for (a) before weed cut and (b) after weed cut.



		Figure 1. Riparian vegetation in a groyne field on the Tagliamento River near Bordano, Italy.



		Figure 2. A view of the experimental setup from the downstream.



		Figure 3. Rigid emerged model vegetation.



		Figure 4. Laboratory test for the model silicone plants (left) vertical posture of plants in still water, and (right) reconfiguration in moving water.



		Figure 5. A view of the experimental setup in the experiment with emerged rigid model vegetation, 200 plants/m2.



		Figure 6. Groyne field with submerged flexible model vegetation.



		Figure 7. Mean velocity vectors in the groyne field without vegetation, z/h = 0.8.



		Figure 8. Mean velocity vectors in the groyne field with emerged rigid vegetation, 100 plants/m2, z/h = 0.8.



		Figure 9. Mean velocity vectors in the groyne field with submerged rigid vegetation, 100 plants/m2, z/h = 0.8.



		Figure 10. Mean velocity vectors in the groyne field with submerged flexible vegetation, 100 plants/m2, z/h = 0.8.



		Figure 11. Turbulent kinetic energy in the groyne field without vegetation, z/h = 0.8.



		Figure 12. Turbulent kinetic energy in the groyne field with emerged rigid vegetation, 100 plants/m2, z/h = 0.8.



		Figure 13. Turbulent kinetic energy in the groyne field with submerged rigid vegetation, 100 plants/m2, z/h = 0.8.



		Figure 14. Turbulent kinetic energy in the groyne field with submerged flexible vegetation, 100 plants/m2, z/h = 0.8.



		Figure 15. Interaction between flow and vegetation: (a) wakes behind rigid emerged vegetation, (b) and (c) responses of flexible submerged plants to propagation of vortex from the shear layer.



		Figure 1. Ota River with trees and bushes near the interface between main channel and floodplain.



		Figure 2. General view of the flume (left) and model trees (right).



		Figure 3. Location of trees along the edge of floodplains.



		Figure 4. Water level and velocity vectors in Case 0.



		Figure 5. Effect of trees on water level.



		Figure 6. Effect of trees on water depth.



		Figure 7. Velocity distributions in Case 1.



		Figure 8. Velocity distributions in Case 2.



		Figure 9. Velocity distributions in Case 3.



		Figure 1. Schematic illustration of the experimental channel.



		Figure 2. The grid scheme for ADV measurements.



		Figure 3. Instantaneous velocity fluctuations at the interface for case S1.



		Figure 4. Streamwise velocity contour lines for fixed bed experiments with smooth floodplain.



		Figure 5. Streamwise velocity contour lines for fixed bed experiments with roughened floodplain.



		Figure 6. Bed shear stress (N/m2) variation in the width of the main channel for case S1 with the three approaches.



		Figure 7. Transverse variation for bed shear stress for different cases.



		Figure 8. Vertical Reynolds shear stress distribution in depth, in three selected point.



		Figure 9. A photograph of bed features in case RS2 of movable bed experiments.



		Figure 10. Statistical average of bedform height.



		Figure 11. Secondary current vectors in the proximity of scour hole near the junction wall.



		Figure 1. Geometry of the model.



		Figure 2. Velocity contours (m/s) and interfacial profile, for time from the lock t = 22, 32, 42, 52 and 62 s (case 3).



		Figure 3. Time-averaged horizontal velocity profile (case 1).



		Figure 4. Time-averaged horizontal velocity profile (case 3).



		Figure 5. Time-averaged horizontal velocity profile (case 4).



		Figure 6. Time-averaged horizontal velocity profile (case 5).



		Figure 7. Time-averaged horizontal velocity profile (case 6).



		Figure 8. Time-averaged horizontal velocity profile (case 9).



		Figure 9. Temporal evolution of the toe position for the bottom current (cases 1, 3 and 5).



		Figure 10. Temporal evolution of the toe position for the surface current (cases 1, 3 and 5).



		Figure 11. Temporal evolution of the toe position for the bottom current (cases 3, 4 and 9).



		Figure 12. Temporal evolution of the toe position for the surface current (cases 3, 4 and 9).



		Figure 13. Temporal evolution of the toe position for the bottom current (cases 3 and 6).



		Figure 14. Temporal evolution of the toe position for the surface current (cases 3 and 6).



		Figure 15. Evolution of Froude number with dimensionless canopy drag parameter.



		Figure 16. Velocity ratio u3/u2 against dimensionless drag parameter.



		Figure 17. Temporal evolution of flow discharge (cases 1, 3 and 5).



		Figure 18. Temporal evolution of flow discharge (cases 3, 4 and 9).



		Figure 19. Temporal evolution of flow discharge (cases 3 and 6).



		Figure 1. Schematic canopy flow model (reproduced from Nezu and Sanjou (2008) with permission from Elsevier).



		Figure 2. N-pendula schematic. Here, pendula of length li are connected by hinge joints (circles). The force at each node is resolved into transverse (Ft) and radial (Fr) components.



		Figure 3. Normalized velocity profile for the horizontally and temporally averaged downstream velocity in the semi-rigid patch simulation. The idealized shear layer profile is in black. Normalized variables were calculated as z∗=(z−z¯)/θM and u* = (U – Ū)/ΔU, where ΔU is the mixing layer velocity difference, θM is the momentum thickness, and Ū is the mean mixing layer velocity, which occurs at the height z=z¯.



		Figure 4. FTLE (left) and vorticity (right) long-sections at a series of time-steps. The positions of identified vortices are shown using the dotted ovals. The white regions in the FTLE plot correspond to regions where the trajectories could not be fully tracked. In the vorticity plots, blue corresponds to clockwise vorticity and red to anticlockwise vorticity.



		Figure 5. Normalised velocity profile for the horizontally and temporally averaged downstream velocity in the semi-rigid canopy simulation. The idealized shear layer profile is shown in black.



		Figure 6. Vortex detection results using the (a) FTLE and (b) Q criterion. In (a), areas in yellow/red represent vortex ridges. In (b), areas of black represent vortices.



		Figure 7. Normalised velocity profile for the horizontally and temporally averaged downstream velocity in the highly flexible patch simulation. The idealized shear layer profile is shown in black.



		Figure 8. Vortex detection results using the (a) FTLE and (b) vorticity. In (a), areas in yellow/red represent vortex ridges. In (b), blue corresponds to clockwise vorticity and red to anti-clockwise vorticity.



		Figure 9. Normalised velocity profile for the horizontally and temporally averaged downstream velocity in the highly flexible canopy simulation. The idealized shear layer profile is shown in black.



		Figure 10. FTLE snapshots from the highly flexible canopy simulation. Areas in yellow/red represent vortex ridges.



		Figure 1. Experimental data showing the change in drag coefficient with Reynolds number for flow around a cylinder Figure reproduced from Cheng (2013) with permission from ASCE.



		Figure 2. Schematic of resolved pressure around the cylindrical stem. Here, individual surface pressure values (p), are resolved into the downstream direction.



		Figure 3. Numerical simulation setup for the benchmark test.



		Figure 4. Pressure coefficient distribution around a cylinder for different flow conditions. Characteristic profiles taken from Anderson (1984).



		Figure 5. Numerical domain for the single stem experiments with flow from left to right. The dotted line indicates the extent of the flow recirculation region.



		Figure 6. Canopy height time series for the constant (red) and variable (blue) drag coefficient simulations. The velocity time series for the dynamic drag coefficient simulation is shown in black.



		Figure 1. 3-D view of the numerical setup.



		Figure 2. Contours of streamwise velocity U/Umax (case X1T).



		Figure 3. Vectors of secondary currents velocity V/Umax, W/Umax (case X1T).



		Figure 4. Contours of anisotropy of turbulence (w2¯−v2¯)/U¯∗2 (case X1T).



		Figure 5. Contours of shear stress −uv¯/U¯∗2 (case X1T).



		Figure 6. Contours of shear stress −uw¯/U∗¯2 (case X1T).



		Figure 7. Variation of streamwise velocity U/Umean across the channel at y/H = 0.93.



		Figure 8. Variation of streamwise velocity U/Umean across the channel at various y/H (case X1T).



		Figure 9. Vertical distribution of streamwise velocity at z/B = 0.25 (vegetated zone), z/B = 0.50 (interface) and z/B = 0.75 (non-vegetated zone) (case D7T).



		Figure 10. Vertical distribution of normal stresses at z/B = 0.25 (vegetated zone), z/B = 0.50 (interface) and z/B = 0.75 (non-vegetated zone) (case D7T).



		Figure 11. Variation of Ud/Umean across the channel for numerical and analytical results.



		Figure 12. Variation of numerical and analytical depth averaged stress −uw¯/Umean 2 across the channel.



		Figure 13. Variation of shear stresses −uw¯/Umean 2 across the channel at y/H = 0.93.



		Figure 14. Shear stress distribution −uw¯/Umean 2 across the channel at various y/H (case X1T).



		Figure 15. Vertical distribution of shear stress −uv¯/U∗2¯ at several positions z/B (case D7T).



		Figure 1. River Blackbrook and gravel from the river bed.



		Figure 2. Force Measuring Device (FMD).



		Figure 3. FMD calibration.



		Figure 4. Normalized weight against rod length.



		Figure 5. Tree partially submerged in the river.



		Figure 6. Project area of the tree with RGB mode image.



		Figure 7. Project areas of the trees.



		Figure 8. Velocity distributions over water depth for two consecutive days.



		Figure 9. Turbulent intensities for two consecutive days.



		Figure 10. Mean velocities behind cylindrical rod and tree.



		Figure 11. Turbulent intensities behind cylindrical rod and tree.



		Figure 12. Drag coefficients of cylindrical rods and tree.



		Figure 13. Drag force for each layer of 25 mm over water depth.



		Figure 1. Schematic of the experimental flume design. The gray area represents the rod array.



		Figure 2. A partially vegetated channel was simulated using an array of wooden rods in a laboratory flume as pictured.



		Figure 3. Hyperbolic tangent fit of experimental data for high-density emergent array. The interface is located at y = 0 with the array extending to y = −18.



		Figure 4. Experimental channel bulk drag coefficients, CD, derived from water level measurements.



		Figure 5. Comparison of estimated mean stem drag force (−) based on equation 3 plotted with distributions of the measured force at varying locations within the measurement transect. The sample mean is given by (*) with the box indicating the 25th and 75th percentiles. The whiskers approximate 97% of the data with data outside considered outliers.



		Figure 6. Histograms of measured stem force distribution in u(t) and FD(t) a) at the array interface (y = 0) and b) within the array (y = −18).



		Figure 7. Time series of the measured stem force on the outermost rod. The series is characterized by highamplitude peaks, indicating high momentum flux in the streamwise (positive) direction and low-amplitude troughs, indicating low momentum flux in the opposite direction.



		Figure 1. Location of the restored corridor of the river Thur in Switzerland and aerial view of the restored river corridor and the main gravel bar used for cutting experiments (a). Patterns of erosion—deposition obtained from DEM elevation difference (50 cm × 50 cm resolution) for the years 2009 (b) and 2010 (c). Plots with vegetation cuttings are shown as blue dots.



		Figure 2. Erosion deposition balance for plots in 2009 and 2010. Cells are 2 m × 2 m and vegetation plot is located in correspondence of the center cell. The interval is kept in the range −0.4 < Δz < 0.4 m because the cutting length is about 40 cm. Outside of these limits, scouring produces plot removal, whereas deposition inhibits sprouting. For all cells, flow is from right to left.



		Figure 3. Scheme of the cells within and surrounding the vegetation plot. The geometry here represented is used to compute vegetation root reinforcement.



		Figure 4. Root reinforcement computed as described in Section 3.1 is here shown in relation to the observed normalized scouring (a) and the normalized root depth mode (b). Despite the early growth stage of the willow plot, evidence was found that root reinforcement increases with the percentage of root volume in the soil (c).



		Figure 5. Different root volume distributions due to hydrotropism or oxytropism showing how the same erosion amount (bluish area) may affect plants survival. The same amount of material eroded can lead to plant death when root distribution is close to the surface (left panel), or have limited effect when roots are concentrated at the cutting bottom (right panel).



		Figure 1. Definition of an equivalent Manning’s roughness coefficient, nV. (a) Dynamics of an open channel flow with submergent vegetation; “real channel”. The flow resistance consists of vegetation drag force FV, bed friction on the forest floor τ0 and internal shear stress on the canopy top τi. τ1 is the bed friction outside of vegetation. (n0, n1) are Manning’s roughness coefficients corresponding to (τ0. τ1), respectively. (b) Dynamics of an open channel flow on a bed roughness with an equivalent Manning’s roughness coefficient, nV; “virtual channel”. All the three components of flow resistance (FV, τ0 τi) in Figure 1a are integrated and parameterized as the “equivalent bed shear stress” τV.



		Figure 2. Computational procedure of nV.



		Figure 3. An open channel for analysis of nV.



		Figure 4. Horizontal distribution of depth-averaged velocity U.



		Figure 5. Dependencies of rating curve (h0, Q0) and Manning’s coefficient nv on vegetation properties (d, hv, Bv, N)…



		Figure 6. Dependencies of Manning’s coefficient nv on vegetation properties (d, hv, Bv, N) for various discharge Q.



		Figure 7. Experimental results of rating curve (h0, Q0) (symbols) compared with numerical solution (solid lines).



		Figure 8. Experimental results of equivalent Manning’s coefficient nv (solid symbols) compared with numerical solution (solid lines).



		Figure 1. Location of Asahi River in Japan.



		Figure 2. Target domain downstream of the Asahi River and installation points of water level gauges.



		Figure 3. Upstream view of the Ohara area in 2013.



		Figure 4. Location of targeted vegetation in the Ohara area (mark × in the legend shows washing out of vegetation by flood flows in 2011).



		Figure 5. Examples of a grain size accumulation curve given by the sieving test for samples obtained from field observations at three points in the Ohara area.



		Figure 6. Time series of height of the targeted willows during the observation period.



		Figure 7. Types of behavior of herbaceous plants in a flow.



		Figure 8. Schematic view of a concept of the phase shift to simulate the processes of establishment and expansion of vegetation in rivers. Phase shift occurs depending on the period of duration under the undisturbed bed condition.



		Figure 9. Aerial photographs taken at the Ohara area (left, August 2006; right, June 2013).



		Figure 10. Vegetation conditions in 2006, prepared for initial data of vegetation dynamics simulations.



		Figure 11. Simulated results of vegetation condition in 2013 (Case A).



		Figure 12. Simulated results of vegetation condition in 2013 (Case B).



		Figure 1. (a) Definition sketch of the measurement area of the channel, (b) plane view and side view of the jet at the plane of flow symmetry.



		Figure 2. Normalized (a) streamwise U/Ua, (b) span wise   V/Ua, and (c) vertical W/Ua velocity profiles, at the downstream location of x/D = 26.67 for the different three experimental configuration: CJ3 jet in smooth channel (square symbol), CV1 vegetated channel without jet (star symbol) and CJV3 jet in vegetated channel (ring symbol) (see Table 1).



		Figure 3. Vegetation effects on the Vxy velocity distribution in the horizontal plane at z/H = 0.45. Run CV1 (see Table 1).



		Figure 4. Transversal plan view of the Vyz velocity vectors for run CJ3, at the downstream location of x/D = 26.67. Enlargement of the selected area on the left.



		Figure 5. Transversal plan view of the Vyz velocity vectors for run CJV3, at the downstream location of x/D = 26.67.



		Figure 6. Isocontours of Vxz/Ua velocity for (a) run CJ3, (b) run CJV3. Downstream location of x/D = 26.67.



		Figure 1. Definition sketch.



		Figure 2. Time series of flow depth (top) and velocity (bottom) at the beginning of the floodplain (at x = 0) for the case of: impermeable plane (thin continuous line), permeable plane with no air movement (dashed line) and permeable floodplain with air movement (thick black line).



		Figure 3. Surface water levels and wetting front at the beginning of the flooding event (top) and close to the flow reversal (bottom), for the case of: impermeable plane (thin continuous line), permeable plane with no air movement (dashed line) and permeable floodplain with air movement (thick black line).



		Figure 4. Movement of the surface wave front (location where water depth is 5 mm) for the case of: impermeable plane (thin continuous line), permeable plane with no air movement (dashed line) and permeable floodplain with air movement (thick black line).



		Figure 1. Long wave formation by water release: a) kinematics of the wave in experiments; b) wave formation by piston wave maker. Here c is the wave velocity; υ is the mean fluid velocity; F is the force of pressure; Φe is the energy current. Shaded area in (a) denotes original water in a channel.



		Figure 2. Representation of kinematic wave as energy current. F is a force, υ is the velocity of wavemaker and water, d0 is the depth of water in initial state, d is the depth of water in the area of the wave.



		Figure 3. Sketch to definition of potential energy of deformed fluid volume.



		Figure 4. Definition sketch of trapezoidal channel.



		Figure 5. Relationship of the velocity of kinematic wave in prismatic channels with different shape of cross-section vs wave intensity.



		Figure 1. Lateral coupling zone: 3D view (left) and plant view (right).



		Figure 2. Flowchart of the 1D-2D coupled scheme.



		Figure 3. Location of the probes in the lateral flood-plain area.



		Figure 4. Test case 1 steady flow: longitudinal profile along the channel.



		Figure 5. Test case 1 steady flow: probes 1–5. 1D-2D (points), fully 2D (lines).



		Figure 6. Test case 1 steady flow: probes 6–10. 1D-2D (points), fully 2D (lines).



		Figure 7. Test case 2: 2D model (left) and 1D-2D coupled model (right) for the Ebro river reach.



		Figure 8. Test case 2: Numerical simulation of a steady flow of 600 m3/s in the Ebro river. Flooded area in the fully 2D model (upper) and in the FC 1D-2D model (lower).



		Figure 9. Test case 2: longitudinal profile along the river bed for the steady case.



		Figure 10. Test case 2: Numerical simulation of a unsteady flow in the Ebro river. Flooded extension in the fully 2D model (upper) and in the FC 1D-2D model (lower) at t = 50000 s.



		Figure 11. Test case 2: longitudinal profile along the river bed for the unsteady case at t = 50000 s.



		Figure 1. Schematic of tsunami invasion processes after overtopping seawall.



		Figure 2. Temporal variation of tsunami invasion processes after overtopping seawall.



		Figure 3. The temporal variation of the location of the hydraulic jump.



		Figure 4. The temporal variation of the front position length l(t) in early process (Inertia-Pressure regime).



		Figure 5. The distribution of water depth in early process (Inertia-Pressure regime).



		Figure 6. The temporal variation of the front position length l(t) after a certain period of time (Pressure-Friction regime).



		Figure 7. The distribution of water depth after a certain period of time (Pressure-Friction regime).



		Figure 1. Iteration flux diagram. Each phase is handled by a GPU kernel.



		Figure 2. Location of the considered river reach.



		Figure 3. January 2009 Parma river flood event: comparison between the registered and simulated maximum water surface elevation on the left (above) and on the right (below) dykes.



		Figure 4. January 2009 Parma river flood event: zoom of the depth maps at (a) 24 (b) 36 and (c) 48 hours.



		Figure 5. Domain of interest for the sub-urban area test case.



		Figure 6. From top to bottom water surface elevation at t = 1.5, 5.5 and 29.5 hours after the levee collapse for T = 200 years and breach position 2.



		Figure 7. Detail of the water surface elevation and velocity vector map at t = 5.5 hours after the levee collapse (T = 200 years and breach position 1).



		Figure 8. Maximum water depths for T = 200 years and breach position 2.



		Figure 9. Hazard classes according to Total Depth D (Low 0 < D ≤ 0.5 m, Medium 0.5 < D ≤ 1 m, High 1 < D ≤ 1.5 m, Very high D > 1.5 m).



		Figure 10. Hazard map based on maximum Total Depth D for T = 200 years and breach position 2.



		Figure 1. Plan form of types of experimental meandering channels with floodplains.



		Figure 2. Spatial variation of transverse velocity in meandering channel.



		Figure 3. Distribution of depth averaged tangential velocity for meandering Type I, Series II channel.



		Figure 4. Radial distribution of tangential velocity for channel Type I Series II.



		Figure 5. Distribution of depth averaged tangential velocity for meandering Type II, Series IV channel.



		Figure 6. Radial distribution of tangential velocity for channel Type II Series IV.



		Figure 7. Distribution of depth averaged tangential velocity profile for meandering Type III, Series VIII channel.



		Figure 8. Radial distribution of tangential velocity for channel Type III Series VIII.



		Figure 9. Depth averaged and layer averaged tangential velocity profile of channel of Shiono et al. (1999a) for β = 0.15 and β = 0.50.



		Figure 1. Sketch of energy profile for converging channels at NITRKL.



		Figure 2a. Plan view of experimental setup.



		Figure 2b. Typical grid showing the arrangement of velocity measurement points at the test section.



		Figure 3. Energy losses vs relative distance for different converging angles.



		Figure 4. The architecture of back propagation neural network model.



		Figure 5. Correlation plot of actual energy and predicted energy.



		Figure 6. Correlation plot of actual energy loss and predicted energy loss.



		Figure 7. Residual distribution of testing data of energy loss.



		Figure 8. Residual distribution of training data of energy loss.



		Figure 9. Comparison of actual and predicted energy training data.



		Figure 10. Comparison of actual and predicted energy loss (training data).



		Figure 1. Details of straight smooth and rough channel.



		Figure 2. Stage-discharge curve for compound channel setup in NIT Rourkela.



		Figure 3. Overbank composite roughness results for the experimental compound channels.



		Figure 4. Comparison between observed and predicted Manning’s n of all methods for FCF series (3), NITR channel (3), River Batu and River Main data.



		Figure 5. Different roughness units along the wetted perimeter of a compound channel.



		Figure 6. Observed Manning’s n and Composite Manning’s n by modified approach.



		Figure 1. Sketch of the computational domain for the case with a single groin.



		Figure 2. Streamwise velocity contours at z/d = 0.5 for the flow past a single groyne using the k-ω model.



		Figure 3. span wise   profile of the streamwise velocity at x/ b = 126 and z/d = 0.03 for the flow past a single groyne.



		Figure 4. span wise   profile of the streamwise velocity at x/b = 126 and z/d = 0.85 for the flow past a single groyne.



		Figure 5. Streamwise wall shear stress contours for the flow past a single groyne using the k-ω model.



		Figure 6. span wise   profile of the eddy-viscosity at z/d = 0.5 for the flow past a single groyne using the k-ε model.



		Figure 7. span wise   profile of the eddy-viscosity at z/d = 0.5 for the flow past a single groyne using the k-ω model.



		Figure 8. Eddy-viscosity contours at z/d = 0.5 for the flow past a single groyne using the k-ω model.



		Figure 9. Free-surface elevation for the flow past a single groyne using the k-ω model.



		Figure 10. Streamwise velocity contours at z/d = 0.5 for the flow past three groynes with distance D/b = 3 between successive groynes using the k-ω model.



		Figure 11. Streamwise velocity contours at z/d = 0.5 for the flow past three groynes with distance D/b = 6 between successive groynes using the k-ω model.



		Figure 12. Streamwise velocity contours at z/d = 0.5 for the flow past three groynes with distance D/b = 12 between successive groynes using the k-ω model.



		Figure 13. Streamwise velocity contours at z/d = 0.5 for the flow past three groynes with distance D/b = 24 between successive groynes using the k-ω model.



		Figure 14. Streamwise wall shear stress contours for the flow past three groynes with distance D/b = 3 between successive groynes using the k-ω model.



		Figure 15. Streamwise wall shear stress contours for the flow past three groynes with distance D/b = 6 between successive groynes using the k-ω model.



		Figure 16. Streamwise wall shear stress contours for the flow past three groynes with distance D/b = 12 between successive groynes using the k-ω model.



		Figure 17. Streamwise wall shear stress contours for the flow past three groynes with distance D/b = 24 between successive groynes using the k-ω model.



		Figure 18. Turbulent kinetic energy distribution at z/d = 0.5 for the flow past three groynes with distance D/b = 3 between successive groynes using the k-ω model.



		Figure 19. Turbulent kinetic energy distribution at z/d = 0.5 for the flow past three groynes with distance D/b = 6 between successive groynes using the k-ω model.



		Figure 20. Turbulent kinetic energy distribution at z/d = 0.5 for the flow past three groynes with distance D/b = 12 between successive groynes using the k-ω model.



		Figure 21. Turbulent kinetic energy distribution at z/d = 0.5 for the flow past three groynes with distance D/b = 24 between successive groynes using the k-ω model.



		Figure 1. ‘As built’ stream barb placement and identification of topographical survey sections (transects). [From Jamieson et al. 2011].



		Figure 2. ADP boat configuration with RTK-GPS. Inset shows the sensor layout of the Sontek M9 River-Surveyor ADP.



		Figure 3. Temporary ADV platform at transect T22.



		Figure 4. Cross-sectional view of transects taken throughout the first bend (T22-T15a) for years 2009, 2010, 2012. Locations of these transects are shown in Figure 1.



		Figure 5. Mean velocity distribution along T22 for (A) pre-barb and (B) post-barb scenarios. Contours indicate interpolated streamwise velocity and vectors indicate secondary flow velocities at ADV measurement locations.



		Figure 6. Pre-barb installation measurements of Reynolds stresses at transect 22 (T22). (Jamieson et al. 2013c).



		Figure 7. Post-barb implementation measurements of Reynolds stress at T22 (see Fig. 1 for location). B1 indicates location of Barb 1 in the cross section.



		Figure 8. Post-barb implementation measurements of turbulent kinetic energy (tke) at T22, where B1 indicates location of Barb 1 in the cross section.



		Figure 1. Typical groyne in Hiji River (NAGE at Watashiba, located 18.8 km from the river mouth).



		Figure 2. Area around the studied groyne.



		Figure 3. Scaled groyne model.



		Figure 4. Flowchart of the PTV code using FFT & direct correlation method with flexible search range.



		Figure 5. Magnitude of mean velocity on water surface for deferent submerged flow depths.



		Figure 6. Stream-lines on water surface for deferent submerged flow depths.



		Figure 7. Drag coefficients (Cd) calculated from empirical equation shown in Table 2.



		Figure 8. Computational mesh around groyne model.



		Figure 9. Height of groyne applied for numerical simulation.



		Figure 10. Numerical results for mean velocity (m/s) in magnitude.



		Figure 11. Target section for comparing mean velocities between PTV and numerical results.



		Figure 12. Comparison of cross sectional mean velocity between PIV and Numerical results.



		Figure 1. Location of Kiso River groin series.



		Figure 2. Kiso River groin layout.



		Figure 3. Variations in river bed elevation at separation Levee Zone (1963~2007).



		Figure 4. Embayment formation and tree growth between groins.



		Figure 5. Installation position of the observation equipment and terrain of the survey site.



		Figure 6. Observed results of velocity.



		Figure 7. Water level and discharge during observation period.



		Figure 8. Vertical profile of streamwise velocity behind the groin.



		Figure 9. Vertical profile of transverse velocity behind the groin.



		Figure 10. Velocity vector map during falling tide (4/7/2012 10:00).



		Figure 11. Velocity vector map during rising tide (4/7/2012 18:00).



		Figure 12. Reproduced results of streamwise flow.



		Figure 13. Reproducted results of transverse flow.



		Figure 14. Velocity contours in the horizontal plain on the riverbed (upper) and velocity contours and velocity vectors in the cross section downstream of groin (lower).



		Figure 15. Vertical profiles of measured and calculated transverse velocity at the section A-2.



		Figure 16. Relation between bottom velocities and overflow depth in different discharges.



		Figure 17. Relation between bottom velocities and overflow velocity in different discharges.



		Figure 1. Computational setups for the LES of the lateral constriction (top) and model bridge (bottom) cases.



		Figure 2. Water surface elevation measurement locations of the lateral constriction (top) and model bridge cases.



		Figure 3. Longitudinal water surface profiles (Dots represent the experimental data. Solid black line represents fine grid LES result).



		Figure 4. Water surface profile comparisons for cross sections (Dots represent the experimental data. Solid black lines represent LES results).



		Figure 5. Snapshots of the instantaneous water surface from experiment and as predicted by the LES.



		Figure 6. Longitudinal water surface profiles (Dots represent the experimental data. Solid black line represents fine grid LES result).



		Figure 7. Water surface profile comparisons for cross sections (Dots represent the experimental data. Solid black lines represent LES results).



		Figure 8. Snapshots of the instantaneous water surface from experiment and as predicted by the LES.



		Figure 1. Recirculation zone downstream the expansion (top view).



		Figure 2. Plan view of the experimental set-up (dimensions are in mm).



		Figure 3. Backwater curves for three different bed friction numbers (S = 0.003, 0.06 and 0.032) with Rb = 0.5.



		Figure 4. Experimental values of the dimensionless reattachment length (present and from literature).



		Figure 5. Domain used for the computations.



		Figure 6. Velocity field around the expansion Rb = 0.75; h0/d = 0.1; S = 0.032 et Re0 = 25000.



		Figure 7. Comparison of numerically simulated (black symbols, referred as “simu”) and experimental (white symbols) dimensionless length obtained for various expansion ratio.



		Figure 8. Computed dimensionless recirculation length L/d as a function of the bed friction number S for various dimensionless depths h0/d and a fixed expansion ratio Rb = 0.75.



		Figure 9. Computed dimensionless recirculation length L/d as a function of the expansion ratio Rb for different couples of bed friction numbers S and dimensionless depth h0/d.



		Figure 10. Computed dimensionless recirculation length L/d as a function of the bed friction number S which is modified by modifying the dimensionless depth h0 /d, for several values of Rb.



		Figure 11. Control volume used for the momentum balance, with the recirculation boundary approximated by an inclined plane.



		Figure 12. Evolution of the two terms of eq. (11), T1, T2, of their sum and of h0/d, as functions of the bed friction number S for simulations with Rb = 0.5 in figure 10.



		Figure 1. Sediment deposition caused by the closed check dam in the Tsurugi River.



		Figure 2. Sediment and driftwood trapped by the open check dam (beam type) in the Hachimandani River.



		Figure 3. Laboratory flume.



		Figure 4. (a) The open check dam in the Hachimandani River. (b) The open check dam in the laboratory flume.



		Figure 5. Closed check dam in the flume (view from the right-hand and downstream side).



		Figure 6. Scale of the closed check dam in the flume.



		Figure 7. Particle size distribution curve for the mixture in the experiment.



		Figure 8. Initial situation of wood pieces on the movable bed in the flume.



		Figure 9. Flow situation 10 seconds after the arrival of the flow front at the open check dam.



		Figure 10. Flow situation at arrival time of the flow front at the check dam model.



		Figure 11. Flow situation 2.4 seconds after the arrival of the flow front at the closed check dam.



		Figure 12. Sediment deposition process (Lt = 4 m, closed check dam).



		Figure 13. Volume ratio of wood pieces trapped by check dam model to all the pieces moving on the fixed bed.



		Figure 14. Weight ratio of sediment deposited in relation to the overall mass.



		Figure 15. Longitudinal profile of sediment deposition behind the open type of check dam.



		Figure 16. Longitudinal profile of sediment deposition behind the closed type of check dam.



		Figure 17. Contour plot of the bed configuration of the sediment deposition behind the open check dam.



		Figure 18. Contour plot of the bed configuration of the sediment deposition behind the closed check dam.



		Figure 1. Experimental flume.



		Figure 2. Model of Sokobarai Bridge (Model Bridge I).



		Figure 3. Model of Miyanoue Bridge (Model Bridge II).



		Figure 4. A basket used to drop wood pieces into the flume.



		Figure 5. A front view of a typical log jam formed at model bridge I after stopping the inflow.



		Figure 6. Definition sketch of the x, y and z coordinates near the measurement point.



		Figure 7. The number of wood pieces trapped by the model bridge I during water flow.



		Figure 8. The number of wood pieces trapped by the model bridge II during water flow.



		Figure 9. The number ratio of wood pieces trapped by model bridge I and dropped at the station ‘d’ during water flow.



		Figure 10. The number ratio of wood pieces trapped by model bridge II and dropped at the station ‘d’ during water flow.



		Figure 11. The definition of the ‘shaded area’ of an obstruction, such as the case of a jam formed by a pier (a) and that of a jam formed by bridge deck and pier.



		Figure 12. Volume of log jams versus shaded area of obstructions in real river and laboratory flume.



		Figure 13. Measurements of water level with and without log jam at model bridge I.



		Figure 14. Measurements of water level with and without log jam at model bridge II.



		Figure 15. A schematic feature of backwater rise.



		Figure 16. Relationship between the normalized backwater rise and the number of wood pieces trapped by a model bridge.



		Figure 17. Relationship between the normalized backwater rise and the number of wood pieces trapped by a model bridge.



		Figure 18. Relationship between the loss coefficient and the number of trapped wood pieces.



		Figure 19. Relationship between the loss coefficient and the apparent volume of log jam at a model bridge.



		Figure 20. Relationship between the blockage ratio of jam and apparent volume of log jam at a model bridge.



		Figure 21. Relationship between the loss coefficient and the blockage ratio of jam.



		Figure 22. A flow chart for predicting backwater rise.



		Figure 1. Example of a finished test channel setup.



		Figure 2. Location of the flow depth and velocity profile measurements.



		Figure 3. Electromagnetic current meter probe for velocity profile measurement.



		Figure 4. Local scour at the downstream of riprap protection (Symbols: S1: channel gradient = 0.030; S3: channel gradient = 0.066; S4: channel gradient = 0.085; Q1: flow rate = 0.00058 cms; Q2: flow rate = 0.00078 cms; Q3: flow rate = 0.00093 cms; LQ: length of riprap protection = 0.05 m; LH: length of riprap protection = 0.10 m; RM: riprap size = 16.75 mm; RC: riprap size = 21.77 mm).



		Figure 5. Comparison of relative turbulence intensities.



		Figure 6. Scattered plot of Hoffmans & Booij relative turbulence intensity (ro)H against riprap protection length to flow depth ratio (LR/h).



		Figure 7. Scattered plot of Hoffmans & Booij relative turbulence intensity (ro)H against relative roughness (DR/h).



		Figure 8. Scattered plot of relative turbulence intensity (ro)B against riprap protection length to flow depth ratio (LR/h).



		Figure 9. Scattered plot of Breusers relative turbulence intensity (ro)B against relative roughness (DR/h).



		Figure 10. Scattered plot of local scour coefficient (α) against riprap protection length to flow depth ratio (LR/h).



		Figure 11. Scattered plot of local scour coefficient (α) against relative roughness (DR/h).



		Figure 12. Scattered plot of ratio of maximum scour depth to average scour length against local scour coefficient (α).



		Figure 1. Overview of the bridge located on the Crati river.



		Figure 2. Overview of the bridges location on the Corace river.



		Figure 3. Bridge on the Crati river, cross-sections of the 1-D model and representation of the flood-prone areas simulated by the 2-D model.



		Figure 4. Crati River reach: a) maximum free surface water levels profiles and b) local Froude numbers simulated by the 2D model with and without piers.



		Figure 5. Maximum free-surface water level at the sections just upstream bridge piers simulated by the 2-D model with and without piers.



		Figure 6. Longitudinal profile of the maximum 1-D water surface elevation and total head with and without bridge piers.



		Figure 7. Comparison between the maximum computed 1-D and 2-D water surface elevations in the bridge section S352 with and without the bridge piers.



		Figure 8. Bridges on the Corace river, cross-sections of the 1-D model and representation of the flood-prone areas simulated by the 2-D model.



		Figure 9. Series of bridges on the Corace river: terrestrial LIDAR survey.



		Figure 10. 2-D simulation results with and without piers for a) maximum free-surface water level profiles along the river reach and b) local Froude number profiles.



		Figure 11. Maximum simulated 2D free-surface water levels across sections just upstream of bridges with and without piers.



		Figure 12. Longitudinal profile of the maximum 1-D water elevation and total head with and without bridge piers.



		Figure 13. Maximum 1D simulated free-surface water levels with and without piers, and 2-D modeling results at the cross-sections just upstream bridges number 4 (section S371) and number 3 (section S376).



		Figure 1. Schematic view of the experimental channel.



		Figure 2. Plan view of the velocity measurement points.



		Figure 3. Probability of the tangential events: a) Θ = 30°, b) Θ = 45° and c) Θ = 60°.



		Figure 4. Probability variations of the radial events: a) Θ = 30°, b) Θ = 45° and c) Θ = 60°.



		Figure 5. Lateral variations of third moments events: a) Θ = 30°, b) Θ = 45° and c) Θ = 60°.



		Figure 6. Lateral variations of Turbulent kinetic energy flux: a) Θ = 30°, b) Θ = 45° and c) Θ = 60°.



		Figure 7. Variations of TKE in lateral direction.



		Figure 8. Tangential and radial shear stress variations in the lateral direction for different locations of spur dike: a) radial shear stress, b) tangential shear stress.



		Figure 9. Variations of total bed shear stress in the lateral direction for different spur dike locations.



		Figure 1. Longitudinal profile of the siphon model experimental setup.



		Figure 2. General view of the siphon model and the measurement instruments locations.



		Figure 3. Heyn siphon stage-discharge relation of the 1:30 model.



		Figure 4. Pressures measured by T1 for increasing discharges.



		Figure 5. Pressures measured by T1 for decreasing discharges.



		Figure 6. Photograph of Phase 1.



		Figure 7. Photograph of Phase 2.



		Figure 8. Photograph of Phase 3.



		Figure 9. Photograph of Phase 4.



		Figure 10. Stage-discharge relation for a Heyn siphon of the Bric Zerbino Dam.



		Figure 11. Plan view of the side spillway model configuration and measurement locations.



		Figure 12. Profile view of the side spillway.



		Figure 13. Cross section of the bridge over the side spillway.



		Figure 14. Side spillway stage-discharge relationship of the 1:40 scale model.



		Figure 15. Comparison of experimental and theoretical stage-discharge relationships of the side spillway of Bric Zerbino Dam.



		Figure 1. Sketch of the experimental set-up.



		Figure 2. Probability density function of the length of the tracked trajectories for all test.



		Figure 3. Evolution of streamwise instantaneous particle velocity for five sample trajectories of test SB3. Horizontal continuous black line represents the ensemble averaged velocity Vx¯ and the horizontal dotted lines identify the interval Vx¯±σ(Vx) for test SB3. σ(Vx) is the standard deviation of Vx.



		Figure 4. Mean streamwise particle velocity for present and previous SB experiments. For the present work the interval V¯x/u∗±σ(Vx)/u* was also identified by vertical bars.



		Figure 5. Probability density function of instantaneous streamwise velocity and comparison with Gaussian and Gamma analytical distributions for SB tests.



		Figure 6. Exceeding density probability of instantaneous streamwise velocity for SB experiments.



		Figure 7. Autocorrelation function in time of the dimen-sionless instantaneous particle velocity for each SB test.



		Figure 1. (a) grain-size log-normal distributions of the bed material (solid line) and of the transported material (dashed lines) with different transport exponents (see eq. 15); (b) bed material dis tribution (solid line) with ψ¯=−1,σ=0.8 and plot of K′ (ψ,n) (dash-dotted lines).



		Figure 2. (a) grain-size bimodal distributions of the bed material (solid line) and of the transported material (dashed lines) with different transport exponents (see eq. 15); (b) bed material distribution (solid line) with ψ¯I=−6.2, σI = 1.1, ψ¯II=−3, σII = 0.8, weighting factor p = 0.65 and plot of K′ (ψ,n) (dash-dotted lines).



		Figure 3. Definition sketch of the model variables.



		Figure 4. Mean grain size values computed after 277 hours from the beginning of the simulation (a) along the channel; (b) zoom between 500 m and 900 m.



		Figure 1. A schematic diagram of the experimental setup (flow from left to right).



		Figure 2. Showing the infiltration of 0.7 mm beads into a static 6 mm bed. The black line is the water surface (flow from right to left).



		Figure 3. The infiltration of the 0.7 mm sediment into a 4 mm bed—this image was taken when the infiltration of the fine sediment into the coarse bed was complete (flow from right to left).



		Figure 4. The bed structure formed when 4 mm sediment is fed into a static 6 mm bed (flow from right to left).



		Figure 5. Case 1—degradation in the channel when the 0.7 mm sediment is introduced to a 4 mm sediment bed at 57% fine feed concentration (channel in bimodal equilibrium). (Flow from right to left).



		Figure 6. Case 2—when the 0.7 mm sediment is introduced to a 4 mm sediment bed at 67% fine feed concentration (channel in bimodal equilibrium). (Flow from right to left).



		Figure 1. Sketch of the experiment. Initial and running state.



		Figure 2. Time evolution of free surface (—) and non-moving bed (---) positions, normalized by a particle diameter. IBL stands for the initial bed level. Results for the 11 realizations (a), ensemble average (b) and associated standard deviation (c). The dot-dashed vertical lines on (b) delimit the period used for velocity treatment.



		Figure 3. Mean streamwise velocity profile (a). Profile of mean Reynolds shear stress (b). Profile of mean streamwise (+) and wall-normal (.) turbulent intensities normalized by the bed friction velocity (c). Typical video image of the sheet flow experiment (d).



		Figure 4. Mean streamwise velocity profile. The insert represents the same curve with a logarithmic vertical axis and the fit (solid line) in the logarithmic layer (a). Mixing length profile (b). The horizontal dashed lines delimit the logarithmic layer.



		Figure 5. Mean streamwise velocity profile (a) and mixing length profile (b) in clear water conditions. The horizontal dashed lines delimit the logarithmic layer.



		Figure 1. Experimental set-up (from Boyer et al., 2011).



		Figure 2. Friction coefficient μ as a function of the viscous number Iv for iso-density mixtures.



		Figure 3. Volume fraction Φ as a function of the viscous number Iv for iso-density mixtures.



		Figure 4. Friction coefficient μ as a function of the viscous number Iv for no iso-density mixtures.



		Figure 5. Volume fraction Φ as a function of the viscous number Iv for no iso-density mixtures.



		Figure 6. Comparison between iso-density mixtures (squares, diamonds, triangles and circles) and no iso-density mixtures (stars, empty dashes, x-es and crosses) and in terms of friction coefficient μ and viscous number Iv.



		Figure 7. Comparison between iso-density mixtures (squares, diamonds, triangles and circles) and no iso-density mixtures (stars, empty dashes, x-es and crosses) in terms of volume fraction Φ and viscous number Iv.



		Figure 1. Shapes of model particles and real gravel particles.



		Figure 2. Numerical movable-bed channel and definition of coordinates system.



		Figure 3. Particle size distribution.



		Figure 4. Longitudinal profiles of laterally averaged water-surface levels and bed levels.



		Figure 5. Temporal and spatial variations of bed surfaces.



		Figure 6. Temporal variations of sediment-transport rates.



		Figure 7. Hydrodynamic forces acting on a unit area in the x–y plane.



		Figure 8. Flow in the center of the channel (Values are averaged in t = 390 s ~ t = 400 s).



		Figure 9. Temporal variations of averaged hydrody-namic forces acting on particles in a unit area.



		Figure 10. Temporal variations of the particle size distribution on the bed surface.



		Figure 11. Distribution of particle-volume concentrations in the center of the channel at t = 400 s.



		Figure 12. Region for measurement of particle-volume concentration and average particle size.



		Figure 13. Distribution of average particle size in the center of the channel at t = 400 s.



		Figure 14. Vertical distributions of particle-volume concentrations of each size and average particle size.



		Figure 15. Directions of contact forces acting on particles in motion.



		Figure 16. Relationships between particle-volume concentrations and ratios of particle velocities before collisions to after collisions.



		Figure 17. Time variations of particle velocities, hydrodynamic forces and contact forces at incipient and settling motions.



		Figure 1. Laboratory flume setup.



		Figure 2. Laboratory flume and point gage.



		Figure 3. Relation of Fr number and De/h ratio for four types of non-uniform sediments in three bed slopes.



		Figure 4. Relation of particle Reynolds number and De/h ratio for four types of non-uniform sediments in three bed slopes.



		Figure 5. Relation of dimensionless shear stress and De/h ratio for four types of non-uniform sediments in three bed slopes.



		Figure 6. Relation of u/u* and De/h ratio for four types of non-uniform sediments in three bed slopes.



		Figure 1. Shields diagram: dimensionless critical shear stress (Vanoni, 1975).



		Figure 2. Steady non-uniform flows in an open channel.



		Figure 1. Processes occurring in a mesh cell during one time step of the 1D model.



		Figure 2. Bed elevation at intermediate time (6 h) of the Seal et al. (1997) experiment (Run 1).



		Figure 3. Bed elevation at final time (about 17 h) of the Seal et al. (1997) experiment (Run 1).



		Figure 4. Diameter of deposits at intermediate time (about 6 h).



		Figure 5. Grain size standard deviation of deposits at intermediate time (about 6 h).



		Figure 6. Bed elevation above the armour layer level at final time (about 15 h).



		Figure 1. Comparison of the numerical simulation and experimental data for sand grains.



		Figure 2. Comparison of the numerical simulation and experimental data for gravel grains.



		Figure 1. a) Google satellite image and b) picture of Misa River, estuary, harbor and nearshore area.



		Figure 2. a) Quadpod used for the riverine measurements; b) launch of a surface drifter; c) corer.



		Figure 3. Bathymetric survey of September 2013 in the Misa River and at the estuary: deeper and shallower waters are plotted, respectively, in white and black.



		Figure 4. Bed evolution after 16 months (May 2012–September 2013) in the Misa River and at the estuary: erosions and accretions are plotted, respectively, in white and black.



		Figure 5. Salinity along the Misa River and quadpod locations (adapted from Google).



		Figure 6. X-Ray diffraction on core 1 (a) and 2 (b) for clay particles (D < 2 μm).



		Figure 7. Speed at QR1 (gray lines, a), QR2 (gray lines, b) and QS (black lines) during ebb tide; streamwise (*) and crossflow (ο) velocity components. The deepest measured points are at z = 0.12 m, while the most superficial points were measured at z = 1.47 m (QR1, QR2) and z = 1.97 m (QS).



		Figure 8. Velocity profiles at QS (black lines) and QR2 (gray lines and symbols) at 13:00 (a), 14:00 (b) and 15:00 (c). The deepest measured points are at z = 0.12 m, while the most superficial points were measured at z = 1.47 m (QR1, QR2) and z = 1.97 m (QS).



		Figure 9. Lagrangian-drifter measurements of September 18th, 2013: a) drifter paths (+) with initial (•, the initial time is also reported) and final (•) positions, b) drifter speed and c) progressive distance of the drifter when it was in the water (—) and during the total recording period (···).



		Figure 10. GPS measurements of one Lagrangian drifter (circles) on September 18th (adapted from Google). Arrows illustrate the drifter main direction: drifter in the sea moving north-westwards (white), drifter in the river moving downstream (black solid) and upstream (black dashed).



		Figure 1. Full model primary wave dimensionless celerity as function of the dimensionless wave period for different F values (Rek = 50, τy = 5 · 10−5, n = 0.3).



		Figure 2. Ratio of FM to KM celerity as a function of the dimensionless wave period for different F values (Rek = 50, τγ = 5 · 10−5, n = 0.3).



		Figure 3. Ratio of FM to KM celerity as a function of the dimensionless wave period for different Rek values (F = 3, τγ = 5 · 10−5, n = 0.3).



		Figure 4. Ratio of FM to KM celerity as a function of the dimensionless wave period for different n values (F = 3, Rek = 50, τy = 5 · 10−5).



		Figure 5. Applicability domain of the KM for different Rek values (τy, = 5 · 10−5, n = 0.3).



		Figure 6. Applicability domain of the KM for different n values (Rek = 50, τy = 5 · 10−5).



		Figure 7. Applicability domain of the KM for different τγ values (Rek = 50, n = 0.3).



		Figure 1. Distribution across the flow depth of measured values of the tangent of the apparent friction coefficient, i.e. the ratio between shear stress and pressure of spheres and water. The measurement was done in uniform flow condition in the longitudinal direction x1 while x2 is the normal direction and η = x2/h is the non-dimensional normal coordinate, with h the depth of the flow.



		Figure 2. Comparison between results of the numerical simulation (solid line) and experimental data (circles) of: (a) granular velocity profile; (b) particle concentration profile.



		Figure 3. Comparison between computed (solid line) and observed (circles) of: (a) granular pressure profile; (b) granular shear stresses profile.



		Figure 4. Distribution across the depth of the dimensionless terms of the total energy balance (eq. 16). Each terms of this equation is divided by ρsg1.5h0.5. Comparison between experimental data (symbols) and results of the model (lines).



		Figure 5. Distribution across the depth of the (dimensionless) terms of the kinetic energy balance of the collisional component (eq. 17). Experimental data (symbols) and predictions of the model (lines). In the legend the term Diss stays for kinetic energy dissipation, the term Prod stays for kinetic energy production and the term Diff stays for kinetic energy diffusion.



		Figure 6. Comparison between the dissipation rate in the kinetic energy balance, obtained according to different formulations. The stars represent the dissipation rate due to the drag fluctuations, obtained following Armanini et al. (2014). The crosses represent the the dissipation rate of the drag fluctuations obtained according to the diffusive hypothesis by Hsu et al. (2004). The circles represent the kinetic energy dissipation rate due to the inelastic collisions, according to Armanini et al. (2014). The experimental data are presented in Armanini et al. (2009).



		Figure 1. Shields diagram: cross symbols shows Shields value for particles with d+ = 1, 3, 5.



		Figure 2. The normalized vertical profile of averaged sediments concentration for 4 different particle sizes: d+ = 1 solid line, d+ = 3 dashed dot line, d+ = 5 dashed line, d+ = 6.5 dashed dot dot line; One-way coupling simulation (diamond); two-way coupling simulation (delta).



		Figure 3. Comparison of streamwise velocity profiles obtained by one-way and two-way coupling model for three different particle sizes.



		Figure 4. Instantaneous concentration contour with different stratification levels: for (a) d+ = 1 and (b) d+ = 3.



		Figure 5. Low-speed streaks with different stratification levels at y+ = 12 for (a) d+ = 1, (b) d+ = 3 and (c) d+ = 5.



		Figure 1. a) Open-channel test section with Acoustic Doppler Velocity Profiler (ADVP), b) the camera with a light sheet upstream of the ADVP and the laser instrument on top of the water surface, c) measurement of zero level, and d) measurement of ripple dimensions.



		Figure 2. Discharge against water depth near the ADVP for five parts of the four hydrographs.



		Figure 3. Mean longitudinal velocity distribution for the unsteady range of four hydrographs.



		Figure 4. Example of PTV results during the final phase of the accelerating flow range. Arrows indicate particle velocity vectors. Flow is from right to left (h = 9 cm).



		Figure 5. Event height, h, against event length, L, of each event in all images obtained for every second from 70 s to 101.24 s.



		Figure 6. Size of the ripples for accelerating and decelerating time 20 s for the two peak steady flows of 90 s and 1 s.



		Figure 7. Size of the ripples for accelerating and decelerating time 60 s for the two peak steady flows of 90 s and 1 s.



		Figure 8. Lengths of individual ripples (Li) were measured as distances between successive troughs, and heights (Hi) were measured as elevation changes from troughs to the nearest downstream crest.



		Figure 1. Flow structure proposed for permeable rough porous poorly sorted gravel-sand beds with sediment bed load. h stands for the flow depth, Zb stands for the boundary zero elevation, Zc stands for the highest crest elevation, Zs stands for the elevation of the free-surface and Zt is the elevation of the deepest through.



		Figure 2. Example of the Quadrant threshold techinique applied to a randomly choosen set of data.



		Figure 3. Detailed shear stress time series with parameters that characterize events.



		Figure 4. Location of the reference points which were considered.



		Figure 5. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of ejection events at reference point (3,2). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 6. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of sweep events at reference point (3,2). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 7. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of ejection events at reference point (3,3). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 8. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of sweep events at reference point (3,3). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 9. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of ejection events at reference point (5,4). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 10. Histograms of duration (T), maximum shear stress (A), transported momentum (M) and period (Pc), of sweep events at reference point (5,4). Comparison of data sets S4, immobile bed in green and S3, mobile bed in red.



		Figure 1. Geometric configurations. Lateral view. a) configuration no. 1 (rough bottom); b) configuration no. 2 (smooth to rough transition).



		Figure 2. Velocity profile over a rough bed, (d = 8 mm), for a discharge of 15 l/s. Averages over 3 mm, 10 mm, 50 mm and 100 mm along the main flow direction.



		Figure 3. Velocity profile over a rough bed, respectively over a smooth-to-rough transition, (d = 8 mm and d = 15 mm), for a discharge of 15 l/s.



		Figure 4. Comparison between computed water surface profile and the measured values, with roughness factor of ks (wall) = 0.00002 m and ks (bottom) = 0.015 m.



		Figure 5. Computed shear velocity with eq. 2 and eq. 3.



		Figure 6. Layers of an open channel flow over a rough bed.



		Figure 7. Fit of eq. 3 with the measurements for diameter 8 mm (D8), respectively 15 mm (D15), both configuration (C1 and C2), discharge between 14 l/s and 17 l/s.



		Figure 8. TKE profile along X-axis in a flow of Q = 16 l/s, over sediments of 15 mm diameter).



		Figure 9. TKE profiles over a rough bed, respectively transition smooth-to-rough, (d = 8 mm and d = 15 mm), for a discharge of 16 l/s.



		Figure 10a. Measured ΨS versus measured ϕ.



		Figure 10b. Measured ΨWL versus measured ϕ.



		Figure 10c. Measured ΨLm versus measured ϕ.



		Figure 10d. Measured Ψu–σ[u] versus measured ϕ.



		Figure 1. Sketch of the experimental setup.



		Figure 2. a) Schematic front view of one boulder, with the definition of the diameter D, the protrusion Pav, the reduced diameter Dx, and the frontal area Aiƒ; b) plan view with the definition of the distance between boulders λ, bed unit surface At, the immobile bed surface Ai, and the mobile surface Am. The red dashed lines indicate the shape of real boulders.



		Figure 3. Average sediment transport capacity qs (m3 s−1 m−1) as a function of water discharge q (m3 s−1 m−1). Data are grouped by channel slope and linear trend lines are given for each slope, without taking into account the experiments with λ/D = 2. The symbols used are presented in Table 1.



		Figure 4. Average sediment transport capacity qs (m3 s−1 m−1) as a function of water discharge q (m3 s−1 m−1). a) Effect of the flume slope for a given boulder configuration (λ/D = 3 and D = 0.1 m). b) Effect of dimensionless distance λ/D for a given slope (S = 6.7%) and a given boulder diameter (D = 0.1 m), and for experiments without boulders. The linear trend lines are shown for each data set. The symbols used are presented in Table 1.



		Figure 5. Measured sediment transport qs (m3 s−1 m−1) as a function of a) the dimensionless total bed shear stress τ* (−) and b) the dimensionless drag shear stress acting only on the mobile sediments τm* (−). The symbols used are presented in Table 1.



		Figure 6. Measured sediment transport capacity against calculated sediment transport capacity (eq. (11)). The black line indicates the unitary slope curve. The symbols used are presented in Table 1.



		Figure 1. The whole observable window. Estimated water and bed elevation were superposed in blue and yellow.



		Figure 2. Example of the algorithm steps: (a) Original image (b) Background (c) Foreground (d) Convolution product.



		Figure 3. Particle trajectories in the x – t plane. The color encodes the vertical component (in meter).



		Figure 4. Comparison between tracking and acoustic techniques to measure bed load transport rates: cumulative flux (line) and instantaneous flux (line with points).



		Figure 5. Solid flux in [particles/s]. Thin yellow line: qs. Thick black line: nv¯/Δx.



		Figure 6. Probability density function of the streamwise velocity component of moving particles.



		Figure 7. Dispersion of particles. Deviation from the mean particle displacement for a sample of trajectories (grey). Variance of the mean particle displacement (red).



		Figure 8. K-function for the experimental particle positions. The uncorrelated reference is shown.



		Figure 1. Photo of layered structure of flow carrying plastic grains in CVUT flume.



		Figure 2. Average transport concentration of sediment versus inclination angle of bed in UPB regime (experiment CVUT).



		Figure 3a. Dimensionless solids discharge versus dimensionless bed shear stress in UPB regime (squares— experiment CVUT, dash line—prediction Eq. 1 with γ = 9.4, n = 1, tanφ’ = 0.35, θC = 0.045, solid line—prediction Eq. 1 for θ ≤ θth and Eq. 2 for θ > θth, θth = 1.1).



		Figure 3b. Dimensionless solids discharge versus dimensionless bed shear stress in UPB regime (up-trian-gle—experiment C-F W2Q1, down-triangle—experiment C-F W2Q2, diamond—experiment C-F W2Q3, dash line—prediction Eq. 1 with γ = 9.4, n = 1, tanφ’ = 0.35, θC = 0.045, solid line—prediction Eq. 1 for θ ≤ θth and Eq. 2 for θ > θth, θth = 1.1).



		Figure 4a. Flow Froude number and bed Froude number versus Shields parameter in UPB regime (experiment CVUT: square—Frb, circle—Fr).



		Figure 4b. Bed Froude number versus Shields parameter in UPB regime (experiment C-F: up-triangle—W2Q1, down-triangle—W2Q2, diamond—W2Q3).



		Figure 5. Bed friction coefficient in UPB regime (squares—experiment CVUT, pluses—prediction for experimental conditions using Eq. 4 with relative bed roughness Δ = 4.0).



		Figure 6a. Bed friction coefficient in UPB regime (squares—selected CVUT—data for θ < 1.1, line— prediction for experimental conditions using Eq. 4 with Δ = 4.0).



		Figure 6b. Bed friction coefficient in UPB regime (squares—CVUT—data for all θ values, line—prediction for experimental conditions using Eq. 4 with Δ = 4.0).



		Figure 6c. Bed friction coefficient in UPB regime (squares—CVUT—data for all θ values, solid line— prediction using Eq. 4 with Δ = 4.0, dash line—prediction using Eq. 6 with Δ = 4.0, m = 7.0, Rhb,Jh = 11.6, 13.0 respectively).



		Figure 6d. Bed friction coefficient in UPB regime (experiment C-F: up-triangle—W2Q1, down-triangle— W2Q2, diamond—W2Q3; solid lines—prediction using Eq. 4 with Δ = 10.0 for W2Q1, Δ = 6.0 for W2Q2, Δ = 3.5 for W2Q3; dash lines—prediction using Eq. 6 for W2Q1, W2Q2, W2Q3 with Δ = 10.0, 6.0, 3.5 respectively and Rhb,th = 11.5, 14.2, 17.9 respectively, m = 8.0 for all series).



		Figure 1. Sketch of acting forces on a particle in motion.



		Figure 2. Sketch of model flume.



		Figure 3. Six particle tracking steps. Exemplary test run with Sb = 0.01, Fo = 4, h0 = 100 mm, particle diameter D = 17.5 mm. a) original 8bit photograph, b) binary black-white image, c) bed and water surface cutting, d) pixel dilation, e) pixel reduction, f) boundary detection.



		Figure 4. Motion of a single glass sphere. Exemplary test run with Sb = 0.01, Fo = 4, h0 = 100 mm. a) D = 17.5 mm, b) D = 10.3 mm, c) D = 5.3 mm.



		Figure 5. Sketch of particle motion.



		Figure 6. Particle saltation velocity Vsal as a function of rolling particle velocity Vroll. Particles with less than 5% rolling probability omitted.



		Figure 7. Particle velocity Vp as a function of friction velocity U*.



		Figure 8. Normalized particle velocity Vp/Vs as a function of normalized friction velocity U*/Vs. External data taken from Lajeunesse et al. (2010).



		Figure 9. Normalized particle velocity Vp/(gh)0.5 as a function of Froude number F.



		Figure 1. Comparing the results of evolutionary algorithms (GA & ICA) and existing equations with the lab tests of Ota et al. (1999).



		Figure 2. Comparing the results of evolutionary algorithms (GA & ICA) and existing equations with use of verification criteria.



		Figure 1. Overview of the case study catchments in the Ötztal valley. Closer look on (b), the Gurgler Ache catchment.



		Figure 2. Relations d90-d30 and d90-dm of the sediment samples (derived from Szauter et al. (unpublished data)).



		Figure 3. Spatial and temporal distribution of the triggering precipitation for the flood events 08/1987, 09/1999 and 01/2001 in the Ötztal valley. 72 hrs event sums and squared-inverse-distance-weighted regionalization (acc. Gems 2012).



		Figure 4. Profile of the Gurgler Ache and the tributaries. Parameter settings for the maximum permissible erosion depth.



		Figure 5. Discharge-related bed-load transport rates and volumes at the outlet of catchment (b).



		Figure 6. Influence of the setting for the MPED (= maximum permissible erosion depth) on the simulation results. Catchment (d), flood event 07/2001, simulation S2.



		Figure 1. Lower Nelson River bed profile: Limestone Generating Station to Gillam Island.



		Figure 2. Ice cover and open water condition over the deployment site during March 21 to May 21, 2012.



		Figure 3. Ice cover thickness condition over the deployment site during March 21 to May 13, 2012.



		Figure 4. Velocity magnitude and profiles during different ice stages, March 21 to May 21, 2012.



		Figure 5. Average and maximum water velocity at the deployment site during March 21 to May 21, 2012.



		Figure 6. Intensity of back scattered sound shows solid surface (ice and water surface) and influence of suspended particles in water column during stable ice cover and break up period.



		Figure 7. Estimates of the daily average concentration measured at 2.24 m from the bed during breakup 2012 (Moore et al. 2013).



		Figure 1. River Nile basin.



		Figure 2. Cross-section at station El Koro.



		Figure 3. Data set at station El Koro (flood periods are indicated by the arrows).



		Figure 4. Hydrographs of discharge and water level.



		Figure 5. Characteristic diameters of bed material as a function of the discharge.



		Figure 6. Characteristic diameters of suspended sediment as a function of the discharge.



		Figure 7. Suspended sediment concentration as a function of discharge measured in 2005 to 2008.



		Figure 8. Rating curve of suspended sediment concentration considering time, a) for the years 2005 and 2007, b) for the years 2006 and 2008.



		Figure 9. Rating curve of suspended sediment concentration and trends sorted according to base flow, rising limb, and falling limb (open symbols are outliers).



		Figure 10. Hydrographs of discharge, and measured and calculated suspended sediment concentration in the years a) 2005, b) 2006, c) 2007, and d) 2008.



		Figure 11. Comparison of measured and calculated suspended sediment concentration for the years 2005 to 2008 (diamonds) and 2013 (crosses).



		Figure 1. Geography of the river Rhine and the study area including Rhine-km.



		Figure 2. Sediments smaller than 2 mm and sand part smaller than 0.25 mm in bed surface sediments (mean 3%).



		Figure 3. Volumes of sediment dredged from the river bed or artificially supplied to the river per year (calculated for time period 1991–2006 until km 336 resp. 1991–2010 from km 336 and data from literature).



		Figure 4. Components of the suspended load budget.



		Figure 5. Comparison between calculated transport rates from the suspended load budget (Fig. 3) and calculated from transport measurements of the Federal Institute of Hydrology.



		Figure 6. Sediment budget for suspended load for the river Rhine reach between km 167 and km 861 in the period between 1991 and 2010.



		Figure 1. The changes of the sediment load and runoff input into the middle Yangtze River in recent 50 years.



		Figure 2. The changes of the input sediment particles sizes since 1960s.



		Figure 3. Map of the input sediment grading during different decades.



		Figure 4. Changes of the amount of input sediment of different particles size.



		Figure 5. Relationship of the input sediment load and runoff.



		Figure 6. Prediction of the sediment input into middle Yangtze River in 100 years.



		Figure 1. Plan view of the laboratory confluence with an angle of 90º (a) and with an angle of 70º (b).



		Figure 2. Grain size distribution for supplied sediment into tributary and main channel.



		Figure 3. Bed topographies at equilibrium for α = 90º for reference configuration a), and widen configuration b). Dashed red lines indicate the position of the longitudinal profiles along the main channel axis (Y = 0.25 m), showed in Figure 4, and along the tributary axis (X = 0.60 m), showed in Figure 5.



		Figure 4. Bed surfaces and water levels (Wl) at equilibrium for the reference and the widen configurations along the main channel axis (Y = 0.25 m). See Figure 3 for positions.



		Figure 5. Bed surfaces and water levels (Wl) at equilibrium for the reference and the widen configurations along the tributary axis (X = 0.60 m). See Figure 3 for position.



		Figure 6. Downstream view of the widening with dye injection in the tributary.



		Figure 7. Tributary bed substrate in equilibrium for the reference configuration.



		Figure 8. Bed topographies at equilibrium for α = 70º for reference configuration a), and widen configuration b). Dashed red lines indicate the position of the longitudinal profiles along the main channel axis (Y = 0.25 m), showed in Figure 9, and along the tributary axis, showed in Figure 10.



		Figure 9. Bed surfaces and water levels (Wl) for the reference and the widen configurations along the main channel axis (Y = 0.25 m). See Figure 8 for positions.



		Figure 10. Bed surfaces and water levels (Wl) for the reference and the widen configurations along the tributary axis. See Figure 8 for position.



		Figure 1. Conceptual model of an open-channel confluence.



		Figure 2. Plan view of the experimental facility with location of the cross-sections measured by the profiling ADV



		Figure 3. A cross-sectional view of the experimental channel with indications of the verticals (dashed lines) measured by the profiling ADV.



		Figure 4. LSSPIV of the confluence when q = 0.25. The dotted lines indicate points where u = 0.



		Figure 5. At the left, cross-section c with longitudinal velocity (color scale) and cross-sectional velocities (arrows). The measured verticals are indicated, and the dotted lines denotes u = 0. a2 presents the case q = 0.25, while c2 shows q = 0.05. At the right, schematizations of cross-section c for the present experiments and the experiment of Shumate (1998).



		Figure 6. LSSPIV of the confluence when q = 0.05. The dotted lines indicate points where u = 0.



		Figure 7. Box-and-whiskers plot of u and v velocities at point P, at both discharge ratios. The whiskers indicate the 5- and 95-precentiles.



		Figure 1. a) Plan view of the Shumate’s laboratory canal (Shumate 1998), b) regions in the confluence hydrodynamics zone after Best (1988) (from Đorđević 2012).



		Figure 2. Definition sketch for the a) concordant and b) discordant beds’ confluence layouts; c) position of the backward facing step in the main canal.



		Figure 3. Streamlines on the horizontal planes at different non-dimensional elevations above the main-canal bed. Effects of DR and ΔzMR/hd on the flow deflection at the tributary entrance to the confluence and on the size of the recirculation zone can be observed.



		Figure 4. Effects of DR and ΔzMR/hd on the cross-sectional distributions of the vertical (w), lateral (v) and streamwise (u) velocities in the confluence and the post-confluence channel. Note: sign of the u-velocity follows from the accepted orientation of the coordinate system (Fig. 1a).



		Figure 5. Effects of DR and ΔzMR/hd on the δ-angle distributions at the tributary entrance to the confluence (z/hT is the non-dimensional distance from the bottom of the tributary).



		Figure 6. Effects of DR and ΔzMR/hd on the φ-angle distributions at the tributary entrance to the confluence (z/hT is the non-dimensional distance from the bottom of the tributary).



		Figure 7. Effects of DR and ΔzMR/hd on the size of recirculation zone. First row presents variations of non-dimensional RZ length, and the second one, variations of the non-dimensional RZ width throughout the flow depth.



		Figure 8. Effects of DR and ΔzMR/hd on the shear layer position and shear intensity. Shear distributions are drawn at several elevations above the canal bed along arbitrary lines indicated on the top plates.



		Figure 9. Non-dimensional bed shear stress distributions for the sand grain of 1 mm size.



		Figure 1. Schematic model of characteristic zones at channel confluences. Modified from Best (1987).



		Figure 2. Two channel junction region during the measurement procedure with ADV side-looking probe.



		Figure 3. Schematic plan of the confluent channels with the measurement grid. Distances are given in mm.



		Figure 4. Lateral cross-section of the main channel with the measurement grid.



		Figure 5. Streamwise mean velocity profile measured in the main channel centerline and at the distance x = 1.5 m upstream the confluence zone. Experimental data (O) and theoretical approximation line (−).



		Figure 6. Contour lines of the streamwise, u, (left) and crosswise velocities, v, (right) in m/s at: (a) x = −0.70 m; (b) x = 0.00 m; (c) x = 0.08 m; (d) x = 0.20 m; (e) x = 0.25 m; (f) x = 0.35 m; (g) x = 0.45 m; (h) x = 0.55 m; (i) x = 2.00 m.



		Figure 7. Contour lines of the vertical, w, velocity in m/s at: (a) x = −0.70 m; (b) x = 0.00 m; (c) x = 0.08 m; (d) x = 0.20 m; (e) x = 0.25 m; (f) x = 0.35 m; (g) x = 0.45 m; (h) x = 0.55 m; (i) x = 2.00 m.



		Figure 1. Descriptive model of flow dynamics at channel confluence proposed by Best (1987).



		Figure 2. Geometric location of the main channel and tributary in the experimental flume in the widened and the reference configurations.



		Figure 3. A view of the computational mesh a) in the reference and b) in the widened configuration.



		Figure 4. Comparison of numerical and experimental water level profile for the reference configuration at y = 0.45 for high discharge scenario.



		Figure 5. Cross-sections situated in a) the middle of a) the local tributary widening (Y = 0.75 m) and b) near the tributary mouth ( Y = 0.55 m).



		Figure 6. Location of longitudinal profiles to show the main morphological features.



		Figure 7. Comparison between numerical and experimental bed deposition profile at Y = 0.45 m for the reference configuration in a) low b) intermediate c) high flow discharge scenarios.



		Figure 8. Comparison between numerical and experimental bed erosion profile at Y = 0.05 m for the reference configuration in a) low b) intermediate c) high flow discharge scenarios.



		Figure 9. Comparison between numerical and experimental bed deposition profile at Y = 0.45 m for the widened configuration in a) low b) intermediate c) high flow discharge scenarios.



		Figure 10. Comparison between numerical and experimental bed erosion profile at Y = 0.05 m for the widened configuration in a) low b) intermediate c) high flow discharge scenarios.



		Figure 1. Main parameters describing a confluence of meander trains. The M, T and MT channels are digitalized from satellite images covering an average of 40-60 bends totaling lengths of LM, LT, and LMT for the M, T and MT channels, respectively. These channels have dominant arc-wavelengths of λM, λT and λMT; and mean widths of BM, BT, and BMT. Symbol ψ is the confluence angle. Black arrows represent the flow orientation.



		Figure 2. Plan view of confluences: (a) 9, 10 and 19, and (b) 5. Their geographic locations are presented in Table 1.



		Figure 3. Confluence 5. (a) Normalized streamwise curvature (C* = CxBM) versus the normalized streamwise coordinate (S* = S/BM), (b) Wavelet output (normalized λ* represents that normalized arc-wavelength) of the M and MT channels. Notice that the red dashed line indicates the confluence location. The dotted yellow line represents the cone of influence border (confidence limit of the wavelet analysis) and the bold lines represent the contours at 95% of confidence of finding bends at those locations. WPE represents the wavelet power spectrum.



		Figure 4. Wavelet Power Spectrum (WPE) for Confluence 19. (a) M and MT channels and (b) the T channel. Note that a dramatic change in the main channel frequency spectrum is imposed by the confluence; in the tributary channel the channel is straighten close to the confluence as the higher and lower frequencies are suppressed. The spectra show only the contours at 95% of confidence and the cone of influence (dotted magenta lines).



		Figure 5. Summary of the parameters to quantify the curvature dynamics in the T, M, and MT channels. Note that higher dynamics are observed at β > 0:45. The cyan-filled symbols represent the descriptors from confluence 4 that is located downstream and very close to confluence 1, and thus the M channel may not become a fully developed meandering channel when it approaches confluence 4.



		Figure 1. Wando.



		Figure 2. Study site.



		Figure 3. Sampling spot.



		Figure 4. Sediment traps set at Wando.



		Figure 5. Amount of trapped fine sediment 5 cm in height.



		Figure 6. Ignition loss of trapped fine sediment 5 cm in height.



		Figure 7. Mean diameter of trapped fine sediment 5 cm in height.



		Figure 8. Vertical distribution of fine sediment.



		Figure 9. Time series of water surface variation.



		Figure 10. Component of current velocity at Wando.



		Figure 11. Time series of ignition loss.



		Figure 12. Time series of mean diameter.



		Figure 1. ACVP fixed in a PVC box filled with water (not on scale) and positioned just below the water surface.



		Figure 2. Contour map of the mean streamwise flow velocity u [m s−1]. The arrows represent the mean velocity vector field V u¯,w¯ and the solid line shows the dune profile. Flow direction is from left to right.



		Figure 3. Contour map of the mean sediment concentration log10(c) [kg m−3].



		Figure 4. Contour map of the mean streamwise $$ sediment fluxes [kg m2 s−1].



		Figure 5. Sediment transport distribution together with the mean bed interface position.



		Figure 1. The Digital Elevation Models measured using Terrestrial LIDAR used in the numerical experiments. The hydraulic conditions at the end of the physical experiments before the experiments were stopped, the flume drained and measured using a terrestrial laser scanner are reported in Table 1.



		Figure 2. Three dimensional velocity magnitude for Experiment 1 for three separate time periods; a = t, b) t+60 seconds & c) t+120 seconds. The dune topography has been blanked. In all images flow is from left to right. The white region represents topography that is blocked out of the domain using the MFSA.



		Figure 3. Three dimensional velocity magnitude for Experiment 3 for three separate time periods; a = t, b) t+60 seconds & c) t+120 seconds. In all images flow is from left to right. The white region represents topography that is blocked out of the domain using the MFSA.



		Figure 4. FTLE for Experiment 1 for a) 0.32 z/h tracking back 1 second; b) 0.3 z/h tracking back 1 second and; c) 0.32 z/h tracking back 5 seconds. In all images flow is from left to right. The white region represents topography that is blocked out of the domain using the MFSA. The closer to the red color the stronger the attraction of flow.



		Figure 5. FTLE for Experiment 3 for a) 0.3 z/h tracking back 1 second; b) 0.4 z/h tracking back 1 second and; c) 0.5 z/h tracking back 1 second.



		Figure 1. Sketch of the computational domain used in the simulations of unidirectional flow over dunes.



		Figure 2. Snapshots of normalized vorticity (ωhd/ Ub) contours for the unidirectional flow over dunes of Ld/d = 3, at time intervals of 0.25 × (Ld/Ub) time units from top to bottom.



		Figure 3. Snapshots of suspended sediment concentration contours for unidirectional flow over dunes of Ld/d = 3, at 0.25 × (Ld/Ub) time units from top to bottom.



		Figure 4. Spatio-temporal evolution of the bed friction coefficient f along a dune for the case Ld/d = 3.



		Figure 5. Normalized vorticity (ωhd/Ub) contours and bed load along the dune at 2.75 × (Ld/Ub) time units for the unidirectional flow over dunes of Ld/d = 3, 5 and 7 (from top to bottom).



		Figure 1. Discretization of bed elevations for application of the method.



		Figure 2. Schematic plan view for periodical forms with a straight-flat crest, streamwisely skewed. For α = π/2 and α = −π/2, the form would be 2D, i.e., Tb = 0, while for −π/2<α<π/2, the form would be 3D, with TbMIN = 0 for θΜΙΝ = π/2 − |α|.



		Figure 3. Index of 3-dimensionality Tb for sinusoidal forms with a straight-flat crest skewed an angle α with respect to the main flow direction (see scheme in Figure 2).



		Figure 4. Cross-section (top) and 3D view (bottom) for a sinusoidal representation of bedforms with straight-crest and one symmetrical peak. Values used in eqs.(8) and (11) for generating the 3D view were: Sd = 0, L = 0 and Δw/Δo = 0.1, for these data Tb = 0.255.



		Figure 5. Index of 3-dimensionality Tb for sinusoidal forms with a straight crest with one peak, as a function of the ratio between the bedform height near the channel wall and at the channel center (see scheme in Figure 4); each curve considers a different angle of skewness α with respect to the main flow direction (see scheme in Figure 2).



		Figure 6. Plan view (top) and 3D view (bottom) for a sinusoidal representation of bedforms with flat-crest and one symmetrical lobe. The value used in eq. (12) for generating the 3D view was lc/λ = 0.33, for that value Tb = 0.338.



		Figure 7. Index of 3-dimensionality Tb for sinusoidal forms with one symmetrical flat lobe, as a function of the lobe length variation (see scheme in Fig. 6).



		Figure 8. Experimental dune with the projection of the grid used by the photogrammetric system to obtain bed elevations.



		Figure 9. Bed survey obtained with the photogrammetric system for run with V/Vc = 2.1.



		Figure 10. Variation of the 3-dimensionality index along the experimental bed, when Δx = 2.25, 2.70, 2.68 and 2.68 m for V/Vc = 1.5, 2.1, 2.1 and 2.3, respectively.



		Figure 1. A dune in a flume (flow left to right). The water level is roughly at the top of the figure.



		Figure 2. Schematization of a dune (flow left to right).



		Figure 3. The computational domain.



		Figure 4. The non-dimensional step length results for varying grain shear stress of the Shimizu et al. (2009), Sekine & Kikkawa (1992) and the currently used step length models.



		Figure 5. Hydrograph of scenario A4 from Shimizu et al. (2009).



		Figure 6. Dune field over time.



		Figure 7. Dune crest and trough position (black lines) and water depth (blue line) over time.



		Figure 8. Specific discharge versus non-dimensional step length α separated for the rising and falling stages of the hydrograph.



		Figure 9. Specific discharge versus water depth separated for the rising and falling stages of the hydrograph.



		Figure 10. Froude number (left vertical axis) and specific discharge (right vertical axis) versus time.



		Figure 1. Test reach near Hainburg, Austria; the cross-sections where bed load transport measurements were conducted and the area for the intensive study are depicted.



		Figure 2. Box plots (indicating the lower and upper quartile and the median) showing the bedform length along the centerline, over the 3 km long reach for 4 different geometries.



		Figure 3. Box plots (indicating the lower and upper quartile and the median) showing the bedform height along the centerline, over the 3 km long reach for 4 different geometries.



		Figure 4. Diagram showing occurrence of bedforms depending on sediment diameter and flow velocity (developed by Southard und Boguchwal (1990); extended by Carling (1999)). The arrow marks the Danube data.



		Figure 5. Illustration of the bedforms during the intensive study at the Danube River; flow direction from left to right, the centerline is depicted within the area (black line).



		Figure 6. Variability of bedform velocity for all measurements of the intensive study in the centerline profile (Box plot showing the lower and upper quartile and the median).



		Figure 7. Variability of bed load transport obtained by analysing all measurements of the intensive study in the centerline profile (Box plot showing the lower and upper quartile and the median).



		Figure 8. Results of three different bed load transport measurements at the bridge cross-section at 1.022 m3 s−1 (light grey), 3.897 m3 s−1 (dark grey) and at 5.765 m3 s−1 (black); modified from Liedermann et al., 2013b.



		Figure 9. Bed load transport capacity and mean grain diameter, modeled by the sediment transport model iSed; bedforms can be seen influencing bed load transport (modified from Tritthart et al., 2011b).



		Figure 1. 3D view of the bathymetry at equilibrium conditions for case LRD. The bed elevation is measured with respect to the mean position of the free surface (z/H = 0) in the inlet.



		Figure 2. Distribution of the normalized streamwise unit discharge, qs/(HU) predicted by DES for: a) case LRF; b) case LRD.



		Figure 3. Distribution of the mean vertical vorticity, ωzH/U, at the free surface predicted by DES for: a) case LRF; b) case LRD.



		Figure 4. Visualization of vortical structures (SOV cells) inside the bend using the Q criterion for: a) case HRF; b) case LRD.



		Figure 5. Distribution of the streamwise velocity, uξ/U, and streamwise vorticity, ωξH/U, at the D60 and D180 sections given by RANS (LRF), experiment (LRF) and DES (LRF and HRF). Also shown are the 2D streamline patterns at the D180 cross section.



		Figure 6. Distribution of the streamwise velocity, uξ/U, and streamwise vorticity, ωξH/U, at the D90 and D180 sections given by experiment (LRD) RANS (LRD) and DES (LRD). Also shown are the 2D streamline patterns at the D90 cross section.



		Figure 7. Streamwise variation of the normalized cross-stream circulation, Γ/(UH), of the main cell of secondary flow. x′ is measured along the channel centerline.



		Figure 8. Distribution of the mean bed shear stress magnitude, τ¯/τ0, predicted by DES for: a) case LRF; b) case HRF.



		Figure 9. Distribution of the mean bed shear stress magnitude, τ¯/τ0, predicted by DES for case LRD.



		Figure 1. Experimental layout and measuring sections (Kironoto, et al. 2012; 2013).



		Figure 2. The measured area at cross section (Kironoto, et al. 2012).



		Figure 3. Bed contour line of curved channel in equilibrium condition (Kironoto, et al. 2012; 2013).



		Figure 4. (a) Longitudinal velocity profile, ū ; (b) transversal, v¯, and vertical velocity profiles, w¯, at C0R125 and C120R125 (Kironoto, et al. 2014).



		Figure 5. Normalized longitudinal velocity contours, u/U, (a) at the beginning (C0), (b) at the middle (C90), and (c) at the end (C180) of the curved channel sections (fixed bed channel data).



		Figure 6. Normalized longitudinal velocity contours, u/U, (a) at the beginning (C0), (b) at the middle (C90), and (c) at the end (C180) of the curved channel sections (eroded bed channel data).



		Figure 7. The trajectory of the maximum longitudinal velocity along the channel.



		Figure 8. Determination of wall shear velocity, u*, using Clauser’s method.



		Figure 9 Normalized of Reynolds shear stresses, −ρu′w′¯/ρu∗2 (a) at the beginning, (b) at the middle, and (c) at the end of the curved channel sections (fixed/flat bed channel data).



		Figure 10 Normalized of Reynolds shear stresses, −ρu′w′¯/ρu∗2 (a) at the beginning, (b) at the middle, and (c) at the end of the curved channel sections (eroded bed channel data).



		Figure 11. Typical example of wall shear velocity obtained from Reynolds shear stress profile, u*r.



		Figure 12. Comparasion of the wall shear velocity obtained from Reynolds shear-stress and velocity profiles data (for fixed/flat bed channel; Kironoto, et al. 2014).



		Figure 13. Comparasion of the wall shear velocity obtained from Reynolds shear-stress and velocity profiles data (for eroded bed channel; Kironoto, et al. 2012).



		Figure 1. Kinoshita channel, after Abad & García (2009a). Results are shown for the central mender, located between sections CS10 and CS20.



		Figure 2. Normal profiles of streamwise velocity u normalized by the mean velocity in the channel, U.



		Figure 3. Simulated bed evolution plotted at 10 minute intervals for the RSBC scenario. Flow direction is from left to right. Plot is for the central meander of the channel.



		Figure 4. Simulated bed evolution plotted at 10 minute intervals for the CSBC scenario. Flow direction is from left to right. Plot of the central meander of the channel.



		Figure 5. Shear stress in the central meander of the channel averaged over 10 hours for both modeling scenarios. Scale shows magnitude of shear stress in N/m2.



		Figure 6. Unit sediment transport simulated in cross sections at the apex of the three meanders of the channel (Fig. 1) for the CSBC scenario.



		Figure 7. Unit sediment transport simulated in cross sections at the apex of the three meanders of the channel (Fig. 1) for the RSBC scenario.



		Figure 8. Bed profiles for the central meander measured from the beginning of the bend to the apex (Fig. 1). Profiles are plotted every 10 minutes.



		Figure 1. Sketch of experimental setup (Figure reproduced from Whiting & Dietrich (1993a)).



		Figure 2. Two-dimensional model mesh (mean element size is 0.03 m, flow direction is from left to right).



		Figure 3. Data-collection lines and definition of cross-section names (flow direction is from left to right).



		Figure 4. 2D numerical simulations: (a) water depth; (b) velocity; (c) local boundary shear stress and (d) local sediment transport rate.



		Figure 5. Three-dimensional model mesh (mean horizontal element size is 0.03 m).



		Figure 6. (a) Streamlines and velocity contours at the apex of the meander bend (flow direction is from bottom to top); (b) velocity contours and transverse streamlines at cross—section 4.55 m (the inner bank is located on the left).



		Figure 7. Three-dimensional numerical results: (a) flow depth;, (b) velocity magnitude, (c) shear stress, and (d) unit solid discharge.



		Figure 8. Comparison of 3D numerical simulations and experiment data at the outer bank of the flume: (a) surface velocity, and (b) flow depth.



		Figure 9. Bed evolution (left column) and unit solid discharge (right column) of: (a) outer bank, (b) centerline, (c) inner bank.



		Figure 10. Zones of computed morphodynamics patterns in both 3D numerical simulations and experimental observations: (white zone) flat, unchanged; (green zone) alternate bars; (red zone) multiple shingle bars, and (blue zone) multiple pools.



		Figure 1. Maier bend site map.



		Figure 2. Bed morphology of Maier Bend. The bed morphology can be divided in two regions, one with small dunes and the other one with large dunes. The small dunes amplitude (λsmalldunes) is less than 10 m whereas the large dunes amplitude (λ ıargedunes ) is between 10 m and 100 m.



		Figure 3. Survey Process. The LIDAR was located at the point bar at several points to convert the entire area of the bank. Wherever the LIDAR was not able to capture points then RTK GPS was used.



		Figure 4. Detail of the LIDAR points at the scallops. The rainbow-colored points are at the banks and the grayscale colored points are at the bed.



		Figure 5. Discrimination of the bedforms. The top panel shows the orthogonal curvilinear mesh used to map the bed surface. For the sake of clarity the mesh lines are showed skipping 10 lines (the streamwise and span wise   spacing of mesh used for the filtering process is 0.5 m.). The bottom panel shows the signals obtained for j = 450 m. As shown in this panel the signal is discriminated in small dunes (η1,3), large dunes (η2,3) and bars (η3,3).



		Figure 6. Scenario with bedforms (S-1). The higher shear stresses are in red colors while the lower shear stresses are in green color and blue colors.



		Figure 7. Scenario without bedforms (S-2). The higher shear stresses are in red colors while the lower shear stresses are in green color and blue colors.



		Figure 8. Comparison of the bank shear stresses between scenario S-1 and scenario S-2 (a more detail explanation can be found in the text).



		Figure 1. Examples of anabranching patterns emerging in different fluvial environments: A) rills observed on a bar of the Thur River, Switzerland; B) anabranching of the entire river bed (Marshall River, Australia); C) scroll bars on the inner bank of a meandering river (Senegal river, near Bakel), Map data: Google, Digitalglobe.



		Figure 2. Marshall river anabranching patterns located near Hart, Northern plains of Central Australia (−22 57’, 136 12’). Cross sections were taken and the projected width of river, channel and ridge width measured from high-resolution (about 0.5 m) Google Earth Pro photographs.



		Figure 3. Cumulative distributions of the width of: projected river section (a), vegetated ridges (b), and individual channels (c) for 65 cross sections of the Marshall river.



		Figure 4. Simulation of the evolution of the biomass for a 300 by 100 grid according to equation (1). From an initial random vegetation cover (upper panel) the vegeta tion organizes itself in a regular periodic pattern (lower panel).



		Figure 5. Wave number kx quantifying the periodicity of the patterns for fixed β/α˜ = 1 and varying the range of the interaction kernel (22). Note that all the quantities are written in the units introduced in equations (10–16).



		Figure 1. The five components of GEOTECH and coupling with the flow model TELEMAC-2D.



		Figure 2. Bird’s-eye view of the computational mesh, featuring a transect that consists of height nodes placed along a river bank for which a geotechnical analysis is to be performed.



		Figure 3. Outcome of the transect generation and orientation procedure in GEOTECH, performed for a short reach comprised in the valley of the semi-alluvial Medway Creek, London, Canada. The topographic dataset is a combination of data acquired using LiDAR (floodplain) and centimeter-level differential GPS (main river channel) technologies. Flow depth is predicted with TELEMAC-2D and corresponds to a discharge of 70 m3/s (recurrence interval of 4.2 years). In this reach, mean channel width is 20 m. The arrows indicate the location of the inlet and outlet, and flow direction. A horizontal spacing of 0.71 times the transect length (16 m) is employed, which ensures a complete coverage of the landscape in the stability analysis. Only the partially submerged transects are shown.



		Figure 4. Example of slope stability assessment in 2D using Bishop’s simplified method of slices. The light-shaded area represents the unstable portion of the river bank, whereas the dark-shaded portion is stable. The initially unstable river bank profile shown in ‘a’ is transformed into the profile shown in ‘c’ after disintegration of the slump block, entrainment of the finer particles by the flow, and deposition at the bank toe of the coarser sediment fraction at the friction angle φ. The forces acting on a slice i and the variables used in Equations 2–5 are shown in ‘b’.



		Figure 1. Transition of channel morphology of Satsunai River in Hokkaido, Japan (MLIT).



		Figure 2. Mechanics of an angle of repose.



		Figure 3. The counting system of braided index (Egozi et al. 2008).



		Figure 4. Calculated depth (m) of Run 1 and Run 3.



		Figure 5. Calculated depth (m) of Run 4 and 6.



		Figure 6. Comparison of Braided index.



		Figure 7. Averaged depth and width of Run 1, 2 and 3.



		Figure 8. Averaged depth and width of Run 4, 5 and 6.



		Figure 9. Averaged depth (m) of Run 7, 8 and 9.



		Figure 10. Averaged depth and width of Run 7, 8 and 9.



		Figure 11. Before and after of channel separation.



		Figure 12. Distribution of the part reach to critical shear stress.



		Figure 1. River channels with repeated node-antinode sections.



		Figure 2. Coordinate system and diagram showing bank erosion.



		Figure 3. Growth rate of perturvation in S-20 and S-40.



		Figure 4. Migration speed of perturvation in S-20 and S-40.



		Figure 5. Changes in growth rate and migration speed depending on the changes in θ.



		Figure 6. Changes in growth rate and migration speed depending on the changes in ds.



		Figure 7. Changes in growth rate and migration speed depending on the changes in β.



		Figure 1. Comparison between the linear and the nonlinear solution (continuous and dashed lines respectively) after a 30% reduction of the sediment supply from an initial condition S0 = 1%. An exponent γ = 1.6 has been adopted.



		Figure 2. Comparison between the linear and the nonlinear solution (continuous and dashed lines respectively) after a reduction of the sediment supply which will produce the same long-term profile of Figure 1 for the case of a single-thread channel. The Parker (1990) transport formula with an initial Shields stress θ0 = 0.06 has been adopted.



		Figure 3. Evolution of the bottom level profile according to the hyperbolic model. Continuous line: T*M = 0, dashed line: T*M = 0.05.



		Figure 4. Variation in time of the bottom elevation during Run 1 for several sections located at distance x from the inlet of the flume.



		Figure 5. Bed level profiles during Run 1 and analytical solution of the linear model (dashed lines).



		Figure 6. Map of the initial part of the flume after 50 h and 115 h of the degradation phase. Elevation (in [cm]) is relative to the local linear trend.



		Figure 7. Map of the initial part of the flume during the equilibrium (upper panel) and aggradation (lower 3 panels) phases. Elevation (in [cm]) is relative to the local linear trend.



		Figure 8. Bed level profiles during Run 2 and anaytical solution of the linear model.



		Figure 1. Overview of the studied reach including surveying points. Flow from bottom (south) to top (north).



		Figure 2. Study site location—in 1965 (From NCC, Canada).



		Figure 3. Study site location—in 2013 (From NCC, Canada). Farm road crossing shown at bottom (south end) of air photo.



		Figure 4. Schematic view of the: (Left) Computational grid plus original survey data; (Right) Orthogonality of the generated mesh.



		Figure 5. Initial bed level (interpolated through Deldf3d).



		Figure 6. ADV measurement at a bend in the area of study. Flow from left to right.



		Figure 7. Measured secondary flows (vectors) superimposed on the tangential streamwise velocity (contours) in one of the bend cross sections, outer bank to the left.



		Figure 8. Secondary circulation in the same section as observed (Fig. 7), but obtained from the model. Note that vector colour scale represents the magnitude of the streamwise velocity.



		Figure 9. Depth average velocity in the current condition.



		Figure 10. Overbank flow: Upstream view of the culvert.



		Figure 11. Depth average velocity after realignment of the culvert.



		Figure 12. Depth average velocity after culvert realignment and channel construction (post-design condition).



		Figure 13. Bed shear stress in the current condition.



		Figure 14. Bed shear stress after culvert realignment.



		Figure 15. Bed shear stress in post-design condition.



		Figure 16. Rate of erosion in current condition of the creek.



		Figure 17. Rate of erosion in the post-design condition.



		Figure 1. Temporal variations in the annual flow-sediment regime entering the LYR of: (a) water volume; (b) sediment volume.



		Figure 2. Accumulated channel evolution volume in the braided reach from 1950 to 2012.



		Figure 3. Variation in the bankfull area in the braided reach and at hydrometric stations.



		Figure 4. Relationship between reach-scale bankfull area and discharge and incoming sediment coefficient in: (a) flood seasons; (b) non-flood seasons.



		Figure 5. Comparisons between the calculated and measured bankfull area.



		Figure 1. Sketch of the experimental set-up of the two series of experiments (see also Table 1).



		Figure 2. Digital Elevation Models (axis in metres, elevation contours in millimeters) of three experimental runs with a fixed bar, mobile trough, and flow velocities over the crest of approximately (A) 0.6, (B) 0.7, and (C) 0.8 m/s. The DEM’s are coloured by the amount of deposition (in mm). The grey profiles visualise the 0.3 × 0.3 m average scour and deposition relative to the initial horizontal bed. Note the difference in trough shapes. S denotes the visible start of the co-flow ripple formation, which varies between the runs, T is the trough, R is the maximum return-flow accumulation.



		Figure 3. Fixed bar with fixed ripples placed in the reattachment zone, where ripple development is normally suppressed, of the co-flow zone where ripples formed in the mobile bed experiments. Figures B-G are flow profiles over the crests and troughs of the successive ripples and represent the velocity profiles (left column, coloured by downstream velocity) and the coherence in current direction (defined as proportion of velocity measurements that are oriented in a downstream direction).



		Figure 1. Study sites in gravel rivers in Kanto region, Japan.



		Figure 2. The relationship between the gravel ratio (P) and the hydraulic conductivity (K) using by the experimental gravel.



		Figure 3. The relationship between the gravel ratio (P) and the hydraulic conductivity (K) using by the marbles of 8–12 mm (MG), 15–20 mm (CG) in diameter.



		Figure 4. The relationship between the gravel ratio(P) and the porosity (n) using by the experimental gravel of 8–12 mm.



		Figure 5. Location of wells in upstream part of gravel bar in Asa river.



		Figure 6. Distribution of subsurface water level in gravel bar. (Black dot: Location of the wells.).



		Figure 7. Distribution of subsurface water flow by numerical analysis. (Left side: Upstream).



		Figure 8. Hydraulic gradient of the subsurface water.



		Figure 9. Clogging by fine particles (Left: with clogging, Right: without clogging).



		Figure 10. The deposition rate of silt and POM at each location.



		Figure 11. The fine particles in gravel in vertical direction (Left: surface layer, Right: saturated layer).



		Figure 12. The changing process of subsurface water level from flood stage to normal stage.



		Figure 1. Schematic representation of alternate bars.



		Figure 2. Plot of the present dataset on the (B/h;h/D)-plan of Ahmari & da Silva (2011).



		Figure 3. Plot of measured values of Λa/B versus h/D.



		Figure 4. Plot of selected curves of the family of curves implying Eq. (8), together with the data.



		Figure 5. Plot of RTΛ versus X.



		Figure 6. Plot of RTΛ versus h/D.



		Figure 7. Plot of RTΛ versus cf.



		Figure 8. Plots of calculated values of Λa/B, using the present equations, versus their measured counterparts. (a) Plot for data having X ≥ 35; (b) Plot for data having 2.5 ≤ X < 35. 15% and 30% error range lines shown as dashed lines.



		Figure 9. Plots of calculated values of Λa/B, using the equations by Ikeda (1984), versus their measured counterparts. (a) Plot for data having X ≥ 35; (b) Plot for data having 2.5 ≤ X < 35. 15% and 30% error range lines shown as dashed lines; symbols as in Figure 8.



		Figure 10. Plot of Eq. (2) by Ikeda (1984) for B/D = 104.



		Figure 1. Kizu River.



		Figure 2. Annual maximum hourly averaged water discharge at Kamo City.



		Figure 3. Measurement method of the porosity.



		Figure 4. Hasegawa-type penetration test instrument.



		Figure 5. Horizontal distribution of surface characteristics of the bar.



		Figure 6. Horizontal distribution of porosity in the surface layer and the penetration depth of the first hit.



		Figure 7. Relationship between the porosity in the surface layer and the penetration depth of the first hit in the surface layer (filled circle) and the relationship between the porosity in the bottom layer and the penetration depth of the first hit in the bottom layer (circle).



		Figure 8. Relationship between standard deviation of the size distribution of the bed material and the porosity.



		Figure 9. Hydrograph for numerical analysis.



		Figure 10. Initial size distribution of bed material for numerical analysis.



		Figure 11. Numerical grids and horizontal distribution of vegetation.



		Figure 12. Bed deformation during the flood, porosity and mean diameter after the flood.



		Figure 1. Map of the study area: grey area is the catchment’s area of Alpine Rhine, thin lines are main rivers, bold line is study reach of Alpine Rhine.



		Figure 2. Neutral stability curves. Four regions are present, named with roman numerals. In region I and IV bars are dumped. In region II and III bars can develop. Region II is characterised by theoretical presence of both migrating and non-migrating bars. The same for region III, except for the condition β < βres in which only migrating bars can develop.



		Figure 3. Landsat images: examples of digitized bars and graphical comparison.



		Figure 4. Detection of bar dynamics from image analysis. (a) Case of migrating bars. Landsat 2005-Oct-06 Q = 172 m3/s (shorter) and Landsat 2009-Feb-28 Q = 102 m3/s (longer). (b) Apparent morphological changes due to stages variation. Landsat 2009-Jul-29 Q = 324 m3/s (shorter) and Landsat 2009-Feb-28 Q =102 m3/s (longer). (c) Case of non-migrating bars. Landsat 2009-Dec-20 Q = 118 m3/s (red) and Landsat 2009-Aug-30 Q = 119 m3/s (grey). Cross sections (transversal lines) are present every 500 m.



		Figure 5. Comparison of bar wavenumbers before and after a flood (case Aug 2005). Full circles represent reach configuration before flood (L7 2005 Aug 19 Q = 187 m3/s), while open circles after flood (L7 2005 Oct 06 Q = 172 m3/s).



		Figure 6. Comparison of bar wavenumbers before and after a snow-melting (case Feb–Dec 2009). Full circles represent reach configuration before flood (L7 2009 Feb 28 Q = 102 m3/s), while open circles after flood (L7 2009 Dec 20 Q = 118 m3/s).



		Figure 7. Comparison of Landsat images taken at different discharges. Image (0) is the minimum discharge of the Landsat dataset (L5 1990 Gen 14 Q = 27 m3/s). Image (1) to (4) present respectively Q = 101 m3/s (L7 2005 Oct 10), Q = 190 m3/s (L7 2006 Jul 05), Q = 287 m3/s (L7 2000 Jun 02), Q = 461 m3/s (L7 2000 May 17).



		Figure 8. Scheme of the cross section with a lateral cosine bed profile. Three relevant water levels are indicated: minimum flow (Q = 24 m3/s), fully wet (Q = 450 m3/s) and fully transporting (Q = 1105 m3/s).



		Figure 9. Analysis of the behaviour of the critical and resonant values of wavenumber λ and aspect ratio β for the three cases described in Table 1 for different discharges. Dashed lines represent the interval of discharges from the fully wet case (Q = 450 m3/s) to the forming case (Q = 905 m3/s, T = 2 years). Continuous lines represent the interval of discharges from T = 2 years to T = 100 years (Q = 2159 m3/s). Blue lines represent Rhine upstream, red lines Rhine central, green lines Rhine downstream.



		Figure 10. Threshold curve of the two theoretical parameters Ω and ω calculated for the case of forming discharge Q = 905 m3/s (T = 2 years) and for the case of Q = 2159 m3/s (T = 100 years). Points represent the result of the image analysis of the Landsat image 2009-Aug-30 Q = 119 m3/s for the three cases described in Table 1.



		Figure 1. Discharge and bedform evolution in 1997 (upper two plots) and 1998 (lower two plots) flood events in the Waal.



		Figure 2. bedforms after the experiment in Chiyoda channel.



		Figure 3. 3D morphodynamic simulation of bedforms with only the flying model (upper plot) and only sliding model (lower plot).



		Figure 4. Simulation of bedforms and normalized velocity field for the model with slope effect (upper plot), non-equilibrium transport (middle plot) and experimental observation (bottom plot).



		Figure 5. Simulated maximum bedform height.



		Figure 6. Simulated bedform evolution during 1997 (upper plot) and 1998 (lower plot) flood events for a part of the Waal.



		Figure 1. Catchment of the study area.



		Figure 2. Basin of Zwieselstein, photograph.



		Figure 3. Calculation mesh boundary.



		Figure 4. Example relationship between discharge and transported mean diameter dm (derived from Szau-ter et al. (unpublished data)).



		Figure 5. Annual sediment loads for the main inlet calculated by the reference approach, variant 1 and variant 4.



		Figure 6. Example sedigraphs reference and variant 4, comparison.



		Figure 7. 2008 hydrograph.



		Figure 8. 2008 sedigraph of the reference model.



		Figure 9. Mean diameter dm of the upstream input boundary condition.



		Figure 10. Accumulated volume change along the study reach, reference model.



		Figure 11. (a) Input sedigraph (b) output sedigraph 2008 (ref. model) and (c) output sedigraph 2008 (var. 3).



		Figure 12. Accumulated volume change along the study reach, variant comparison.



		Figure 1. A braided morphology of Lasa River in China.



		Figure 2. Grain size distribution of bed material.



		Figure 3. Model predicted channel migration process in a laboratory river.



		Figure 4. Model predicted channel migration process in a laboratory river.



		Figure 1. Aggradation due to sediment injection.



		Figure 2. Bed profiles with different element sizes (∆x). Fluctuations shown in the upper 6 m reach.



		Figure 3. Bed profiles with different time steps.



		Figure 4. Transient bed slopes due to ΔG0/G0 = 4.0.



		Figure 5. Comparison of computed results of Hybrid scheme against laboratory observations of Soni et al (1980).



		Figure 6. Bed levels with various sediment injected loads (3.5, 2.5, 1.5, 0.5 and −0.5).



		Figure 7. Comparison of computed results of Bhala-mudi and Chaudhry (1991) against lab. observations of Soni et al (1980).



		Figure 1. A schematic view of the bedform. The zero level is defined by η = 0.



		Figure 2. Simulation of the bedform without considering the effect of second derivative (a) and with the second derivative (b).



		Figure 3. Simulation of bedform with different resolution of coarse grid. (a) double of the fine grid, (b) four times of the fine grid, and (c) eight times larger than the fine grid.



		Figure 4. Discharge and bedform evolution in 1997 flood events in the River Waal.



		Figure 5. Three-dimensional view of the badforms with bed elevation contours, for the simulation of River Waal.



		Figure 1. The flume used in 1966.



		Figure 2. Experimental curves for the two measuring distances.



		Figure 3. Theoretical curves obtained with the Fischer E value.



		Figure 4. Theoretical and experimental values using E(t).



		Figure 1. Grain size distribution of (i) the bulk material of the bed and the sediment feed (black line) and (ii) the surface (line with squares).



		Figure 2. View of the flume looking upstream.



		Figure 3. Measurements carried out during the runs: (i) white squares: bed and water surface elevation profiles, (ii) clack circles: bed load from the sediment trap and (iii) black triangles: bed scans and bed surface texture. Grey patches illustrate the position in time of the eight water pulses.



		Figure 4. Thalweg of the channel for Run 1 at t = 0 (black line), before the water pulse (light grey line) and after the pulse (dark grey).



		Figure 5. Thalweg of the channel the beginning of Run 2 at t = 11.5 (black line), before the water pulse (light grey line) and after the pulse (dark grey).



		Figure 6. Mean boundary shear stress for all runs. Black squares show results corresponding to water pulses (illustrated by grey patches).



		Figure 7. Bed load transport rate at the outlet of the flume registered by the load cell. Grey patches represent the location of the water pulses. Dashed line indicates the feeding rate.



		Figure 1. Schematic plot of the cyclic hydrograph which is repeated annually at the upstream entrance of the river.



		Figure 2. Bed slope at the flood peak and the end of base flowafter mobile-bed equilibrium has been reached.



		Figure 3. Grain size distribution of surface material and bed load at the flood peak and the end of base flow (at the downstream end after mobile-bed equilibrium is reached).



		Figure 4. Bed elevation and local bed slope adjustment at two sites, due to the variation of sediment supply at the entrance (1125 m from the feed point for site 1, 6125 m for site 2; the total channel length is 50 km).



		Figure 5. Adjustment in the bed elevation and local bed slope at site 1 (1125 m from the feed point); both as modeled and as fitted to the rate law.



		Figure 1. Bed profile with locations of pools an riffles and representative cross sections of pools and riffles.



		Figure 2. Size distribution in pools and riffles investigated in this research.



		Figure 3. Discharge time series in Bear Creek (Reuter et al., 2003).



		Figure 4. Cross-sectional bed shear stress distribution for low and high flow in pool and riffle.



		Figure 5. Relation between shear stress reversal and sediment transport reversal for two pool-riffle units using average cross sectional shear stress and 3-D flow distribution of shear stress.



		Figure 6. Variation of discharge, D50, and reversal indexes (τp/τr and Qsp/Qsr) in pools and riffles in first hydrograph.



		Figure 7. Variation of discharge, D50, and reversal indexes (τp/τr and Qsp/Qsr) in pools and riffles in second hydrograph.



		Figure 8. Variation of discharge, D50, and reversal indexes (τp/τr and Qsp/Qsr) in pools and riffles in third hydrograph.



		Figure 1. Geological formation of the study watershed (Source: Central Geological Survey 2011).



		Figure 2. Distribution of landslide in study watershed (2011 survey).



		Figure 3. Sedimentation evolution (2005 ~ Sept. 2011).



		Figure 4. Sedimentation evolution (Sept. 2011 ~ Jul. 2013).



		Figure 5. Sedimentation evolution (Jul. 2013 ~ Oct. 2013).



		Figure 6. Changes of channel width at different times (excluding Typhoon Morakot).



		Figure 7. Continuous downcut of Li-Sher Stream at 7 K + 300.



		Figure 8. Continuous downcut of Li-Sher Stream at 5 K + 900.



		Figure 9. Continuous downcut of Li-Sher Stream at 3 K + 500.



		Figure 10. Channel width changes after Typhoon Morakot for channel reaches between Station 3 K + 250 and Station 6 K + 200.



		Figure 1. Study watersheds.



		Figure 2. Grain-size distributions of bankfull channel limits for each cross section and grain-size distribution of seeded tracer particles.



		Figure 3. Box-whisker plot of the total range, interquartile range and median of normalized path lengths (L/Lm) versus binned discharge classes. Sample size of each mobile track shown below box-whisker plots.



		Figure 4. Box-whisker plot of the total range, interquartile range and median for the (a) D16, (b) D50 and (c) D84 of measured bed load versus binned discharge class where the sample size for each bin is indicated in (c).



		Figure 5. Field measured particle entrainment thresholds from in-situ bed load measurements and largest mobile tracer.



		Figure 6. Box-whisker plot of the total range, interquartile range and median for the riffle spacing, intermediate pool spacing and mean tracer path length (Lm) normalized by bankfull width (Wbf).



		Figure 1. Reconstruction of the h-Q relation in a river cross section based on two different discharge level measurements.



		Figure 2. Possible relation of boundary roughness proportion (river bank and bed roughness) for the two measured discharge levels from Figure 1. The diagonal line indicates wall roughness = bed roughness.



		Figure 3. % SFb in relation to the aspect ratio b/h and the boundary roughness distribution in a rectangular channel.



		Figure 4. Lateral distribution of u and τbx in the 2D model without TM and with TM for fT = 1 and 5.



		Figure 5. Lateral distribution of u in the 2D model for homogeneous and heterogeneous distributed boundary roughness compared to flume data of Yuen (1989).



		Figure 6. Lateral distribution of τb in the 2D model for homogeneous and heterogeneous distributed boundary roughness compared to flume data of Yuen (1989).



		Figure 7. Numerical and physical model domain.



		Figure 8. Modelled average longitudinal bed profile compared to the laboratory data. The simulations are done for 1D, for 2D without TM and correction and for 2D with TM and fT = 2 for different kSt,w.



		Figure 9. Bed-load calibration process for the channel varying the bed-load factor fb.



		Figure 10. Bed-load calibration process for the widened reach varying the bed-form factor fbf.



		Figure 11. Lateral distribution of the bed-shear stress for the 1D model and the 2D model with and without TM.



		Figure 12. Lateral distribution of the specific bed-load transport capacity for the 1D model and the 2D model with and without TM.



		Figure 1. Scheme of the experimental setup (Houssais et al. 2012).



		Figure 2. Dimensionless transport rate q* versus the Shields number τ* for D = 1000 µm.



		Figure 3. Dimensionless transport rate (q*) versus the Shields number (τ*): Influence of grain size (D).



		Figure 4. Evolution of the bed load transport along the channel for sediments diameter D = 1000 µm.



		Figure 5. Variation of the water surface.



		Figure 6. Control of channel bed morphology (Lajeunesse experience).



		Figure 1. Overview of the stretch of river under investigation.



		Figure 2. Velocity components in curved channels (from Blanckaert and de Vriend 2003).



		Figure 3. Lateral water level of the 2-D and 3-D model and ADCP measurements at Rhine-km 740.7 (Q = 3080 m3/s).



		Figure 4. Depth averaged velocities of 2-D and 3-D model and ADCP measurements at Rhine-km 740.7, Q = 4270 m3/s.



		Figure 5. Depth averaged velocities of 2-D and 3-D model and ADCP measurements at Rhine-km 743.0, Q = 4270 m3/s.



		Figure 6. Velocities and secondary currents of ADCP measurements (top) and 3-D model (bottom) at Rhine-km 740.7, Q = 3080 m3/s.



		Figure 7. Evolutions of 2-D (top) and 3-D model (below) at Qstat = 4270 m3/s, t = 100 d (black: erosion, grey: deposition).



		Figure 8. Evolution of 2-D (with/without correction) and 3-D simulation, Rhine-km 740.7, Qstat = 4270 m3/s, t = 100 d.



		Figure 9. Evaluation of the Qs – Q relationship for a specified synthesised hydrograph with Qmax = 7000 m3/s, Rhine-km 749.0.



		Figure 10. Extracted freeze core from Rhine-km 743.0.



		Figure 11. “Carl Straat” diving bell vessel.



		Figure 12. Mean grain diameter after 2 years, 2-D simulation and freeze core data at Rhine-km 740.0.



		Figure 13. Mean grain diameter after 2 years, 2-D simulation and freeze core data at Rhine-km 744.0.



		Figure 14. Bed composition at Rhine-km 749.0.



		Figure 15. Cumulated bed load over 2 years, 2-D simulation and in situ measurements, Rhine-km 749.0.



		Figure 1. Study area, sand spit of Solis Chico river mouth.



		Figure 2. Study area, indicating the reference axis used for measuring the relative position of the river mouth.



		Figure 3. Distance from the river axis to the river mouth, measured as shown in Figure 1 (filled square dots). Position of the secondary opens (empty square dots).



		Figure 4. Flow rates at the last stretch of the river, near the mouth, obtained from the hydrodynamic model (upper panel). Flow rate and sediment transport rate relation at the same section (lower panel).



		Figure 5. Annual sediment transport results of modeling period (198502002) for four cross section located at 15 km (square dots), 2.5 km (triangle dots), 1.0 km (circle dots) and 0.4 km (diamond dots) upstream of the river mouth.



		Figure 6. Annual effective discharge (1985–2002). Circles: Komura method. Squares: Hydro-sedimentological modeling.



		Figure 7. Annual sediment transport (1985–2002). Circles: Komura method. Squares: Hydro-sedimentological modeling.



		Figure 8. Time series of the annual sediment transport at the mouth of the river obtained using the Komura (1969) formula.



		Figure 9. Annual net littoral transport for the period 1979–2010 (square dots; left axis) and accumulated littoral transport starting from 1979 (line; right axis).



		Figure 10. River sediment discharge to the coast (black square dots) and evolution of the position of the river mouth (empty circle dots).



		Figure 1. The geographic locations of the study area.



		Figure 2. The work chart of this study.



		Figure 3. Schemes used for the numerical studies: (a) test setup; (b) nearshore.



		Figure 4. The change of the bathymetry of the quantitative simulations. (a) under the actions of marine and fluvial forces; (b) depositions of fluvial sediments; (c) total change of the bathymetry.



		Figure 5. Comparisons of the simulated and measured (a) wave heights; (b) periods; (c) directions; and (d) water surface elevations at the observation site (Typhoon Namadol).



		Figure 6. (a) The simulated wave and (b) current fields of the Taimali coast before Typhoon Haitang’s landfall.



		Figure 7. (a) Change due to marine forces; (b) From fluvial sediments; and (c) The combined results.



		Figure 8. Comparison of (a) measured and (b) simulated bathymetric changes around the Taimali estuary after three typhoons in 2005.



		Figure 1. Location of Grand Ethiopian Renaissance Dam.



		Figure 2. Location of the study area (Rosetta promontory at the terminal of Rosetta branch, satellite image).



		Figure 3. Model grids with boundary condition for Rosetta Promontory, resolution increases at the vicinity of the throat and the surf zone, a) CMS-flow grid, and b) CMS-Wave grid.



		Figure 4. Location of the selected profiles along eastern and western sides of Rosetta inlet used in calibration (comparison between the measured bed elevation and the predicted one) and sensitivity analysis.



		Figure 5. a) Six cross sections through the inlet used in the comparative study of different scenarios, b) Predicted bottom elevation at Rosetta mouth after 1 year for the normal condition clarifies the closure of the inlet cross section, c) Predicted bottom elevation at Rosetta mouth after 1 year for the flood condition clarifies the shifting of the sedimentation seaward.



		Figure 6. Measured beach profiles and the simulated one after one year for the proposed scenarios at Western profile RHP30 shows a big local scour created due to the flood event.



		Figure 7. The simulated morphological change at the inlet after 1 year. a) normal case (the sedimentation accumulated inside the inlet due to the small discharges of river), b) flooding case (the sedimentations were remove outside the inlet resulting in big accretion in the right side of the inlet), c) flooding case with velocity vectors shows the effect of the big discharges for flushing sediments.



		Figure 8. Effect of different scenarios on different cross sections (six sections) after one year of simulation at Rosetta mouth. These figures clarify the big effect of flood scenarios on the dimensions of the throat cross section.



		Figure 9. a) Wave pattern for the prevailing wave direction after 1 year simulation represent the concentration of waves at the eastern side of the inlet and b) current velocities with the morphology change for flood event case which show the nodal point at the tip of the eastern revetment that divert the current inside the inlet.



		Figure 10. Location of maximum wave height at the western side bank of Rosetta inlet after 1 year simulation, a) before flooding event as a result for a storm event with a wave characteristics (Hsig = 5.24 m, Tp = 10.7 sec) at the open boundary, b) after flooding in the two months of August and September.



		Figure 1. Scaling of the relative coarseness; (a) data from Ettema (2006); (b) data from Lança et al. (2013); (c) data from Ettema (1980); (d) data from Sheppard et al. (2004). For each plot, white squares and black circles refer to values of a/d that are within and outside the limits imposed by Equation 12, respectively. The solid line represent a power law with 2/3 exponent that best fits the white-square points.



		Figure 1. The present bridge over the River Tyne at Hexham, England was built in 1793 upstream from the location of Smeaton’s bridge that was destroyed by a flood 11 years earlier. The bridge was built across the coarse-bed stream to an earlier Smeaton design.



		Figure 2. Comparison of measured local scour depths to expected depths given by Eq. (6).



		Figure 1. Schematic of experimental set-up: Water channel, 5 MHz Ultrasonic Ranging System (URS), Sand bed, cylindrical pier.



		Figure 2. (a) Transducers placed at different arrays on the trolley, (b) Photograph of the whole experimental set-up, (c) Schematic of the locations of different transducers over the cylindrical pier.



		Figure 3. Pattern of bedform initiation for the case of 4 cm diameter cylindrical pier. Cylinder width in each figure box = 4 cm.



		Figure 4. Photograph of the deformed surface after achievement of stable state around the cylindrical piers of diameter (a) 4 cm, (b) 5 cm and (c) 6 cm. The flow direction is from left to right.



		Figure 5. Surface contour plots of bed elevations (in cm) with time for the 4 cm diameter cylindrical pier. The corresponding time (in minutes) is written at the top left position in each figure box. The flow direction is from left to right.



		Figure 6. Contour plots of stable bed elevations for all three cases are shown in subfigures (a1–a3). Contour plots of Reynolds shear stress components τuv, τvw and τuw for all three cylinder sizes in subfigures (b1–b3), (c1–c3), and (d1–d3) respectively. The flow direction is shown by white colored arrow.



		Figure 1. Schematic diagram of dune migration around a pier.



		Figure 2. Schematic diagram of scour hole around a pier with dune migration.



		Figure 3. Sketch of primary vortex: (a) without scour hole (b) with scour hole.



		Figure 4. Coefficient of k as a function of FrDp.



		Figure 5. Coefficient of γB as a function of Fr.



		Figure 6. Coefficient of Cw as a function of Fr.



		Figure 7. Temporal variation of scour depth, bed-shear velocity and sediment transport rate at the pier: Comparison between the experimental data (K1) of Kothyari et al. (1992b) and present simulation.



		Figure 8. Temporal variation of scour depth, bed-shear velocity and sediment transport rate at the pier: Comparison between the experimental data (K2) of Kothyari et al. (1992b) and present simulation.



		Figure 9. Temporal variation of scour depth, bed-shear velocity and sediment transport rate at the pier: Comparison between the experimental data (E23) of Verstappen (1978) and present simulation.



		Figure 1. Shape of different hydrographs tested in the present study.



		Figure 2. Development of scour depth for Hydrograph (2).



		Figure 3. Accuracy of Equation 1 in calculating experimental data.



		Figure 4. Comparison of time development of scour depth between measured and calculated data by Equation 1 for Hydrograph (4) as well as steady flow condition.



		Figure 5. Difference of time development of scouring at the pier nose between measured and calculated data for Hydrograph U1 in Lu et al. (2010) study.



		Figure 1. Experimental channel.



		Figure 2. Concept of bed correction model.



		Figure 3. Change in bed topography; experiment (above) and computation (bottom); Solid lines are solid objects and porous patches. Flow is from left to right.



		Figure 4. Comparison of lateral profiles at x = 2.55 m; a) 2λWv = 1.0 (emergent), b) 2λWv = 2.0 (emergent), c) 2λWv = 3.0 (emergent), d) 2λWv = 4.0 (emergent), e) 2λWv = 1.875 (submerged), f) 2λWv = 2.5 (submerged). Solid symbols (experimental data), dash dot lines (computational data with angle of repose, 25°), solid lines (computational data with angle of repose, 35°), short dash lines (computational data with angle of repose, 45°) and dash lines (without angle of repose).



		Figure 5. a) Maximum scour depth, b) comparison between experiments and computations.



		Figure 1. Sketch of live bed scour at a submerged weir.



		Figure 2. Transducer arrangement for bed elevation changes in the scour zone.



		Figure 3. Normalized upstream average scour depth versus flow intensity.



		Figure 4. Approaching bedform steepness versus flow intensity.



		Figure 5. Flow regimes over the submerged weir.



		Figure 6. Normalized downstream average (equilibrium) scour depth versus flow intensity.



		Figure 1. (a) A schematic of the slit weir and the definition of the xyz coordinates and (b) the measuring apparatus of stereo PIV.



		Figure 2. Comparison of the velocity field measurements using (a) stereo PIV and (b) ADV. A broken line in the figure shows the edge of the slit.



		Figure 3. Contours of the scour depth at different times (unit of length: mm). The thick line drawn on the y-axis (y < 100 mm) shows the location of the slit.



		Figure 4. Temporal variation of the scour volume and the maximum scour depth.



		Figure 5. Dimensionless flow velocities u¯/U,v¯/U, and w¯/U in the horizontal sections at z = 30 mm at (a) 1 h, (b) 4 h, (c) 8 h, (d) 16 h. The contour shows the magnitude of the vertical velocity component with upward direction defined to be positive.



		Figure 6. Dimensionless flow velocities u¯/U,v¯/U, and w¯/U in the longitudinal sections at y = 30 mm at (a) 1 h, and (b) 16 h. The contour shows the magnitude of the cross-sectional velocity component with the left-bank side direction defined to be positive.



		Figure 7. Dimensionless flow velocities u¯/U,v¯/U, and w¯/U at cross sections of x = −30 mm at (a) 8 h, (b) 16 h. The contour shows the magnitude of the longitudinal velocity component u¯/U.



		Figure 8. Analytical results of dimensionless flow velocities u¯/U,v¯/U, and w¯/U at cross section x = −30 mm at (a) 8 h, (b) 16 h.



		Figure 9. Time average of the excess tractive stress τ*,exceed ¯ (unit of length: mm).



		Figure 10. Temporal variation of



		Figure 11. Turbulent kinetic energy TKE at the cross section at x = −30 mm at (a) 4 h, (b) 8 h.



		Figure 12. Streamline of the time average flow velocity at 8 hr. The flow structure has the following (1) the downward flow into the scour hole from the wing side; (2) the downward flow caused by the inverse pressure gradient at the sidewall; (3) the tornado-like vortex induced by the shears between the down-ward and upward flows.



		Figure 1. Scour pattern in the steady state tests acquired with the 3D Laser Scanner: (a) after 1 h and (b) after 48 h.



		Figure 2. Temporal variation of (a) the flow rate and (b) the flow depth at a x = −95 cm.



		Figure 3. Shear stress distributions along the orthogonal axis at x = 0 and x = 151 cm.



		Figure 4. Simulated (solid line) and measured (circles) scour profiles for t = 1, 3, 6, 12, 24 and 48 h, respectively.



		Figure 5. Simulated (solid line) and measured (circles) scour profile at the end of the asymmetric hydrograph test, i.e. at t = 400 min, and at the end of the symmetric hydrograph, i.e. at t = 260 min.



		Figure 1. Schematic of experimental set-up.



		Figure 2. Schematic of velocity profile.



		Figure 3. Comparison of the experimental bed shear stress and local threshold bed shear stress.



		Figure 4. Non-dimensional profiles of the equilibrium scour hole.



		Figure 1. Outline of numerical simulation.



		Figure 2. Assumption for bedload transport in weir section.



		Figure 3. Bed elevation changes in time series.



		Figure 4. Bedload transport rates in upstream of weir (upper) and downstream of weir (lower).



		Figure 5. Numerical simulation results of weir removal.



		Figure 6. Results of river bed elevation changes compared before weir construction and after weir removal.



		Figure 7. Aerial photographs of Jeonju stream in Korea.



		Figure 8. River bed elevation changes by weir removal in Gongreung stream in Korea (KICT 2008).



		Figure 1. Illustration of the different setups: Reference (Ref test); one check dam (1CD test); three check dams (3CD test).



		Figure 2. Two extreme states of the bed: a) fine eroded and b) coarse paved.



		Figure 3. Illustration of 3-h of bed level fluctuations, one curve by reach a) Ref test; b) 1CD test; c) 3CD test.



		Figure 4. Erosion propagation states from (1) to (3); a) Without fulcrum; b) With fulcrum; N.B. the deposition process is not represented for sake of clarity.



		Figure 5. Potential profiles in a degrading reach with and without check-dams (adapted from USACE (1994)).



		Figure 6. Illustration of the buffer volumes induce by check dams construction and reach slope dynamic equilibrium (adapted from Jaeggi (1992)).



		Figure 1. Top view of the groyne at the beginning of an experiment. The circles give the position of velocity measurements, the arrow indicates the flow direction.



		Figure 2. Scan of the flume bed at the end of experiment no. 6. The flow direction is from left to right.



		Figure 3. Scans of the flume bed at the end of experiment no. 3 (a) and no. 7 (b). The flow direction is from left to right, the white line shows the position of the groyne.



		Figure 4. Scan of the flume bed at the end of experiment no. 4 (a) and 8 (b). The flow direction is from left to right, the white line shows the position of the groyne.



		Figure 5. Ratio of maximum scour depth (hs) and groyne height (hG) as a function of the relative shear stress and the slope (S).



		Figure 6. Water surface downstream of a submerged groyne. The flow direction is from top to bottom.



		Figure 7. Vertical profiles of the longitudinal velocity component ū. Black lines = exp. no. 3, grey lines = undisturbed velocity profile (left side: upstream, right side: downstream of the groyne).



		Figure 8. Flow velocities of all experiments at a height of z = 2 cm a) upstream and b) downstream of the groyne.



		Figure 9. Vertical velocity profiles for all experiments of time averaged a) longitudinal, b) lateral and c) vertical velocities at Point 6.



		Figure 1. Perspective view of the flume from upstream (top) and the layout in a distorted sketch.



		Figure 2. The initial grain-size distribution of the bed material.



		Figure 3. Layout of the sensor locations (left); measurement set (top right); sensors in use (bottom right).



		Figure 4. Measurement area by the SeaTek system.



		Figure 5. Determination of bed surface grain size distribution using the BASEGRAIN software.



		Figure 6. Contour plots: bed changes distribution after each experiment. Circles: local d50 values of the bed surface (size and tone indicate size).



		Figure 7. Inflow discharge time series (black solid line), time series of bed changes in the deposition zone (dark grey line and dots) and time series of bed changes in the scour hole (light grey line and dots).



		Figure 8. Inflow discharge time series (blue solid lines) and bed-load discharge at the flume outlet (red dotted lines).



		Figure 9. Grain size distribution on the bed surface in the scour hole at the initial stage and after each model run, respectively.



		Figure 10. Local bed shear stress values versus d50 of the related bed material (for the explanation of the data groups see the text).



		Figure 1. Scour depth, local and critical velocities development in time at steady flow, with one uniform bed layer (Test AL 4).



		Figure 2. Depth of scour development in time for one uniform layer with d1 = 0.24 mm (Test AL5) or d2 = 0.67 mm (Test AL17).



		Figure 3. Depth of scour development in time with layers d1/d2 or d2/d1, fine grain size on the top of the coarse grain size and vice versa (Test AUL1 and AUL4).



		Figure 4. Depth of scour, local and critical velocities development in time at stratified bed conditions, with d1 = 0.24 mm in the first and d2 = 0.67 mm in the second layer (Test AUL 1).



		Figure 5. Depth of scour, local and critical velocities development in time at stratified bed conditions, with d1 = 0.67 mm in the first and d2 = 0.24 mm in the second layer (Test AUL 5).



		Figure 6. Relative depth of scour hs/hf development in time versus relative velocity βV0t/Vlt in one uniform sand bed layer (Test AL 16).



		Figure 7. Relative depth of scour hs/hf development in time versus relative velocity β V0t/Vlt at stratified sand bed, when the first layer with the grain size d1 = 0.67 mm and the second layer with the grain size d2 = 0.24 mm. (Test AUL 5).



		Figure 8. Relative depth of scour hs/hf development in time versus relative velocity βV0t/Vlt at stratified sand bed layers, when the first layer with the grain size d1 = 0.24 mm and the second layer with the grain size d2 = 0.67 mm (Test AUL2).



		Figure 1. (a) Typical free surface observed during a run (flow direction is from bottom to top). (b) View from upstream of the bed morphology at the end of run 14 with β = 0.7, l = 2.0 m, discharge Q = 40 l/s, and approach flow depth h = 0.10 m.



		Figure 2. Comparison between observed (subscript “o”) and computed (subscript “c”) values of (a) Z, (b) X, and (c) Λ for the experiments of this study.



		Figure 3. Temporal axial scour profiles normalized with λ (streamwise direction) and ζ (vertical direction). Full curve represents Equation (8).



		Figure 4. Comparison between 2D simulated and measured erosion and deposition patterns for: (a) run 7 with β = 0.7, l = 1.0 m, discharge Q = 40 l/s, and h = 0.10 m at t = 98 hours, (b) run 13 with β = 0.7, l = 2.0 m, discharge Q = 60 l/s and h = 0.15 m at t = 8 hours, and (c) run 14 with β = 0.7, l = 2.0 m, discharge Q = 40 l/s and h = 0.10 m at t = 8 hours. Bed level changes are in meters.



		Figure 5. Comparison between simulated (•) and measured (o) axial bed profiles for: (a) run 7 with β = 0.7, l = 1.0 m, discharge Q = 40 l/s, and h = 0.10 m at t = 98 hours, (b) run 12 with β = 0.7, l = 1.0 m, discharge Q = 120 l/s, and h = 0.20 m at t = 72 hours, and (c) run 14 with β = 0.7, l = 2.0 m, discharge Q = 40 l/s, and h = 0.10 m at t = 8 hours. (--) contraction entrance and outlet, (--) beginning and end of the contraction middle-part, and (…) initial bed level. The vertical (z) and longitudinal (x) coordinates are in centimeters.



		Figure 1. Experimental test facility in Hydraulics Laboratory.



		Figure 2. Culvert model; (a) Plan view (b) Profile view (c) inlet view (all units are in mm).



		Figure 3. Velocity distributions in the 30 mm layer from the bed of the culvert; (a) non-blocked (b) partially blocked.



		Figure 4. Flow structure of blocked and non-blocked condition at the outlet of the culvert; (a) Turbulent Intensity (b) Turbulent Kinetic Energy (c) Reynolds Shear Stress.



		Figure 5. Normalized scouring profile; (a) non-blocked condition (b) blocked condition.



		Figure 1. The overhanging bank geometry and forces exerted on the incipient failure block. (A) Vertical slip surface, (B) Toppling (beam) failure stability diagram after Micheli & Kirchner (2002).



		Figure 2. Simulated overhanging block stability (factor of safety) as a function of variations in a range of block geometry parameters: (A) block height (shear-type), (B) block height (beam-type), (C) block width (shear-type), (D) block width (beam-type), (E) tension crack depth (shear-type), and (F) tension crack depth (beam-type). In each case, the grey-shaded areas represent the range of parameter values that induce less than a change of ±15% in the simulated factor of safety for both shear and beam type mechanisms of failure (relative to the reference block).



		Figure 3. Simulated overhanging block stability (factor of safety) as a function of variations in a range of geotechni-cal parameters: (A) soil cohesion (shear-type), (B) soil cohesion (beam-type), (C) soil friction angle (shear-type), (D) soil friction angle (beam-type), (E) soil unit weight (shear-type), and (F) soil unit weight (beam-type). In each case, the grey-shaded areas represent the range of parameter values that induce less than a change of ±15% in the simulated factor of safety for both shear and beam type mechanisms of failure (relative to the reference block).



		Figure 4. Simulated overhanging block stability (factor of safety) as a function of variations in a range of hydrological parameters: (A) river water level, and (B) groundwater table. In each case, the grey-shaded areas represent the range of parameter values that induce less than a ± 15% change in the simulated factor of safety for both shear and beam type mechanisms of failure (relative to the reference block).



		Figure 1. Study area of Kordan river basin between Najm Abad and Karaj-Qazvin highway and location of the study site (GS: gauging station near Najm Abad village).



		Figure 2. Seepage erosion (pop-out) in lower banks of Kordan River near a farm and tension crack development on upper banks.



		Figure 3. (Above) Fluvial erosion of lower bank in Kordan River, (Below) Closer view of an eroded cavity with more than one meter depth.



		Figure 4. (A) Physical model plan, (B) A-A longitudinal section.



		Figure 5. (Left) Installation of mesh fabrics in model walls before moving soil in to model, (Right) Location of projectors, cameras, tensiometers, data logger, and portable computer during test.



		Figure 6. Relation between dry unit weight and undermining depth before failure.



		Figure 7. The images of test 1 with dry density of 1.5 g/cm3: (Left) Before undermining process, (Middle) Tensile failure in lower layer, (Right) Toppling failure of overhanging block into model.



		Figure 8. The images of test 2 with dry density of 1.7 g/cm3: (Left) Before undermining process, (Middle) Tensile failure in lower layer, (Right) Toppling failure of overhanging block into model.



		Figure 9. The images of test 3 with dry density of 1.8 g/cm3: (Left) Before undermining process, (Middle) Tensile failure in lower layer, (Right) Toppling failure of overhanging block into model.



		Figure 1. Boulders in the Yamazaki River.



		Figure 2. Model structure arrangement.



		Figure 3. Relative streamwise bed shear stress distribution (τbx/τ¯bx0).



		Figure 4. Lateral distribution of span wise   velocity.



		Figure 5. Bed elevation contours.



		Figure 6. Bed profiles along the maximum scour position (Left: streamwise, Right: spanwise).



		Figure 7. Maximum scour depth and scour volume.



		Figure 8. Comparison of velocity vectors on flat bed and deformed bed.



		Figure 9. Calculated velocity vectors on deformed bed in low discharge.



		Figure 10. Bed deformation process.



		Figure 11. Moving distance of sphere by time.



		Figure 12. Temporal change of bed elevation contours.



		Figure 13. Velocity vectors in vertical-longitudinal (z-x) plane.



		Figure 1. Scour below a vertical drop: notation.



		Figure 2. Example of surveyed scours. The downstream condition is exerted: a) by the critical shear stress; b) by erosion/deposition mass balance.



		Figure 3. Wall jet shear stress (Dey & Sarkar, 2007) fitted by a parabolic line in the decaying region.



		Figure 4. Shear stress distribution along the scour profile for different grain size and inflow conditions.



		Figure 5. Relationship between M/τcrit and Iτ [m].



		Figure 6. Evaluation of the scour profile with the proposed numerical iterative procedure.



		Figure 7. Sensitivity analysis in the evaluation of the scour profile.



		Figure 8. Comparison of the experimental maximum scour depths with the computed ones: present procedure and a recent literature formula.



		Figure 1. General view of flume from (a) downstream, (b) upstream.



		Figure 2. Cumulative grain-size distribution of bed material.



		Figure 3. Bridge pier.



		Figure 4. Location of scour measurement (point A) and velocity measurement (point B).



		Figure 5. Variation of discharge with time for E1 and E2.



		Figure 6. Variation of flow depth with time h(t) for E1 and E2 measured at (a) x = 8.25 m as h11, (b) x = 9 m as h, and (c) x = 12.0 m as h16.



		Figure 7. Variation of instantaneous point velocity u and its time varying average ū with time for E1 and E2.



		Figure 8. Variation of instantaneous point velocity w and its time varying average w¯ with time for (a) E1, (b) E2.



		Figure 9. Variation of u′ with time for (a) E1, (b) E2.



		Figure 10. Variation of root mean square for (a) streamwise component u, (b) vertical component w with time for E1 and E2.



		Figure 11. Variation of time varying average point velocity with flow depth measured at x = 9 m.



		Figure 12. Variation of trubulence intensity with flow depth measured at x = 9 m (a) streamwise , (b) vertical velocity.



		Figure 13. Variation of scour depth with time for E1 and E2.



		Figure 14. Variation of scour depth with time for E1 and E2.



		Figure 15. Variation of scour depth with flow depth at x = 12 m for E1 and E2.



		Figure 1. Validation of proposed equations using Ota et al., (1999) data.



		Figure 2. Validation of equations using the data provided in Table 2.



		Figure 1. Scours (black areas at the upper bank) caused by propeller jet at berth located at the junction of Mittel-landkanal and Salzgitterstichkanal, Germany.



		Figure 2. Ship model “Bea W.” and position above the sediment bed.



		Figure 3. a). Wageningen propeller and central rudder, b). Kaplan propeller, Kort nozzle and double rudder.



		Figure 4. Plan view of the experimental setup at start situation.



		Figure 5. Plan view of the location of measuring points along the scour ridge and channel.



		Figure 6. Scanning of the plain sediment bed. Camera and line laser are visible, the movable traverse is located on the right side.



		Figure 7. Scour after a) the first transit; b) the 15th transit in a sand bed caused by a Wageningen propeller with central rudder (moving direction from bottom to top).



		Figure 8. Detail of an underwater scan after the 15th transit in a gravel bed caused by a Wageningen propeller with central rudder.



		Figure 9. Bed elevation along the x-axis depending on numbers of transits over a sand bed caused by a) a Wageningen propeller and b) a Kaplan propeller (hP = 10.28 cm).



		Figure 10. Development of the maximum scour depth for a) hp = 10.28 cm, and b) hp = 12.28 cm.



		Figure 11. Change of additional scour depth per transit Δɛ/ΔN for hp = 12.28 cm setups over the number of transits N.



		Figure 12. Scour depth s as a function of load-period t. Transit experiments for t < 10 s, manoeuvring experiments for t ≥ 10 s (from Geisenhainer & Aberle 2013) (hP = 10.28 cm).



		Figure 1. Sketch of the setup and the location of each grid (Schanderl & Manhart 2014).



		Figure 2. Horseshoe vortex in front of the cylinder. Shown are streamlines in the symmetry plane (Schanderl & Manhart 2014).



		Figure 3. Horseshoe vortex in front of the cylinder. Shown are isosurfaces of the vorticity around the y axis.



		Figure 4. Wall shear stress in the symmetry plane in front of the cylinder, normalized with the wall shear stress in undisturbed regions (Schanderl & Manhart 2014).



		Figure 5. Time averaged and instantaneous wall shear stresses around the cylinder. The isolines show amplification factors of 3, 6, 9 and 11 relative to the wall shear stress in undisturbed regions.



		Figure 6. Zoom to the maximum amplification factor of |τw|/τw0 = 11.9 (white dot in the upper left corner), which is located in close vicinity to the cylinder. Δx = Δy = 4δ+ = 0.004D.



		Figure 7. Probability distribution of a grain to be eroded, evaluated with time averaged wall shear stresses.



		Figure 8. Probability distribution of the wall shear stresses larger than the critical wall shear stress p(τw > τwrcit).



		Figure 9. Bed elevation after 300 s in z/D, calculated by the approach of Meyer-Peter and Müller, equation (6) and (7).



		Figure 10. Geometry of of the scour in Pflegers experiment after five minutes (Pfleger 2011).



		Figure 11. Bed elevation after 300 s in z/D, calculated with the approach of Einstein.



		Figure 12. Bed elevation after 300 s in z/D, calculated with the approach of Yalin.



		Figure 13. Bed elevation after 300s in z/D, calculated with the approach of Luque.



		Figure 1. Pore pressure profile at flash flow.



		Figure 2. Pore pressure in ravine.



		Figure 3. Schematic of pressure box setup.



		Figure 4. Back-pressure measurement.



		Figure 5. (a) Test flow, (b) Erosion at low backpressure, (c) Erosion at high back-pressure.



		Figure 6. Flow forces.



		Figure 7. Forces on protruding cluster.



		Figure 8. Seepage forces, rising water level.



		Figure 9. Seepage forces, receding water.



		Figure 10. Pore pressure transition.



		Figure 11. The Erosionometer—illustration.



		Figure 12. Specialized piston flume.



		Figure 13. Typical Erosionometer test results.



		Figure 14. Linear correlation—all samples.



		Figure 15. Linear correlation—excluding R2-02.



		Figure 1. Sketch of the Jingjiang Reach with locations of bank erosion sites.



		Figure 2. Alerted flow and sediment regime entering the Jingjiang Reach: (a) average monthly discharge and (b) average monthly sediment discharge.



		Figure 3. Failed bank profiles at typical sections of (a) Jing34 in the UJR and (b) Jing98 in the LJR.



		Figure 4. Temporal changes in cross-sectional profiles at sections of (a) Jing34 and (b) Jing98.



		Figure 5. Fluvial influencing factors of bank retreat: (a) fluvial erosion intensity; (b) incoming sediment coefficient.



		Figure 6. Comparisons between the observed and predicted accumulated retreat distances at sections of (a) Jing34 and (b) Jing98.



		Figure 1. Schematic isotach-picture (cross sections) of a straight river without (left) and with micro groins (adapted from Sindelar & Mende 2009).



		Figure 2. IRT structures implemented at Taverna river, Switzerland. a) Inclined micro groins. b) Funnel shaped micro groins. c) Snail shaped micro groins. d) Hook shaped micro groins. e) Meandering ramp.



		Figure 3. The curved channel of Taverna river with localization of inclined micro groins (white lines), control section (dotted white line), cross sections 1 to 6 and area F.



		Figure 4. Development of cross sections 1 to 6, showing data of June 2011 (grey lines) and June 2013 (black lines).



		Figure 5. a) Upper curve protected by inclined micro groins (white lines) after 30-year flood. View against stream direction. b) Lower curve with erosion in the unprotected control section after 30-year flood. View against stream direction.



		Figure 6. Straight channel section protected by funnel shaped micro groin (white lines) after 30-year flood. View against stream direction.



		Figure 7. a) Topography of river bed downstream of inclined micro groin. b) Actual view of river bed. c) Details of sediment.



		Figure 1. Particle distributions after collapse of dam at time t = 0:1, 0.2, 0.5, and 1.0 s.



		Figure 2. The relationship between the non-dimensional leading edge and time after dam-break for water and mudflow.



		Figure 3. Model setup performed by Kato et al. (2012).



		Figure 4. Schematic sketch of the snow avalanche experiment.



		Figure 5. Comparison between computation and experiment results at different time steps (t = 0.0, 0.5, 1.0, 2.0, 3.0, and 4.0 s).



		Figure 6. Particle distributions after collapse of dam at time t = 0.1, 0.2, 0.5, and 1.0 s.



		Figure 1. Réal Torrent catchment in 1938 (top) and 2004 (bottom) (from Chambon et al. 2010).



		Figure 2. Réal Torrent catchment (from Navratil et al. 2013). Positions of the three monitoring stations (Réal S1 to S3) and of the nine geophones (Geo1A to Geo3C).



		Figure 3. Monitoring stations: (A) Réal S1 (upstream) located on a check dam; (B) Réal S2 (intermediate) located on a natural cross-section (from Navratil et al. 2013).



		Figure 4. Rainfall distribution recorded in the Réal Torrent between March 27 and 31, 2013. Rainfall (mm/h) and cumulative rainfall (mm) at the stations S1 (black) and S2 (dash blue) are plotted with the 2 rainfall events (light grey) and the 105 burst events (dark grey) associated (see section 4.2 for definition). Note than one rain gauge bucket tip during the recording time-step (5 min) corresponds to an intensity of 2.5 mm/h. The debris flow event of March 30 is represented in red.



		Figure 5. Multiple-surges debris flow event of March 30, 2013 in the Réal Torrent. (A) and (B) Pictures of two main surges arrival in the upstream station (S1). Time series of: (C) the water level from the ultrasonic sensor at the stations S1 (black) and S2 (grey) with surge IDs (# blue); (D) the geophones signals Geo1A to Geo2C. Note that the amplitude of the geophone signals is dependent on calibration and on distance between the sensor and the surge.



		Figure 6. Rainfall events at the upstream station S1 of the Réal Torrent during 2011 (circle) and 2013 (triangle). Relationship between duration and average intensity for: (A) the ‘rainfall events’ with more than 5 mm of rain and (B) the ‘rainfall bursts’. Comparison with the critical lines from the literature: [1] Marchi et al. (2002); [2] Guzzetti et al. (2008); [3] Coe et al. (2008). Comparison with the preliminary threshold curves established in the study torrent for [4] rainfall events and [5] rainfall bursts, from Navratil et al. (2013). The circle color indicates the event date (blue: winter, green: spring, orange: summer, pink: autumn). Rainfalls which triggered debris flows are colored in black. The debris flow of March 30, 2013 (section 4.1) is identified by DF130330. The rainfall event of November 2011 is identified by RE1111.



		Figure 7. Rainfalls recorded in the upstream station S1 of the Réal Torrent along the whole years 2011 (A) and 2013 (B). Rainfall events with more than 5 mm of rain are highlighted in light blue and numbering (27 and 49 rainfall events in 2011 and 2013 respectively). Debris flows are indicated in red line.



		Figure 1. Sketch of the experiment.



		Figure 2. Temporal evolution of the bed level (left) and the sediment concentration (right).



		Figure 3. Last instant of time at t = 120 s for the bed level (left) and the sediment concentration (right).



		Figure 4. (a) Initial bed level (-·-) and computed water level surface (-●-) and bed level surface (-○-) at t = 120 s. (b) Bed level surface evolution in time measured at stations SA (-○-), SB (-●-) and SC (-Δ-) and computed at SA (-*-), SB (-□-) and SC (-■-). (c) Evolution in time of the measured water reservoir level (-○-) and computed level (-●-). (d) Initial bed level and the final sediment concentration profile (-○-) at t = 120 s.



		Figure 1. Map of the Mallero catchments, with water courses and towns indicated in normal and bold font, respectively.



		Figure 2. The in-town reach with the bridge crossings.



		Figure 3. Longitudinal profile of the Mallero river, with the real bed in black and the dummy reach in grey. The non-erodible locations are depicted with circles and thick black line. Zero distance is set at the confluence between the Mallero and Adda rivers.



		Figure 4. Discharge hydrograph (thick line) and time-supply curve (thin line) used as upstream boundary conditions for the flood scenario.



		Figure 5. Discharge hydrographs (thick lines) and time-supply curves (thin lines) used as upstream boundary conditions for the dam-break scenario (Macchione’s model in black and Wu’s one in grey). Same scales as in Figure 4 for easy comparison.



		Figure 6. Profile of the difference between the bed elevation at the end of the modelled event and the i nitial one. Black line: flood scenario; grey continuous: dam-break with Macchione’s model; black dashed: dam-break with Wu’s model.



		Figure 7. Longitudinal elevation profile for thalweg and maximum water surface in the three modelled scenarios. The two upmost dashed lines, not included in the legend, indicate the left (long dash) and right (short dash) banks. The vertical thick lines correspond to the locations of the bend (entrance of the river into the town) and the four in-town bridges (see again Figs. 2 and 3).



		Figure 8. Temporal evolution of the elevation of river bed and water surface at the Garibaldi bridge (distance = 1806 m) for the three modelled scenarios. Bed elevation in black and water elevation in grey. Thin lines: flood scenario; intermediate lines: dam-break scenario with Macchione’s model; thick lines: dam-break scenario with Wu’s model.



		Figure 9. Temporal evolution of the elevation of river bed and water surface at the Eiffel bridge (distance = 1530 m) for the three modelled scenarios. Bed elevation in black and water elevation in grey. Thin lines: flood scenario; intermediate lines: dam-break scenario with Macchione’s model; thick lines: dam-break scenario with Wu’s model.



		Figure 1. Outline of sediment fluxes for one-sided scheme.



		Figure 2. Predictor—corrector process.



		Figure 3. Sediment fluxes across element edges.



		Figure 4. Initial bathymetry for conical sand dune benchmark.



		Figure 5. Approximate angle of spread of the conical dune.



		Figure 6. Bed evolution after 100 h for a slow interaction simulation.



		Figure 7. Bed evolution of 2 V h for high interaction simulation.



		Figure 8. Bed elevation and Froude number evolutions after 600s of simulation. Comparison between the two implementations.



		Figure 9. Bed elevation and Froude number evolutions after 4200s of simulation. Comparison between the two implementations.



		Figure 10. Bed elevation and Froude number evolutions after 7200s of simulation. Comparison between the two implementations.



		Figure 11. Chanel with non-erodible layer.



		Figure 12. Bed evolution. No solid discharge upstream.



		Figure 13. Erosion evolution at the upstream point of the second trench (x = 3005 m).



		Figure 14. Bed evolution. qs = 0.0007 m3/s/m upstream.



		Figure 15. Solid discharge. No solid discharge upstream.



		Figure 16. Solid discharge. qs = 0.0007 m3/s/m upstream.



		Figure 1. Schematic representation of experimental set-up.



		Figure 2. Design hydrograph series (a) identical peak flows and durations; (b) increasing peak flows and durations; and (c) decreased peak flows and increased durations. Note: U & M represent quasi-uniform & graded sediment mixtures, respectively.



		Figure 3. Parametric relations between non-dimensional total bed-load transport Wt* and unsteady hydrograph flow parameters: (a) asymmetry parameter η (for Wk ≈ 240, ΓHG ≈ 1.3 × 10–4); (b) total water work Wk (for η = 1.0, ΓHG ≈ 1.40 × 10–4); and (c) unsteadiness parameter ΓHG (for η = 1 and Wk ≈ 240), for both quasi-uniform (U) and graded (M) bed sediments.



		Figure 4. Temporal variation in (a)-(c) total bed-load transport rates for quasi-uniform (U) sediment runs and (d)-(f) fractional bed-load transport rates for graded (M) sediment runs over a range of design hydrographs with η: ΓHG: Wk values of (a) 1.0: 1.30 × 10–4: 248; (b) 1.0: 1.30 × 10–4: 16.1; (c) 1.0: 2.50 × 10–5: 245; (d) 1.0: 1.32 × 10–4: 234; (e) 1.0: 1.33 × 10–4: 50; and (f) 1.0: 2.53 × 10–5: 232.



		Figure 5. Influence of design hydrograph parameters (η, Wk and ΓHG) on (a)-(c) total ζ values for quasi-uniform (U) and graded (M) sediments, and (d)-(f) fractional ζ values for graded (M) sediment only. Individual plots illustrate the variation in one hydrograph parameter only, i.e. (a),(d) asymmetry η [for fixed Wk: ΓHG values of (a) 246: 1.30 × 10–4 and (d) 233: 1.32 × 10–4]; (b),(e) total water work Wk [for fixed η: ΓHG values of (b) 1.0: 1.49 × 10–4 and (e) 1.0: 1.32 × 10–4]; and unsteadiness ΓHG [for fixed η: Wk values of (c) 1.0: 245 and (f) 1.0: 232].



		Figure 6. Influence of different hydrograph conditions (η, Wk, ΓHG) on width-averaged bed surface profile along test section: (a-1,2) variation in η (0.4 → 2.0, Fig. 2a); (b-1,2) variation in Wk (16 → 248, Fig. 2b-1; 50 → 234, Fig. 2b-2); (c-1,2) variation in ΓHG (2.50 × 10–5 → 1.32 × 10–4, Fig. 2c).



		Figure 7. Detailed maps of bed surface elevation (relative to initial bed elevation) following hydrograph runs with η: Wk: ΓHG values of (a) 1.0: 245: 1.30 × 10–4, quasi-uniform (U) sediment; (b) 1.0: 16: 1.49 × 10–4, quasi-uniform (U) sediment; and (c) 1.0: 245: 1.30 × 10–4, graded (M) sediment.



		Figure 1. Measured flow rate downstream of Assuit barrage.



		Figure 2. First order sensitivity of the four model outputs to the three input parameters.



		Figure 3. Cross section at Km (103.00).



		Figure 4. Cross section at Km (97.00).



		Figure 5. Deposition and erosion amounts in near and far fields.



		Figure 6. Mean bed change in the near and far fields.



		Figure 7. Deposition and erosion in the transition zone.



		Figure 8. Deposition and erosion amounts in the transition zone.



		Figure 9. Mean bed change in the transition zone.



		Figure 10. Predicted bed load transport along study reach representing bed material sediment as various and single size classes.



		Figure 11. Bed change in the near field due to the pass of discharge Q = 350 Mm3/day.



		Figure 12. Bed change in the far field due to the pass of discharge Q = 350 Mm3/day.



		Figure 13. Dredged navigation channel.



		Figure 14. Cross section at KM (103.00) for the years 2003, after 3 months.



		Figure 15. Cross section at KM (103.00) comparison between dredging and no dredging cases.



		Figure 1. The dam-break test basin with camera and projector layout.



		Figure 2. Water surface profile evolutions along Y = 0 at T = 0.15, 0.3, 0.6, 1, 1.4, 1.9, 2.3, 2.7 and 3.1. The dashed line indicates the sediment height at T = 3.1.



		Figure 3. Dam break wave evolution captured at two side cameras for h0 = 0.4 and hs0 = 0.2 for 0.6 ≤ T ≤ 3.1.



		Figure 4. Dimensionless unit discharge comparison at X = 0 and −0.5 and time series of volume of water lost inside the reservoir for simple dam-break experiments (H0 = 0).



		Figure 5. Dimensionless unit discharge comparison at X = 0 for H0 = 0, 0.5, 0.75 and 1. The solid line represents Qs for H0 = 0.5.



		Figure 6. Wave front formation for H0 = 0, H0 = 0.5 and H0 = 1.



		Figure 7. Top views of the tested configurations and their elevation contours when the wave fronts reached [X, Y] = [0.25, 0].



		Figure 8. Water surface profiles along the centerline (Y = 0) of the downstream floodplain when the wave front reached [X, Y] = [0.25, 0].



		Figure 9. Wave front arrival time at X = 0.25 for tested configurations with dashed lines indicating the trend of arrival times.



		Figure 10. Wave front progression along the centerline for tested configurations and constant celerities of c = 2 and c = 21/2 (Rafael et al. 2011).



		Figure 1. Setup of AICON measurement system.



		Figure 2. Longitudinal section of measurement plane with water level determined using AICON side camera.



		Figure 3. Typical cube test including (×××) original cube geometry, AICON System for (– –) dry, and (···) submerged conditions.



		Figure 4. Dimensionless dike surface profiles zb(x) for plane dike breach test at planes y = (···) 250 mm, (– –) 500 mm, and times from breach initiation t = (a) 0, (b) 4, (c) 10, (d) 40 s. (—) Reference sediment surface from side camera at y = 0 mm.



		Figure 5. (•) Reference dike based on point gage data of fixed dike breach with triangulated mesh using TecPlot® 360™.



		Figure 6. Fixed dike breach test with projected grid for Qo = 16 l/s, view across channel glass wall.



		Figure 7. Dike breach profiles zb(y) for x = 400 mm and Qo = 8 l/s using different evaluation methods: (—) Reference dike data, Methods (– –) 1, (- - -) 2, (···) 3.



		Figure 8. AICON camera 3 images for fixed dike breach test with Qo = 0 to 16 l/s, (→) flow direction. (⊙) Recognized grid points by AICON system.



		Figure 9. AICON camera images for fixed dike breach test with Qo = 16 l/s, (→) flow direction.



		Figure 10. Absolute deviations Δzb = zb AICON − Zb point gage for Qo = (a) 0, (b) 4, (c) 8, (d) 16 l/s. (e) Dike elevations zb(x,y) from Reference data taken by gage measurement with (---) initial dike crest and pilot channel, and (—) limit between initial dike and breach.



		Figure 11. Profiles of fixed spatial dike breaches with (a), (b) longitudinal sections zb(x), and (c), (d) cross-sections zb(y).



		Figure 1. Flume



		Figure 2. Fuse plug.



		Figure 3. Complete set up of experimention.



		Figure 4. Details of fuse plug.



		Figure 5. Surface erosion in progress.



		Figure 6. Head cut erosion in progress.



		Figure 7. Particle size distribution of sandy soil.



		Figure 8. Progress of embankment breach for sandy soil (test 1). Duration of test 4 mins.



		Figure 9. Progress of embankment breach for cohesive soil mixture (test 2). Duration of test 29 mins.



		Figure 10. Progress of embankment breach for cohesive soil mixture (test 4). Duration of test 38 mins.



		Figure 1. Sketch of the laboratory physical model (lateral view).



		Figure 2. Sketch of the laboratory setup (overtop view).



		Figure 3. Experimental results for test with initial water level H0 = 0.25 m in terms of time evolution at the dike centerline of z* for “coarse sand” (line with dots) and “fine sand” (line with triangles).



		Figure 4. Experimental results for test with initial water level H0 = 0.395 m in terms of time evolution at the dike centerline of z* for “coarse sand” (line with dots) and “fine sand” (line with triangles).



		Figure 5. Comparison of experimental results (dotted lines) against numerical ones (solid lines) for “coarse sand”: water (black) and dike (grey) profiles at t = 1.40 s.



		Figure 6. Comparison of experimental results (dotted lines) against numerical ones (solid lines) for “coarse sand”: water (black) and dike (grey) profiles at t = 3.00 s.



		Figure 7. Comparison of experimental results (dotted lines) against numerical ones (solid lines) for “coarse sand”: water (black) and dike (grey) profiles at t = 15.00 s.



		Figure 1. Definition of local and global coordinate systems for flows over a plane sloping bed.



		Figure 2. Wave on a sloping beach (tanα = 0.5): Comparison between analytical and numerical water profiles at t = 0 − 0.18 − 0.36 s.



		Figure 3. Initial conditions of dam-break test cases: Mangeney et al. (2000) with h0 = 10 m, and Dressler (1958) with H0 = 10 m.



		Figure 4. Mangeney et al. (2000) dam-break: comparison between analytical (-- ) and numerical (-) solutions (h0 = 10 m, α = 30°) for CSW-LC and MSW-LC models: (a) front wave and back wave in x-t plane – (b) profile of the water depth h for t = 1 and 5 s.



		Figure 5. Dressler (1958) dam-break: comparison between analytical (-- ) and numerical (-) solutions (H0 = 10 m, α = 30°) for CSW-GC and MSW-GC models: (a) front wave and back wave in x-t plane—(b) profile of the water for t = 1 and 2 s.



		Figure 6. Steady uniform flow— α = 30°, n = 0.017 sm−1/3, q0 = 0.05 m3/s/m, with hu given in Equation 21.



		Figure 7. Uniform water depth (Eq. 21) and approximate uniform depth of the CSW-GC model (Eq. 22) as a function of the bed slope angle.



		Figure 8. Sketch of dike overtopping flow.



		Figure 9. Steady flow over a fixed dike: Hd = 0.2 m, S0u = S0d = 0.5, q0 = 25 l/s/m.



		Figure 10. Sediment transport evaluation in comparison with the slope angle (q = 0.05 m3/s/m, d = 6.1 mm, n = 0.0138).



		Figure 11. Dike overtopping: dike and water profiles at t = 24 s with the classical SWE model and the new combined model.



		Figure 1. NSF-PIRE benchmark: scheme of the experimental setup.



		Figure 2. Measured and computed time series of free-surface elevation at the gauge points: a) gauges 1 and 4; b) gauges 2 and 3; c) gauges 5 and 8; d) gauges 6 and 7.



		Figure 3. Measured and simulated final bottom profiles: a) y = 0.2 m; b) y = 0.7 m; c) y = 1.45 m.



		Figure 4. Shields parameter distribution: a) t = 2 s; b) t = 5 s; c) t = 20 s.



		Figure 5. Bed-load concentration distribution: a) t = 2 s; b) t = 5 s; c) t = 20 s.



		Figure 1. Aftermath of the Buffalo Creek disaster. Photo credits: West Virgina Coal History.



		Figure 2. Three different times of the sedimentologic dam-break flow t = 0 s, t = 1.25 s and t = 2.5 s. The water is white due to the addition of TiO2, used to make the water opaque for the wave front tracking.



		Figure 3. Illustration of the cross-correlation: a) image at time t and interrogation window; b) image at time t + dt and search area (black); c) cross-correlation peak.



		Figure 4. Scheme of the PTV technique. Individual particles are tracked between consecutive frames.



		Figure 5. Illustration of the Voronoi PTV tracking scheme. a) images at time t with Voronoi polygon and Voronoi star; b) image at time t + dt with respective Voronoi polygon and Voronoi star; c) displacement of the Voronoi star; d) overlapping of the corresponding stars for displacement determination.



		Figure 6. Illustration of the binning method: a) raw non-structured velocity field; b) Dividing the original flow field into bins; c) The bin average is plotted and a uniform grid is obtained.



		Figure 7. Illustration of the combined PIV-PTV approach. a) Random particle distribution used to calculate the velocity field by means of PIV; b) Overlap of the determined PIV velocity field with the particles’ distribution; c) Interpolation of the PIV field to each particle location.



		Figure 8. Number of particles tracked in each instant using: only PTV, PIV+PTV with a linear scheme of interpolation and PIV+PTV with a cubic scheme of interpolation.



		Figure 9. Velocity fields determined using only PTV and with the combined approach PIV+PTV at t = 1.5 s.



		Figure 10. Scheme of the flume where the experiments were made.



		Figure 11. Velocity fields determined using the combined PIV-PTV approach. (Only 1-out-of-6 vectors depicted in the horizontal direction and only 1-out-of-3 vectors depicted in the vertical direction).



		Figure 12. Non-dimensional velocity profiles for different times at reservoir section x = −0.1991 m. Legend indicates times in seconds.



		Figure 13. Vorticity contours for different times illustrating the evolution of the plug flow from its formation to its dissipation.



		Figure 14. Velocity profiles for different times at reservoir section x = −0.1991 m. Legend indicates times in seconds.



		Figure 15. Evolution of zo and Uo with time at reservoirsection x = −0.1991 m



		Figure 16. Non-dimensional velocity profiles for different times at reservoir section x = −0.1991 m. Legend indicates times in seconds.



		Figure 1. Retention basin Otzdorf (Germany), the breach due to piping failure at the right side of the concrete structure (black dotted line) was immediately refilled with earth after the failure.



		Figure 2. Results from 2D calculation of flood wave propagation downstream a dam with flow direction (black arrows) and water depth (grey scale).



		Figure 3. Elevation of the lowest cross section point: difference between model 400 and model 21.



		Figure 4. Peak water depth along the downstream thalweg for model 400 (solid line) and model 21 (dotted line).



		Figure 5. Peak discharge along the downstream thalweg for model 400 (solid line) and model 21 (dotted line).



		Figure 6. Location of the example cross section (topographical map, scale 1:10,000 (cross section—black solid line).



		Figure 7. Example Cross Section (o DEM 2 m × 2 m, ▲ DEM 20 m × 20 m, ■ water level according to topographical map scale 1:10,000, see Fig. 6).



		Figure 8. Dam break flood wave in an urban area (flow direction is from south to north): cross sections for 1D-modelling (grey dotted lines), boundary of 1D-inundation area (black dotted line) and 2D-inundation area (black solid line), grey scale = water depth 1.5 hours after the dam break.



		Figure 9. Peak discharge and water depth along thalweg (dam break scenario 1)—comparison between 1D-model (grey lines) and 2D-model (black lines) considering peak water depth (solid lines) and peak discharge (dotted lines).



		Figure 10. Peak discharge and water depth along thalweg (dam break scenario 2)—comparison between 1D-model (grey lines) and 2D-model (black lines) considering peak water depth (solid lines) and peak discharge (dotted lines).



		Figure 11. Dam break flood wave in a wide river valley (scenario 1): river runs from south-west to north-east (thick grey line), cross sections for 1D-modeling (thin grey lines), 1D-inundation area (light grey area with grey borders) border of 2D-model (dotted black line), border of inundation area from 2D-model (solid black line).



		Figure 12. Dam break flood wave in a wide river valley (scenario 2): river runs from south-west to north-east (thick grey line), cross sections for 1D-modeling (thin grey lines), 1D-inundation area (light grey area with grey borders) border of 2D-model (dotted black line), border of inundation area from 2D-model (solid black line).



		Figure 1. (a) Daily average water flow discharge since October 2009 and (b) peak annual water flow discharge during the last century at Marmolejo dam in the Upper Guadalquivir River. The lack of data between the years 31–45 coincides with the Spanish Civil War.



		Figure 2. (a) Inundated areas during 2010 floods in Upper Guadalquivir River (flow from right to left): the main channel is depicted in red, flooded areas the date of 24th February 2010 are coloured in blue, urban areas are labelled in black and highlighted in yellow, and motorways are shown in orange. (b)-(e) Water surface elevation simulated for the flow discharges of 500, 1000, 1500 and 2000 m3s−1 at Marmolejo dam. The computational domain extent coincides with the area shown in panel (a) though simulation results (b)-(e) are depicted only in the dashed square area for clarity.



		Figure 3. (a)-(c) Serial images (1956 to 2011) of the Guadalbullon tributary which discharges into the main Guadalquivir river close to Mengíbar dam showing: the avulsion channel and bar migration zone in 1956 image (white area), the state of riparian vegetation in 2004 image covering the same area (green area), and the lateral migration of the largest meander between the 2004 and 2011 images. The main migration stage occurred during the 2009-10 winter flood events (55 m). (d) Line drawing interpreted from pictures (a) to (c) showing the channel morphological evolution during the last 60 years. (e) Laterally confined tributary of the Guadiana Menor river.



		Figure 4. (a)-(c) Aerial orthophotographs from 1956 (year of dam building: maximum extension of water surface), 1977 (the reservoir tail is reduced to a pond of a channel crevasse) and 2009 (google earth image) showing the shrinkage in surface area of a reservoir (Dona Aldonza dam) in the Upper Guadalquivir River. Look at the youngest image when the reservoir has turned into a river channel as before dam installation. (d) Panoramic view of another reservoir (Puente de la Cerrada dam) from the Upper Guadalquivir River showing the lakeward migration of the shore in above 50 years.



		Figure 5. (a) Zoom of the flooded areas simulated for 1800 m3s−1 downstream of Andújar. Radar image from Terrasar-X satellite at (b) the merging point of the Guadalquivir and Jándula River and (c) downstream of Roman bridge of Andújar during the peak flow in February (yellow) and December (blue). Solid and dashed box in (a) corresponds with (b) and (c), respectively. Aerial photographs from helicopters of zones (b) and (c) are shown in panels (d) and (e), respectively, with the view point directions indicated in (a) with arrows.



		Figure 6. (Top) Levees system in the riverbanks near Andújar and zoom of the computational grid in the squared region showing the three refinement levels employed in the levee (0.5 m), near the channel (5 m) and in the floodplain (15 m). (Bottom) Simulated flood in the presence of levees and hillocks for 1300 m3s−1. The colour bar indicates water surface elevation in meters.



		Figure 1. Free surface profiles and bed profiles variation for a knickpoint migration test.



		Figure 2. Scheme of the case study.



		Figure 3. Minimum water levels recorded at gauging stations.



		Figure 4. (a) Difference between synthetic (“natural”) hydrograph and recorded hydrograph in Son Tay. (b) Recorded hydrograph in Son Tay.



		Figure 5. From top, discharge recorded at Thuong Cat station; error for simulation VD1; error for simulation VD2.



		Figure 6. From top, water level recorded at Hanoi station; error for simulation VD1; error for simulation VD2.



		Figure 7. Morphology evolution indicator J for simulations REF, SM1, SM2.



		Figure 8. Water surface profiles for a steady flow, low discharge simulation on different configurations of the river bed.



		Figure 9. Morphology evolution indicator J for simulations REF and NAT.



		Figure 1. The location of the different branches in the lower river area.



		Figure 2. The Maeslantbarrier in branch 1.



		Figure 3. Bifurcationpoints in the Netherlands.



		Figure 4. The relative contributions of the stochastic variables to the design water level. See for further information the text.



		Figure 5. The geographical situation at km990. Note that there is a widening in the winter bed, denoted by the red circle.



		Figure 6. The relative contributions in branch 2.



		Figure 7. The relative contributions in branch 3.



		Figure 8. The range of discharges as function of the river location, for branch 1.



		Figure 9. Cumulative probabilities as function of the discharge for an upstream (top), midstream (middle) and downstream location (bottom).



		Figure 10. The relative contributions of the stochastic variables to the design water level, but now for the case 2100. This should be compared with figure 4.



		Figure 11. Design water levels for branch 1.



		Figure 1. Site of study: Ribarroja Reservoir with its inflows (Segre and Ebro rivers) and outflow (Ribarroja Dam). Placement of sampling stations (buoy and Flumen Platform).



		Figure 2. Multiparametric Flumen Platform, located in the vicinity of the Ribarroja Dam.



		Figure 3. Multiparametric probe AANDERAA for monitoring water quality variables.



		Figure 4. Flumen buoy with a submerged thermistor chain, placed in Almatret.



		Figure 5. Digital Terrain Model of Ribarroja Reservoir bathymetry (2007).



		Figure 6. Evolution of the inflows/outflows (m3/s) of 2009 (top) and 2010 (bottom) for the same study period (Julian Day 145 to 295).



		Figure 7. Evolution of the air temperature (°C) for 2009 and 2010 study periods.



		Figure 8. Flumen buoy: Evolution of the water temperature (°C) of 2009 (top) and 2010 (bottom) for the same study period (Julian days 145 to 295).



		Figure 9. Flumen Platform: Evolution of the water temperature (°C) of 2009 (top) and 2010 (bottom) for the same study period (Julian days 145 to 295).



		Figure 10. Comparison of sampled water temperature versus CE-QUAL-W2 results for 2009 in the buoy (segment 29) for different depths (Top: 2 and 4 m, Bottom: 8 and 12 m).



		Figure 11. Comparison of sampled water temperature versus CE-QUAL-W2 results for 2010 in the buoy (segment 29) for different depths (Top: 2 and 4 m, Bottom: 8 and 12 m).



		Figure 12. Water Age evolution for segment 58 (Flumen Platform). Results computed with CE-QUAL-W2 for year 2009 (top) and 2010 (bottom).



		Figure 1. Golabdareh sub watersheds.



		Figure 2. River network with locations of check dams.



		Figure 3. Inflow hydrographs to stream reach 10 corresponding to different return periods.



		Figure 4. Inflow (lateral) hydrographs of sub watershed 10 corresponding to different return periods.



		Figure 5. Flood peak reduction in presence of check dams.



		Figure 6. Flood peak delay time in presence of check dams.



		Figure 1. Ganga river basin.



		Figure 2. Change in course of River Ganga u/s of Farakka Barrage during 1923–1999.



		Figure 3. Typical cross-sections of River Ganga (a) u/s and (b) d/s of Farakka Barrage.



		Photo 1. Disastrous 1998 flood in Malda after breach of left marginal embankment.



		Figure 4. Shifting of River Kosi during 1731–2003.



		Photo 2. An aerial view of devastation in Madhubani district after breach of Kosi left embankment in 2008.



		Photo 3. Showing Kedarnath valley and Mandakini river.



		Photo 4. Showing devastation in Kedarnath valley (Kedarnath temple can be seen in circle).



		Figure 1. Overall arrangement of the flood protection works at city of Genova.



		Figure 2. Bisagno diversion tunnel—profile.



		Figure 3. Bisagno intake system—Layout.



		Figure 4. Bisagno intake system—2007 Physical model.



		Figure 5. Tunnel cross section.



		Figure 6. Diversion tunnel sea outfall—Layout. Works planned in 2013 revision are reported in yellow, previous works are in white.



		Figure 7. Diversion tunnel sea outfall—Cross section (upstream view).



		Figure 8. Diversion tunnel sea outfall—2007 Physical model.



		Figure 9. Fereggiano intake. Inlet structure—Layout.



		Figure 10. Fereggiano intake. Inlet structure—2007 Physical model.



		Figure 11. Fereggiano intake. Inlet structure—2007 Physical model.



		Figure 12. Fereggiano drop shaft. Cross sectional view (2007).



		Figure 13. Fereggiano intake. Outlet structure—Cross sectional view. Comparison between old (dashed) and new (solid) layout.



		Figure 14. Fereggiano intake. Outlet structure—Cross sectional view. Comparison between old (dashed) and new (solid) layout.



		Figure 15. Fereggiano intake. Outlet structure—Layout (Comparison between old (dashed) and new (solid) layout.



		Figure 16. Fereggiano intake—2007 Physical model.



		Figure 17. Fereggiano intake. Inlet structure—2013 Physical model.



		Figure 18. Fereggiano intake—2013 Physical model.



		Figure 19. (A) Water levels recorded at three different discharge values (m3 s–1) at the bottom chamber; empty markers indicate data affected by high turbulent flow. (B) Scheme of the measuring points at the bottom chamber.



		Figure 1. Thiessen’s polygons and area weighted method.



		Figure 2. Topology of the RNN.



		Figure 3. Layout of the Bazhang River.



		Figure 4. The 1–3 hr river stages forecasting the Typhoon Kalmaegi hydrograph of July 2008.



		Figure 5. The 1–3 hr river stages forecasting the Typhoon Fungwong hydrograph of July 2008.



		Figure 6. The 1–3 hr river stages forecasting the Typhoon Sinlaku hydrograph of September 2008.



		Figure 7. The 1–3 hr river stages forecasting the Typhoon Jangmi hydrograph of September 2008.



		Figure 8. The 1–3 hr river stages forecasting the Typhoon Morakot hydrograph of August 2009.



		Figure 9. The inundation area during five typhoon events.



		Figure 1. The architecture of the project.



		Figure 2. Supply flood gates.



		Figure 3. Supply flood gates.



		Figure 4. Supply flood gates.



		Figure 5. Merlon.



		Figure 6. Merlon realized between two CIC.



		Figure 7. Check valves to drain the CIC.



		Figure 8. Security spillway realized in Saint Ismier.



		Figure 9. Security spillway realized in Meylan.



		Figure 10. 200-year return period flood Isere hydrograph.



		Figure 1. Calculation scheme of the Hydraulic Structure (a) and transfer function (b) methodologies.



		Figure 2. Schematic overview of the software tool.



		Figure 3. River network in InfoWorks RS (a) and in the conceptual model (b). The set-up of the reservoirs enclosed by the grey rectangle is shown more detailed in Figure 4 and discussed in section 5.2.



		Figure 4. Schematic conceptual network of three river reservoirs (‘R1’ to ‘R3’) and four floodplains. A dashed rectangle represents a “storage area”. Water levels are calculated at each blue dot. The thin blue lines between storage areas and the river depict (fictitious) hydraulic structures that imitate the flow over a dike. Green and red rectangles represent a transfer function and hydraulic structure respectively between different river reservoirs.



		Figure 5. Water Level (WL) and discharge simulation results of the detailed model (IWRS, dashed line) and Conceptual Model (CM, full line) for the three investigated events.



		Figure 1. Plan form of the lower Shinanogawa River and water level observation points.



		Figure 2. Plan form in the reach including the confluences of Ikarashigawa River and Kariyatagawa River and branch point of the Nakanokuchigawa River.



		Figure 3. Discharge hydrographs converted by H-Q curves during the 2011 flood.



		Figure 4. Time series of observed water surface profiles in the 2011 flood with the longitudinal distribution of elevation on the levee crest and averaged bed elevation in the lower Shinanogawa River.



		Figure 5. Flow of simulation method.



		Figure 6. Temporal changes of observed total discharges from many drainage pump stations in the Shina-nogawa River and Nakanokuchigawa River.



		Figure 7. Grain size distributions used for the analysis.



		Figure 8. Comparison between the computed and observed water-surface profiles and longitudinal distributions of the averaged bed elevations in the lower Shinanogawa River and Nakanokuchigawa River.



		Figure 9. Discharge hydrographs and temporal changes of inundation volume at the no embankment area.



		Figure 10. Computed horizontal velocity vectors at the peak of the first flood (18:00 on July 29).



		Figure 11. Computed bed variation contours at the peak of the first flood (18:00 on July 29).



		Figure 12. Computed discharge hydrographs in the section including the confluences of the Ikarashigawa River and Kariyatagawa River with temporal changes in inundation volume at the Nishino area.



		Figure 1. Elements of an off-stream retention basin (adapted from Strobl & Zunic 2006).



		Figure 2. Tilting fuse plug elements: a) elements in equilibrium until river stage reaches crest; b) erosion of gravel fill; c) tilted concrete elements (adapted from Tiefbauamt Nidwalden).



		Figure 3. Fuse gate elements: a) elements are stable; b) water flows into pressure chamber, lifting force rises; c) fuse gate elements overturn (adapted from Beretta et al. 2000).



		Figure 4. Inflow (solid line) and outflow (dashed line) hydrographs of different lateral inlet structures: a) fixed-crested side weir; b) tilting fuse plug elements, fuse plug embankment or fuse gate system; c) gated spillways.



		Figure 5. Negative slope of free surface profile for small dQ/dx (solid line) and large dQ/dx (dashed line).



		Figure 6. Scheme of lateral diversion structures at Engelberger Aa River (adapted from Tiefbauamt Nidwalden 2009).



		Figure 7. Tilting fuse plug elements after 2005 flood event at Engelberger Aa River (Photograph: Tiefbauamt Nidwalden).



		Figure 8. Flood corridor of Engelberger Aa River during 2005 flood event (Photograph: Swiss Air Force).



		Figure 9. Cross-section of fuse plug embankment at Hagneck Canal with fat clay (CH), Poorly-graded Sand (SP), Well-graded Gravel (GW) and Poorly-graded Gravel (GP) (Schmocker et al. 2013).



		Figure 10. Large picture: Measures at Reuss River; small picture: floodplain of 1987 event (adapted from BWG 2004).



		Figure 11. floodplains for different lateral diversion structures: a) lateral diversion structure Reussdelta; b) lateral diversion structure Altdorf; c) wall on motorway (adapted from BWG 2001).



		Figure 1. Demanded flow increase and four alternative hydrographs to mitigate the effects of hydropeaking presented as discharge over time.



		Figure 2. Three different hydrographs from left to right: linear, progressive, digressive. For each one: flow depth over time in top graph and lift force on a piece of bed surface over time in the bottom graph.



		Figure 3. Maximum lift force deviation for each peak in a digressive, linear and progressive hydrograph. Dataset 1 marked as circles, dataset 2 marked as squares.



		Figure 1. Study area with gauge and discharge sites of Mahanadi River.



		Figure 2. Autocorrelation function for Basantpur and Tikarapada stations of Mahanadi River.



		Figure 3. L-moment diagram with different distribution models.



		Figure 4. Plots of variation of mean and Cv.



		Figure 5. Plots of dimensionless frequency curves.



		Figure 6. Plots of quantiles with various return periods.



		Figure 1. Upper Cedar River watershed divided into HEC-HMS subbasins colored by the relative runoff potential normalized by the range of runoff values for each sub basin from a 24-hour 100-year storm event totaling 17.3 cm. (100 is highest runoff rate, 0 is the lowest).



		Figure 2. Upper Cedar River watershed dived into subbasins colored by percentage of the subbasin covered by an agricultural land use. Plots 1–4 depict hydrographs produced from a 24 hour 100 year rainfall event before and after conversion of all agricultural land use to native prairie grass at each number location. Perennial grasses delay and reduce the peak flows at each of the hydrograph locations.



		Figure 3. (Left) Surface and (Top Right) subsurface saturations (-) and (Bottom Right) groundwater table for two slices in Beaver Creek produced via detailed modelling.



		Figure 4. Detailed model of bare soil versus perennial grassland main surface water balance components. (Top) hydrograph comparison with 24-hr 100 year rainfall event. (Bottom) Infiltration rate.



		Figure 5. Detailed model perennial grass vs. bare ground comparison at 18 hours into a 24-hour 100-year rainfall event. Outlet hydrographs indicate a 20% reduction in stream flow from a change to grassland, and an overall increase in infiltration, while surface water depth shows a 200 mm increase in channel water depth.



		Figure 6. Detailed model perennial grass vs. bare ground comparison of surface-subsurface exchange flux at 18 hours into a 24-hour 100-year rainfall event. Exchange fluxes differ by up to 40 mm in ephemeral streams and near channel areas.



		Figure 1. Flood protection works. Overview.



		Figure 2. Structure-orientated live cycle of a levee. Chapter numbers refer to International Levee Handbook.



		Figure 3. Freeboard design at a levee site with large fetches due to levee setback. Program Freibord 2010.



		Figure 4. Remainings of destroyed levee after flood at river Odra (Germany) in 1997.



		Figure 5. Definition sketch for freeboard design at flood protection works.



		Figure 6. Recommended minimum freeboard height.



		Figure 7. Normalized run-up height versus surf parameter.



		Figure 8. Reduction of wave-run-up under oblique wave approach.



		Figure 9. Reduction of wave-run-up under oblique wave approach.



		Figure 10. Attenuation of wave height (ratio of the significant wave height after (HS) and before (HS0) flow crossing at wave machine) depending on mean cross current velocity and length of travel.



		Figure 11. Attenuation of wave height (ratio of significant wave height after (HS) and before (HS0) flow crossing) depending on mean cross current velocity and length of travel.



		Figure 12. Run-up height with alongshore cross current.



		Figure 1. Extractions from a bank removal in Grenoble along the Isere river.



		Figure 2. Extractions from the deposit area of Domene along the Isere river.



		Figure 3. Silty gravels extracted from the Isere river.



		Figure 4. Sandy gravels extracted from the deposit area.



		Figure 5. Sandy gravels extracted from the bank removal.



		Figure 6. Reusing materials all around gravels.



		Figure 1. (A) Location of the study area in the Polish Carpathians and location of the Czarny Dunajec River in relation to physiogeographic regions of southern Poland: 1—high mountains; 2—mountains of intermediate and low height; 3—foothills; 4—intramontane and submontane depressions; (B) Longitudinal profile of the Czarny Dunajec studied reaches; w—averaged channel width in metres.



		Figure 2. Model calibration and error estimation.



		Figure 3. Modelling results: spatial distribution of wood deposits along the two reaches (multi-thread channel above and single-thread below).



		Figure 4. Preliminary relationships between wood transport ratio and either wood size (A, C) or discharge (B, D). Diagrams A–B indicate the relationships for the narrow reach, while C–D those for the wide reach. Explained in the text.



		Figure 5. Frequency distribution of wood distance travelled.



		Figure 1. Map of the Nile River Basins showing basin sources, the Nile course and location of large dams on Nile River Basins.



		Figure 2. Location of the cascade dams in the Upper Blue Nile, Ethiopia (Eepco, 2012).



		Figure 3. Sediment management techniques in world and in the Nile River Basin.



		Figure 4. Monthly stream flow for exogenous, endogenous and combined scenario at Aswan High dam.



		Figure 5. Mean monthly discharges and suspended sediment concentrations before and after the construction of AHD (Kantoush and Sumi, 2013).



		Figure 1. Plan view of the Banister River Study Watershed (BRSW) hydraulic model.



		Figure 2. Stage-discharge predictor curve developed at a surveyed cross-section in the Banister River.



		Figure 3. PMF inundation map for the BRSW.



		Figure 4. Flow velocity and shear stress longitudinal profiles for the reach of the Banister River located close to the outlet of the BRSW hydraulic model.



		Figure 5. Sampling area downstream of the Banister Lake Dam.



		Figure 6. Grain size distribution of the armor layer and the under armor layer downstream of the Banister Lake Dam.



		Figure 1. Location map of the rivers, their basins and the boundary of Bushehr Province.



		Figure 2. Layers of all sub-disciplines for Shapoor River.



		Figure 3. Making the layers uniform for Dalaki River before (left panel) and after integration (right panel).



		Figure 4. The centerline of Dalaki River before (top panel) and after intersecting (bottom panel).



		Figure 5. The quantified attributes for the centerline of Dalaki River.



		Figure 6. The attributes table of the centerline of Dalaki River after calculating the scores for the reaches using the integrated GIS/MCDM model.



		Figure 7. Dalaki River reaches, before and after filtering.



		Figure 8. Distribution of the total scores of all reaches for each river.



		Figure 1. Photograph of The landslide “the Ruines de Séchilienne”.



		Figure 2. General map of the “Romanche Séchilienne” project.



		Figure 3. Design flood hydrograph.



		Figure 4. Work in the low-water bed.



		Figure 5. Embankment consolidation and widening.



		Figure 6. Bank clearance and levelling.



		Figure 7. Work on the RN 85 road bridge.



		Figure 8. Embankment consolidation works.



		Figure 9. Gate on the Tolentin tail race.



		Figure 10. Mobility area on Ile Falcon and location of the project (opening of the arms and removal of the dyke).



		Figure 11. Maintaining the forested areas on the razed banks.



		Figure 12. Underground network of F. japonica in the Romanche’s project site.



		Figure 1. Project footprint and sediment balance.



		Figure 2. River bed longitudinal profile conservation thanks to sand traps operations.



		Figure 3. Maximum annual flows at the measuring station Dranse de Bagnes—Le Châble.



		Figure 4. Channel morphology based on the ratio “bed width to stream height” (B/h), Hunzinger (2004).



		Figure 5. Schematic representation of bank protection and vegetative diversification by a lateral deflector.



		Figure 6. Geometry cross section of the DuPiro model.



		Figure 7. Mean grain size (Dm), slope (J) and width (B) of the river section.



		Figure 8. Equilibrium profile of the Dranse depending on downstream bed elevation and river width.



		Figure 9. Results of DuPiro model for a 100 years return period flood.



		Figure 1. The River Meuse in the Netherlands.



		Figure 2. Calculated water levels along a section of the Meuse River with and without employment of flood mitigation measures (using the 250 yr-discharge wave for a future climate scenario). Locations and inflow heights of retention measures are also indicated.



		Figure 3. Modified discharge waves to fill the database for the CDM (peak values are 100 m3/s apart, going from −700 m3/s to +100 m3/s). The reference flood wave (thick line) is the design 250 yr flood wave (future climate scenario with +20% peak value of 3950 m3/s). Top graph: using scaled waves, bottom graph: using “topped” waves.



		Figure 4. Calculated combined water level effects of 38 measures along the Meuse River for a future 250 yr flood, using the Simple Superposition method (SS) and the Corrected Discharge Method (CDM). In the validation case all measures were included in one single simulation run. Locations of measures are also indicated.



		Figure 5. Convergence of discharge corrections dQ in the Corrected Discharge Method (CDM) corresponding to results in Figure 4, using the scaled waves in Figure 3.



		Figure 6. Convergence of discharge corrections if scaled waves have peak values 200 m3/s apart.



		Figure 7. Results as in Figure 4, but now using topped-off waves in the CDM as opposed to scaled waves (see Fig. 4).



		Figure 1. Wind velocity for all sectors at stations La Dole and Genève Cointrin.



		Figure 2. Wind velocity for two sectors at the station Genève Cointrin.



		Figure 3. Position of the Zmutt watershed and Zermatt station measurements.



		Figure 4. The estimated extreme rainfall for different return periods (simulated PMP values—line with squares; measured rain values—dotted line; R—return period).



		Figure 5. The estimated flow values (R—return period).



		Figure 1. Schematic cross section of the Swiss plate geophone.



		Figure 2. Example of comparison between a measured GSD curve and the AHD curve. In this example, the area between the curves amounts to 6%. The maximum horizontal and vertical deviations are 15% and 23%, respectively.



		Figure 3. (a) Maximum horizontal deviation, (b) maximum vertical deviation and (c) area between the GSD and the AHD curves for 45 bedload samples.



		Figure 4. Comparison between measured GSD and AHD curves for 15 bedload samples (Ev. 1 to Ev. 15) at the Erlenbach. The dark line represents the normalized measured GSD curve and the red dashed line the normalized AHD curve as explained in 2.4.



		Figure 5. (a) Maximum horizontal (×) and vertical (○) deviations. (b) Area between the relative GSD and the relative AHD curves (◇) as a function of the maximum B-axis of the bedload sample.



		Figure 6. (a) Maximum horizontal (×) and vertical (○) deviations. (b) Area between the relative GSD and the relative AHD curves (◇) as a function of total sampled bedload mass.



		Figure 7. (a) Maximum horizontal (×) and vertical (○) deviations. (b) Area between the GSD and the relative AHD curves (◇) as a function of total sampling time.



		Figure 1. Study site location: a) catchment; b) map of degraded border reach; c) restoration measures implemented near Gosdorf and their functionality (modified after Klösch et al. 2011).



		Figure 2. Discharge histogram for a period between two successive positionings of one tracer based on 100 equidistant discharge classes for the discharge range in the investigation period.



		Figure 3. Derivation of linear equations for transport velocity, applying the method with water volumes above a critical discharge. a) and c) Relation of water volume above a critical discharge to travel distances, with a critical discharge producing the highest R2, for a) dm, and c) d90. b) and d) Linear equations for transport velocity established by means of the critical discharges and the trend line slopes, for b) dm, and d) d90.



		Figure 4. Linear and non-linear equations found through hydrograph discretisation into 100 classes: a) equations derived for dm; b) relation between measured and calculated travel distances of dm for the potential formula type, which produced the lowest RMSE; c) equations derived for d90; d) relation between measured and calculated travel distances of d90 for the exponential formula type, which produced the lowest RMSE. Linear regressions through the data points are shown in b) and d) in relation to the 1:1 line of perfect agreement (with sm = measured travel distance and sc = calculated travel distance).



		Figure 5. Calculated travel distance of dm and d90 during the first 5 years of the forecast hydrograph according to the different formula types.



		Figure 1. Catchment area Schöttlbach, location in Austria.



		Figure 2. Town of Oberwölz during flood event: left—Hintereggerbrücke, right—flooding (Hübl et al. 2011).



		Figure 3. Krumeggerbach: beginning of transport for different weight classes, image: location places of the tracer on July 11, 2013 and July 17, 2013 (Barbas 2014).



		Figure 4. Sediment impact sensor 2013 (image: mounted sensors on a sediment barrier; arrow: location of SIS; top left: closed sensor with metal plate; diagram: example of SIS measurements).



		Figure 5. Left: retention basin in September 2011, right in May 2012.



		Figure 6. Annual temperature and precipitation cycles for the station Oberwölz for the reference period (blue color) and scenario periods (red color) for temperature, precipitation, liquid precipitation, and snow water equivalent. Shown are the expected monthly median values (thick red and blue lines) and the associated uncertainty (red and blue colored band widths represent the range between the 5th and 95th percentile).



		Figure 7. Climate change signal for temperature, precipitation, liquid precipitation, and snow water equivalent.



		Figure 8. Annual cycles of the projected changes of heavy precipitation events (20–50 mm/day) until the end (2069–2098) of the 21st century in Oberwölz. The box-and-whiskers show the spread of the RCM ensemble (17 simulations until 2098). The numbers in the upper part of the plot denote the number of events in the reference period.



		Figure 1. Towing vehicle with the 3 mounting rods.



		Figure 2. Residual velocity along towing direction after a run at 1 m/s.



		Figure 3. Associated Fourier spectrum to Figure 2.



		Figure 4. Relative deviation with respect to the mean number of revolution of the impeller per second for two waiting times.



		Figure 5. Evolution of the measured water velocity by two Flowtrackers as a function of waiting time after stirring.



		Figure 1. Schematic of the recirculating wide-open channel flume.



		Figure 2. Mean streamwise  velocity normalized by inner wall variables.



		Figure 3. Depth-averaged velocity normalized by the mean surface velocity measured by the LSPIV system vs. boundary layer thickness normalized by the flow depth.



		Figure 4. Instantaneous streamwise  velocity. Contours are instantaneous streamwise  velocity in cm/s. a) Experimental case H = 6.3 cm, UC = 26.2 cm/s. b) Experimental case H = 20.3 cm, UC = 25 cm/s.



		Figure 5. streamwise  integral length scale, L11,1 vs. non-dimensional channel width. The centerline velocity for all cases shown is ~25 cm/s.



		Figure 6. Mean streamwise  integral length scale plotted against flow depth.



		Figure 7. Transverse integral length scale, L22J vs. non-dimensional channel width.



		Figure 8. Mean transverse integral length scale plotted against flow depth.



		Figure 9. Turbulent Reynolds number versus normalized transvers integral length scale.



		Figure 1. Index-velocity and stage-area calibrations. Open circles = 1200 kHz, open squares = 600 kHz, open diamonds = 300 kHz. Closed markers of the respective shapes represent 2013 data, used for evaluation. Coefficients of determination for the index-velocity relation are 0.96, 0.99, and 0.97 for the 1200, 600, and 300 kHz ADCPs, respectively. All coefficient of determination values for the stage-area rating curve are greater than 0.99.



		Figure 2. Continuous discharge computed from the 300 kHz ADCP.



		Figure 3. Measured profile 3 SSC (SSCP3) versus measured channel average SSC (SSCChan).



		Figure 4. Fluid Corrected Backscatter (FCB) versus log10 measured in-beam SSC. The linear form of equation 7 is log10(SSC) = a*FCB + b.



		Figure 5. Measured suspended sediment concentrations from in-beam sampling compared to those modeled by the 2012 models found in Table 2. Data from 2013 sampling—computed with 2012 models—are solid markers. Sand concentrations are not shown in Figure 5.



		Figure 6. In-beam SSC versus profile 3 depth-integrated SSC for total concentration (top) and sand concentration (bottom).



		Figure 7. Instantaneous sediment fluxes. Suspended sand concentration for the 1200 and 600 kHz ADCPs are presented in gray.



		Figure 8. Daily fluxes interpolated through the missing peak.



		Figure 9. Measured versus modeled data for full suspended sediment grain-size concentrations (top) and sand concentrations (bottom). Data from 2013 sampling—computed with 2012 models—are solid markers are shown only for total concentrations.



		Figure 1. Interactive Quality Control Plot for MIFTTT. Panel ‘a’ is active when the figure is created. The user selects up to five arrays for which to display results in subplots A, B, and C. When the ‘Done’ button is pushed in panel ‘a’, panels ‘b’ and ‘c’ are enabled. Panel ‘b’ allows Config variables to be set as the y axis variable. Dropdown lists on panels ‘c’, ‘d’, and ‘e’ allow the user to select the Data variables and statistics to be displayed in the subplots. Further options activated on panel ‘f’ include: plot the sampling volume; plot one time series (Fig. 2) plot an array image, or classify data quality. Data quality classification options are shown on panel ‘g’. Poor quality cells are shaded grey in the subplots A, B, and C.



		Figure 2. Time series plot for MIFTTT. Measured correlation (Corr) and velocity components are shown for the measured period. Raw, de-spiked and filtered data are shown. Boxplots and spectral plots are also shown for each component.



		Figure 3. Three stacked profiles measured using the Vectrino II over a smooth bed (water depth of 0.18 m). The SNR for three beams are shown in a). Data classified as poor in quality has been covered by transparent gray polygons.



		Figure 4. Spectral density plots for cases 1 (a) 2 (b) and 3 (c) from Figure 3. Velocity was recorded over a smooth bed.



		Figure 5. Spectral density plots for similar cases for Figure 4 but recorded over a rough bed.



		Figure 6. Effect of seeding concentration on signal quality and statistics. Velocity was recorded over a smooth bed.



		Figure 7. Effect of seeding concentration on signal quality and statistics. Velocity was recorded over a rough bed with a shear layer due to an upstream cobble.



		Figure 8. Effect of bin size on signal quality and statistics. Velocity was recorded over a smooth bed.



		Figure 9. Three examples of the ARMA spike detection and replacement algorithm in comparison with the Goring-Nikora (2002) detection with linear interpolation for replacement.



		Figure 1. Transformation of images to calculate a 2D velocity field with the LSPIV method: raw image sequence with Ground Reference Points (a), same images after orthorectification (b), time-averaged velocity vectors (c).



		Figure 2. Graphical definition of the calculation grid, Interrogation Area (IA) and Search Area (SA) with FUDAA-LSPIV.



		Figure 3. Calculation and display of an in situ surface velocity field with FUDAA-LSPIV.



		Figure 4. The cut-off meander experiment: raw image with 5 cm × 5 cm, horizontal grid used to define 60 GRPs (a) and orthorectified image with GRP positions (b).



		Figure 5. An example of instantaneous (1 image pair) LSPIV results in the cut-off meander experiment: surface velocity field vectors against orthorectified image (a) and correlation contours (b).



		Figure 6. Time-averaged non-screened (a) vs. screened (b) surface velocity vectors in the cut-off meander experiment.



		Figure 7. Gray-scale image sampled from the video of the flood at Cauterets (a), and the same image after orthorectification (b). GRP positions and labels are shown in both types of images.



		Figure 8. Time averaged surface velocity field for a 100 images sequence (3.3 s) of the flood at Cauterets.



		Figure 1. Study area and three measurement angles (left) and a view from the left bank (right).



		Figure 2. Discharge and water level hydrographs of 2011 Flood of the Ibo River at Yamazaki-daini gauging station and image shooting times.



		Figure 3. Setting of GCPs from angle B.



		Figure 4. Images from three angles; L is search line length for STIV and ω is the angle of repose covering surface width.



		Figure 5. Surface velocity distributions measured by LSPIV



		Figure 6. Search lines for angle B.



		Figure 7. Original STIs at several locations for angle B; horizontal scale = 21.7 m, vertical scale = 10 sec).



		Figure 8. STIs after 2D FFT filtering and image processing; average orientation angle is indicated by a straight line with measured velocity.



		Figure 9. Distribution of orientation vectors.



		Figure 10. Histogram of orientation angles.



		Figure 11. Comparison between LSPIV and STIV.



		Figure 12. Difference of head drop vs roughness coefficient.



		Figure 13. 2-D simulations for different roughness settings at 1000 m3/s. Small spots are the location of rock.



		Figure 14. Comparison of simulated results with STIV.



		Figure 1. Bridge piers in Shimanto-river.



		Figure 2. Measured bed profile around bridge.



		Figure 3. Two cylindrical piers arranged in tandem.



		Figure 4. Bed protection around the piers P7 and P8.



		Figure 5. Sizes of bed protection in Figure 4.



		Figure 6. Flood flow around bridge (Q = 8570 m3/s).



		Figure 7. Separated section and drop position of floats.



		Figure 8a. Streamwise mean velocity U(m/s) and Streamline from float dropped point (Q = 5282 m3/s).



		Figure 8b. Streamwise mean velocity U(m/s) and Streamline from float dropped point (Q = 8570 m3/s).



		Figure 9a. Streamwise velocity U(m/s) in cross sections (Q = 5282 m3/s).



		Figure 9b. Streamwise velocity U (m/s) in cross sections (Q = 8570 m3/s).



		Figure 10a. Estimated and analyzed mean velocity (Q = 5282 m3/s).



		Figure 10b. Estimated and analyzed mean velocity (Q = 8570 m3/s).



		Figure 1. Map of the study area: Zenne River stretch (Central Belgium). Monitoring locations: Buda, Fabri-com and Eppegem.



		Figure 2. Time evolution of specific electrical conductivity signals along the Zenne, at Fabricom (upstream signal) and in Eppegem (7.1 km downstream signal) in April 2012.



		Figure 3. Time evolution of specific electrical conductivity signals along the Zenne, at Fabricom (upstream signal) and in Eppegem (7.1 km downstream signal) in December 2011.



		Figure 4. Time evolution of water temperature signals along the Zenne, at Buda (upstream signal) and in Eppegem (downstream signal) in October 2011. Stations are 7.9 km distant.



		Figure 5. Comparison of the outcome of three tested methods for analysis window size of 75 min. Ratio of reference and estimated velocity (left axes) obtained by: CorrCoef—triangles, CrossCorr—circles and SSD—crosses. Water level (right axes) in Fabricom (upstream location)—grey dotted line.



		Figure 6. Comparison of the outcome of three tested methods for analysis window size of 175 min. Ratio of reference and estimated velocity (left axes) obtained by: CorrCoef—triangles, CrossCorr—circles and SSD—crosses. Water level (right axes) in Fabricom (upstream location)—grey dotted line.



		Figure 7. Increase of wrong transit velocity estimations by decrease of input signal resolution. Estimated transit velocities (computed by CorrCoef method) normalized by the imposed reference velocity. Input signals are at different time resolution from 45 sec to 5 min 15 sec. Analysis window is constant in time (90 min) but corresponds to different number of points (120, 60, 40, 30, 26, 20 and 17) depending on the time resolution of the input signal.



		Figure 1. The classic and complex procedure of water-body and foreland surveying.



		Figure 2. Shallow areas captured by hydromapping, deeper areas captured by echo sounder.



		Figure 3. Project area along the Ahr torrent, South Tyrol. Yellow labels depict the reference planes for georef-erencing. (RiProcess 1.5.9, RIEGL©).



		Figure 4. Detail view of the point cloud of the river Ahr. The colors represent different point classes.



		Figure 5. Red points are artificial points to close holes in the point cloud.



		Figure 6. Kernel to close holes. Mean value of the eight directions (N, NE…) are used to fill up the empty cell.



		Figure 7. Mesh, based on breaking edges. Blue Kenue is used to triangulate between the breaking-edges (edge length of triangle: 1 to 3 [m]).



		Figure 8. Image based edge detection using smoothing, the Sobel-Operator, thresholding and isolines.



		Figure 9. Downsampling of the point cloud: If the planarity of the sample is high all points are replaced by a single point with its mean height, otherwise a subgrid with cell size of 1.5 m is used.



		Figure 10. Planarity of the point cloud: Blue denotes good planarity (points are aligned with a plane) and red means no planarity at all.



		Figure 11. Triangulation of the point cloud.



		Figure 12. Water surface points within a example cell of 3 × 3 m: Points will be mapped on a uniform grid (cell centered). The offset from the mean value is q0.99 = 11 cm for this example cell.



		Figure 13. Estimated Strickler-value [m1/3/s] based on the water surface comparison of LiDAR and CFD. Shown is only the wetted river bed.



		Figure 14. Areal Image of the river Ahr: Strickler-value, based on the image, is approx. 30–40 m1/3/s.



		Figure 15. Detail view of the comparison of the LiDAR- and CFD-Surface.



		Figure 16. Differences of target height and CFD water height. Mean value is 5 and standard deviation is 11 cm.



		Figure 1. Area for measurement campaigns at Eggrankkurve (70° river bend), Thur River, 4.5 km upstream of junction to Rhine River; with site of PIV-recordings, position for adding tracer seeding and locations of cross-sections surveyed periodically (black lines).



		Figure 2. Detailed map of Eggrankkurve, Thur River, with reference points for areas AOI01–AOI04 as well as location of cross-section km 4.747. Note: Background map taken from an official survey flight in 2011.



		Figure 3. Unscaled blend of two raw images with a time shift of 417.1 ms (area AOI02, frames [1203, 1213]).



		Figure 4. Projective transformation and geo-referenced blend of two frames (area AOI02, frames [1203, 1213], see Fig. 3).



		Figure 5. Binary image with worked out seeding particles (area AOI02, frame [1203], see Figs. 3–4); to improve visualization, the image is shown as negative print.



		Figure 6. Time-averaged flow vectors and streamlines to visualize dead water zone (area AOI02, frames [1203, 1213], compare with Figs. 3–5).



		Figure 7. Time-averaged velocity field (UVmag = magnitude of surface velocity) and streamlines in geo-referenced view for a reach length of in total 250 m (areas AOI01–AOI04, compare with Fig. 2).



		Figure 1. Overview of the rivers and gauges included into the study.



		Figure 2. Example for extraction of wetted width transects for the Orkla River, Station 121.22, aerial image from 15 September 2009.



		Figure 3. Wetted width versus discharge for data gained from the aerial images (29 river reaches, black) and from 1D modelling studies (Orkla, Surna, Mandalselva, grey).



		Figure 4. Wetted width versus discharge for data gained from the aerial images for different drainage area size classes.



		Figure 5. Mean wetted width versus discharge ratio Q/QMF for data gained from the aerial images. The symbol colors indicate the size of the drainage area (in km2). Error bars show the standard deviation of the data.



		Figure 6. Wetted width transects for the Otra River (NVE 21.21, 28.9.2010).



		Figure 7. Histogram of wetted widths (5 m classes) for Otra River near Station Nr. 21.21.



		Figure 8. Histogram of wetted widths (5 m classes) for Orkla River near Nr. 121.22.



		Figure 9. Mean wetted width WM versus discharge Q for the data gained from aerial images and from modelling studies (Fig. 3). The symbol colors indicate the drainage area (in km2). The dashed lines represent hydraulic geometry relationships which were derived by Booker (2010) for New Zealand as function of the catchment area only.



		Figure 10. Mean wetted width WM versus drainage area AE for the Norwegian data (aerial images), compared with the linear-piecewise model (Model 3) derived by Wilkerson et al. (2013) for the continental USA.



		Figure 1. One lead-day water temperature forecasting by means of ANN ensembles for one month in spring—testing data set.



		Figure 2. One lead-day water temperature forecasting by means of ANN ensembles for one month in summer—testing data set.



		Figure 3. One lead-day water temperature forecasting by means of ANN ensembles for one month in autumn—testing data set.



		Figure 4. One lead-day water temperature forecasting by means of ANN ensembles for one month in winter—testing data set.



		Figure 1. Initial gauging cloud and Mean Rating Curve (MRC) to the French hydrometric station La Goulette.



		Figure 2. Coefficient correlation test and assumptions.



		Figure 3. Hubert segmentation procedure performed for the French hydrometric station La Goulette.



		Figure 4. Kehagias and Fortin segmentation procedure performed for the French hydrometric station La Goulette.



		Figure 5. Historical rating curves for the French hydro-metric station La Goulette.



		Figure 6. Hydraulics and physics explanations to objec-tivate the results of the segmentation procedures performed for the French hydrometric station La Goulette.



		Figure 7. Global Mann-Kendall trend and total order of correlation for the French hydrometric station La Goulette.



		Figure 8. Mann-Kendall trends for the homogeneous populations detected with the Hubert segmentation (left) and by the Kehagias and Fortin segmentation (right).



		Figure 1. Countries involved in the AIM project.



		Figure 2. SESAMO multi-criteria analysis tool.



		Figure 3. VAPIDRO-ASTE tool to optimize small hydropower exploitation.



		Figure 4. SMART Mini-Idro tool supporting SHP pre-feasibility analysis.



		Figure 5. Schematization of the early warning system against drought based on the WSI.



		Figure 6. Piave river, from Comelico dam to Pieve di Cadore lake, displayed in GIS environment.



		Figure 7. Erosion and deposit phenomena (bottom level variation) along the Piave river, after the flushing operation.



		Figure 1. Schematic of the experimental setup.



		Figure 2. Pier arrangement.



		Figure 3. Scouring at piers arranged in (a) series (b) offset.



		Figure 4. Scour depth variation due to varied spacing between two 4 cm piers in series arrangement.



		Figure 5. Scour depth variation due to varied spacing between two 7.7 cm piers in series arrangement.



		Figure 6. Scour depth variation due to offset spacing between two 4 cm piers.



		Figure 7. Scour depth variation due to offset spacing between two 7.7 cm piers.



		Figure 1. View of the experimental setup.



		Figure 2. Abutment configuration and basic flow parameters for the experiments.



		Figure 3. Change in the percent reduction in the maximum scour with non-dimensional collar depth Zc/D for different contraction ratios (2 L/W), and different collar widths (Bc).



		Figure 4. Sections used in the temporal variation experiments.



		Figure 5. Temporal variation of scour hole without collar for the contraction ratio of 2 L/W = 0.45 at section I.



		Figure 6. Temporal variation of scour hole with collar protection for the contraction ratio of 2 L/W = 0.45 at section I.



		Figure 7. Variation of maximum scour depths with time for cases with and without collar at section I.



		Figure 8. Temporal variation of scour hole without collar for the contraction ratio of 2 L/W = 0.45 at section II.



		Figure 9. Temporal variation of scour hole with collar protection for the contraction ratio of 2 L/W = 0.45 at section II.



		Figure 10. Temporal variation of scour hole without collar for the contraction ratio of 2 L/W = 0.12 at section II.



		Figure 11. Temporal variation of scour hole with collar protection for the contraction ratio of 2 L/W = 0.45 at section II.



		Figure 1. Typical design diagram of a falling apron placed along the toe of a revetted embankment based on guidelines presented by Spring (1903).



		Figure 2. Stages 1 and 2 of apron launching showing the four steps (erosion, settlement, erosion, settlement).



		Figure 3. Final state of a falling apron showing intermediate positions of the eroding stream bank at various stages of deployment.



		Figure 4. Graph showing relation between the ratio of deployed apron volume Vd to the volume needed to cover the eroded bank completely Vb as a function of the fall height parameter χ and the fraction of retained stone in a launch volume after each deployment step k.



		Figure 5. Right-circular conical frustum used to evaluate lateral expansion needed by rock riprap deployed from falling aprons placed on convex banks.



		Figure 6. Illustration of a rock riprap falling apron surrounding a bridge pier before (a) and after (b) deployment.



		Figure 1. Sketch of longitudinal and cross-section view of the experimental flume (units in mm).



		Figure 2. The experimental set up before (left) and after (right) one test (the test I-2, Table 2).



		Figure 3. Riprap before (left) and after (right) failure for test IV-12 (see Table 2 for test description).



		Figure 4. Time evolution of cumulative block erosion rate for one layer and two layers with the same discharge for channel slope of 3% and riprap slope of 27°.



		Figure 5. Time evolution of cumulative block erosion rate for one layer and two layers with the same discharge for channel slope of 3% and riprap slope of 31°.



		Figure 6. Time evolution of cumulative block erosion rate for one layer and two layers with the same discharge for channel slopes of 3% (a) and 1.5% (b), with riprap slope of 35°.



		Figure 1. Definition of parameters to estimate bank angle after planar failure.



		Figure 2. Longitudinal profile of the physical model.



		Figure 3. An example of bank constructed inside the box using material no. 2 for the upper layer and material no. 5 for lower layer while the initial bank angle is 55 degrees.



		Figure 4. Hydrographs of river flow and groundwater levels and the time of bank failure in test no. 55-5-2.



		Figure 5. Hydrographs of river flow and groundwater levels and the time of bank failure in test no. 55-1-4.



		Figure 6. Initial and final profile of the bank (Test No. of 55-5-2) before and after planar bank failure.



		Figure 7. Initial and final profile of the bank (Test No. 55-1-4) before and after planar bank failure.



		Figure 1. Array of scaled T-head gabion groynes in the flume of the hydraulics laboratory LHUMSS.



		Figure 2. Different head shapes of a gabion groyne (Benites 1990).



		Figure 3. Plan layout of groyne arrays related to flow direction (Suarez 2001).



		Figure 4. Flume and bed profiler installed on the top of the flume (Romero et al. 2012).



		Figure 5. Plan view of working areas in the flume.



		Figure 6. Scaled T-head gabion groyne in the process of being constructed with galvanized wire mesh moulds and pebbles.



		Figure 7. Constructed T-head gabion groynes for the considered attack angles β.



		Figure 8. Plan scheme of 2D velocity measuring points and control sections SL1, SL2 and SL3; β = 90°, Sp1* = 4.50.



		Figure 9. Downstream view of bed configuration for Sp1* = 4.50 and β = 90°.



		Figure 10. Downstream view of bed configuration for Sp2* = 5.72 and β = 135°.



		Figure 11. Plan view of deposition, unchanged and scour zones for the studied arrays of T-head gabion groynes; Sp1* = 4.50.



		Figure 12. Plan view of deposition, unchanged and scour zones for the studied arrays of T-head gabion groynes; Sp2* = 5.72.



		Figure 13. Relative scour depth h/H vs. distance y in the streamwise direction of flow for Sp1* = 4.50; the dashed lines indicate the position of groynes at the shore.



		Figure 14. Relative scour depth h/H vs. distance y in the streamwise direction of flow for Sp2* = 5.72; the dashed lines indicate the position of groynes at the shore.



		Figure 15. Relative deposited volume π2 vs. distance y in the streamwise direction of flow for Sp1* = 4.50; the dashed lines correspond to the average distance in between groynes.



		Figure 16. Plan view of the obtained velocity fields for the studied arrays of T-head gabion groynes; Sp2* = 5.72.



		Figure 17. Flow velocity v vs. distance y; Sp1* = 4.50; SL1; the dashed lines indicate the position of groynes at the shore.



		Figure 1. Plan and streamwise  view of the channel with the main parameters of the flow and the scour for a Cross-Vane structure.



		Figure 2. Plan, two streamwise  views, and a cross section of the channel with the main parameters of the flow and the scour for a W-weir structure.



		Figure 3. Scour typology a) Cross-Vane b) W-weir.



		Figure 4. 3D view of morphology type 3 downstream of Cross-Vane structure Fd is 1.17 and Δy/hst = 0.04. Elevation 0.00 is the initial channel bed level.



		Figure 5. 3D view of morphology type C downstream of W-weir structure Fd is 1.55 and Δy/hst = 0.18. Elevation 0.00 is the initial channel bed level.



		Figure 6. Scour downstream of Cross-Vane during a test run.



		Figure 7. Veiw from downstream of W-weir during a test run.



		Figure 8. The normalized maximum scour depths versus η.



		Figure 9. The normalized maximum scour lengths versus η.



		Figure 1. Experimental set up.



		Figure 2. Extreme velocity fluctuations in free jumps.



		Figure 3. Maximum velocities downstream free jumps.



		Figure 4. Extreme velocity fluctuations in submerged jumps.



		Figure 5. u′max/U2 for free hydraulic jumps.



		Figure 6. u′max/U2 at the downstream jump section.



		Figure 1. Spillway model (1:30 scale) for (a) Ogee spillway and stilling basin and (b) Riprap apron and mobile sand bed.



		Figure 2. Photographs of flow conditions.



		Figure 3. Uncontrolled Submerged (US) Water Surface Profile (WSP) and Centerline Scour for (a) Run 1—La/ Lsb = 1.0 and (b) Run 5—La/Lsb = 2.0. (Station and Elev. in prototype dimensions).



		Figure 4. Controlled Submerged (CS) Water Surface Profile (WSP) and Centerline Scour for (a) Run 3—La/Lsb = 1.0 and (b) Run 7—La/Lsb = 2.0. (Station and Elev. in prototype dimensions).



		Figure 5. Uncontrolled Free (UF) Water Surface Profile (WSP) and Centerline Scour for (a) Run 2—La/Lsb = 1.0 and (b) Run 6—La/Lsb = 2.0. (Station and Elev. in prototype dimensions).



		Figure 6. Uncontrolled Jet (UJ) Water Surface Profile (WSP) and Centerline Scour for (a) Run 4—La/Lsb = 1.0 and (b) Run 8—La/Lsb = 2.0. (Station and Elev. in prototype dimensions).



		Figure 7. Normalized scour depth, ds/ΔZ, as a function of Ht/He.



		Figure 8. Normalized horizontal distance of maximum scour depth from the end sill, Xs/Lsb, as a function of Ht/He.



		Figure 1. An experiment setup with coarse riprap installed.



		Figure 2. Locations of flow depth and elevation measurement.



		Figure 3. Measured parameters of the scour geometry.



		Figure 4. Local scour at the downstream of groundsill (Symbols: S3: channel gradient = 0.066; S4: channel gradient = 0.085; Q1: flow rate = 0.00058 cms; Q3: flow rate = 0.00093 cms; LQ: length of riprap protection = 0.05 m; LH: length of riprap protection = 0.10 m; RM: riprap size = 16.75 mm; RC: riprap size = 21.77 mm; and CON: control).



		Figure 5. Flow visualization (flow is from right to left).



		Figure 6. Maximum scour depth to location of maximum scour ratio as function of Froude Number, riprap length to flow depth ratio, and channel gradient (flow depth taken at the edge of riprap protection).



		Figure 7. Maximum scour depth to scour length ratio as function of Froude Number, relative roughness, riprap length to flow depth ratio, and channel gradient (flow depth taken at the edge of riprap protection).



		Figure 8. Maximum scour depth to scour length ratio as function of riprap size to flow depth ratio, riprap length to flow depth ratio, and channel gradient (flow depth taken at the apron of upstream groundsill).



		Figure 1. Location of the five study sites within the Wilket Creek catchment and indication of their river kilometer (RK). Wilket Creek is located within the suburban area of Toronto.



		Figure 2. (a) Example of the restoration works in the main study site (Edwards Gardens, RK 1.60). The designed channel corresponds to a sinuous planform channel with riffle-pool features. Both embankments and riffles are made from exogenous material which size is greater than natural bed material. (b) Solicitation of the outer river bank by logs during a flashy flood (2013/06/13, Edwards Gardens, RK 1.60). Blue arrow indicates flow direction.



		Figure 3. Topographic evolution of cross-sections 8 (subplot a) and 14 (subplot b) of the Wilket Creek Park site (RK 1.60) before (2013/02/01, black line) and after (2013/07/25, grey line) May 29th flood. These results show overall stability of the designed channel with some lateral adjustments on cross-section 8.



		Figure 4. Cut-off (white arrow) of the meander on the upstream restored site (Windfields Park, RK 4.80). Blue arrow indicates flow direction.



		Figure 5. (a) Internal reworking of sediment (cross-section 6) between 2013/02/01 (black line) and 2013/07/25 (grey line) illustrating the effects of two over bankfull floods. (b) Flushing of fine sediments in pools (cross-section 9) between the same survey dates.



		Figure 6. Strong modification of the bed on the upstream unrestored site (Control site, RK 0.35) before (a) and after (b) the May 29th flood. (a) Picture taken on the 2012/10/26. (b) Picture taken on the 2013/06/13. Blue arrow indicates flow direction.



		Figure 7. RFID tracking on the Upstream site (RK 1.75). The seeding locations of tracers are indicated. Tracers were naturally reworked between the seeding and the first tracking (2013/09/22) because of four flood events (maximum estimated discharge: 1.7 m3/s on 2013/08/26). Blue arrow indicates flow direction.



		Figure 1. Schematics showing circulation induced by array of three vanes and resulting change in bed profile. Source: Odgaard (2009), ASCE.



		Figure 2. Excavation plan for West Fork Cedar River channel straightening. Source: Odgaard & Wang (1991b), ASCE.



		Figure 3. Plan of West Fork Cedar River bridge crossing (left) prior to vane installation in 1984, and (right) five years after vane installation. Source: Odgaard & Wang (1991b), ASCE.



		Figure 4. Aerial photos of the West Fork Cedar River bridge crossing at low flow, (left) prior to vane installation in 1984, and (right) in 1989 five years after vane installation (along right bank only). Source: Odgaard (2009), ASCE.



		Figure 5. Aerial photos of the West Fork Cedar River bridge crossing at bank-full flow, (left) in 2007, and (right) in 2011 twenty seven years after vane installation. Source: DigitalGlobe.



		Figure 6. Submerged vanes for mitigating bank erosion. (top) Naturally occurring secondary current in river bend; (bottom) vane-induced secondary current eliminates the naturally occurring secondary current and stabilizes the bank. Source: Odgaard (2009), ASCE.



		Figure 7. Aerial views of Wapsipinicon River in 1988 (top) immediately before vane installation and in 2009 (bottom) twenty-one years after vane installation. A 100-year flood occurred in 2008, which removed part of the vegetation between the river and the road, yet the vane system aided by riprap toe protection preserved the integrity of the main channel. Courtesy of Robert DeWitt, River Engineering International (top photo) and Digital-Globe (bottom photo).



		Figure 8. 2004-DigitalGlobe image showing low flow in Kosi River near the intake. The image shows the vane system and intake. Flow is from top of image. The vane system is seen to maintain a near-bank channel toward the intake. The vane induced sand deposit on the far side of the vane system is also clearly visible.



		Figure 9. Vane layout at the Greenville Utilities Commission water supply intake screens in Tar River, North Carolina, US. Courtesy of the Greenville Utilities Commission.



		Figure 10. Flat-panel sheet pile vane ready for installation at the Greenville Utilities Commission water supply intake on Tar River North Carolina. Only the topmost 0.5–0.6 m will be above the current bed level. Courtesy of the Greenville Utilities Commission.



		Figure 11. Template used for guiding vane installation at intake screens in Tar River, North Carolina. Courtesy of the Greenville Utilities Commission.



		Figure 12. Vanes being installed around intake screens in Tar River, North Carolina. Courtesy of the Greenville Utilities Commission.



		Figure 13. Vane system deflecting bed load around intake screens in Tar River, North Carolina. Courtesy of the Greenville Utilities Commission.



		Figure 14. Schematic showing how submerged vanes could help close off a secondary river branch.



		Figure 15. Flow stabilization by channel split. Vanes located at the upstream bifurcation are designed to create and maintain two separate, parallel-flowing, stable channels.



		Figure 1. Schematic sketch of the length profile of the concerned river stretch.



		Figure 2. Plan view of the model area (flow direction from left to right).



		Figure 3. Example of a scaled hydrograph (May 1999) and derived duration of discharges.



		Figure 4. Natural sieve curve (with standard deviation sd) and model sieve curve (without grain sizes smaller than 6.4 mm) (all natural size).



		Figure 5. Grain size distribution of both the bed material and the artificially coarsened armor layer (natural size).



		Figure 6. Riprap (left side) and artificially coarsened armor layer (right side).



		Figure 7. Different transport rates depending on the used sediment transport formula.



		Figure 8. Model hydrographs for different experimental setups.



		Figure 9. Artificially coarsened armor layer: Beginning channeling at discontinuities of the flow at Q = 110 m3/s (left) and further increase of the channels at Q = 150 m3/s.



		Figure 10. Bed level measurements in cross section 41.200 after characteristic discharges.



		Figure 11. Bed level measurements S01 in longitudinal direction after characteristic discharges.



		Figure 12. Bed level measurements in cross section 40.950 after characteristic discharges in the full model.



		Figure 13. Bed level measurements S02 in longitudinal direction after characteristic discharges.



		Figure 14. Bed levels in cross section 41.050 showing the filling of the riprap cavity due to sediment transport.



		Figure 15. 90% obstruction of the river bed due to the lateral sediment input of a torrent.



		Figure 16. Erosion of the sediment deposit during the experiment.



		Figure 17. Different bed and water levels for series S03 before and after the experimental run.



		Figure 18. Bypassing the river around the construction area.



		Figure 19. Riprap including a low-water channel.



		Figure 20. Webcam picture of the stabilized river stretch (8 January 2014).



		Figure 1. The rehabilitated river channel within the surveyed river.



		Figure 2. Development of a river’s horizontal alignment for the design of groynes.



		Figure 3. Frankenhof project on the Buffeljags River showing few but long groynes and large radius bend.



		Figure 4. The determination of projection length.



		Figure 5. The design of groyne crest levels for different return period floods.



		Figure 6. Layout of the Mullersrus project showing the rehabilitated channel and groynes.



		Figure 7. View of Mullersrus project just after construction and the during the 2008 flood.



		Figure 8. Aerial view of Mullersrus project after 2008 flood.



		Figure 1. Laboratory flume and experimental set up.



		Figure 2. Four zones of spur-dike.



		Figure 3. Spur-dike with d50 = 3.5 mm and U/UC = 1~1.2 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front (circular line is failure area).



		Figure 4. Spur-dike with d50 = 3.5 mm and U/UC = 1~1.35 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 5. Spur-dike with d50 = 3.5 mm and U/UC = 1~1.5 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 6. Spur-dike with d50 = 7.1 mm and U/UC = 1~1.2 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 7. Spur-dike with D50=7.1 mm and U/UC = 1~1.35 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 8. Spur-dike with d50 = 7.1 mm and U/UC = 1~1.5 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 9. Spur-dike with d50 = 11 mm and U/UC = 1~1.2 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 10. Spur-dike with d50 = 11 mm and U/UC = 1~1.35 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 11. Spur-dike with d50 = 11 mm and U/UC = 1~1.5 (a) before failure in plan, (b) after failure in plan, (c) before failure in front, (d) after failure in front.



		Figure 1. View of the experimental set-up used in this study.



		Figure 2. Bank attached vanes (view upstream).



		Figure 3. Topographic maps for four different distances between vanes.



		Figure 4. Comparison of cross-sectional profile for tests using different space between vanes.



		Figure 5. Variation of maximum scour depth versus vane spaces.



		Figure 6. Cross-sectional profile showing the thalwege.



		Figure 1. Gravels size materials occlude the bottom rack intake system (Ract-Madoux et al. 1955).



		Figure 2. Rack partly occlude by the gravel transport (UPCT laboratory).



		Figure 3. Lengths calculated with different formulae, and measured in reduced models and prototype, for flow between bars L1, and flow over bars L2. Case of circular bars with m = 0.6 (Castillo & Lima 2010).



		Figure 4. Intake system physical device at Universidad Politècnica de Cartagena, Spain.



		Figure 5. Scheme of wetted rack lengths L1 and L2.



		Figure 6. Detail of the mesh near rack for simulations with rack slope of 20%.



		Figure 7. Detail of the domain fluid near the rack.



		Figure 8. Sieve curves of the gravel-size materials analyzed.



		Figure 9. Flow profiles over a bar measured and modeled with CFD, for horizontal slope and considering rack C (m = 0.28).



		Figure 10. Flow profiles over a bar measured and modeled with CFD, for 20% slope and considering rack C (m = 0.28).



		Figure 11. Detail of the flow profiles over a bar measured and modeled with CFD, for horizontal slope and considering rack C (m = 0.28).



		Figure 12. Detail of the flow profiles over a bar measured and modeled with CFD, for 20% slope and considering rack C (m = 0.28).



		Figure 13. Wetted rack lengths (horizontal projection) for an horizontal rack C, with m = 0.28, and considering different flow rates.



		Figure 14. Wetted rack lengths (horizontal projection) for an 20% slope rack C, with m = 0.28, and considering different flow rates.



		Figure 15. Water profile over the rack for rack C (m = 0.28) 20% slope, q1 = 155.4 l/s/m. a) Clear water case; b) water with gravel 2 case.



		Figure 16. Time evolution of the rejected flow for tests carried out with the rack C (m = 0.28), gravel 2, and q1 = 155.4, when several slopes are considered.



		Figure 17. Time evolution of the rejected flow for tests carried out with the rack C (m = 0.28), gravel 2, and q1 = 114.5, when several slopes are considered.



		Figure 18. Derivation capacity for rack B (m = 0.22) and gravel 1 in function of rack slope.



		Figure 19. Derivation capacity for rack C, m = 0.28, and gravel 2 in function of rack slope.



		Figure 20. Wetted rack lengths (horizontal projection) for tests carried out with gravel 1, rack B and different flows.



		Figure 21. Wetted rack lengths (horizontal projection) for tests carried out with gravel 2, rack C and different flows.



		Figure 22. Rate of material collected with rack B and gravel 1.



		Figure 23. Rate of material collected with rack C and gravel 2.



		Figure 1. Hydraulic flume with sluice gate, blocks and ultrasound probes.



		Figure 2. Longitudinal profile (top picture) and ground-plan (down picture) of the experimental hydraulic flume with sluice gate, macro-roughness structure composed of sharp edged blocks and ultrasound depth and velocity probes.



		Figure 3. Longitudinal profile showing sluice gate, blocks, hydraulic variables, energy grade line (dashed) and water surface line (solid) with hydraulic jump.



		Figure 4. Energy dissipation vs. number of rows, for all (38) geometrical configurations.



		Figure 5. Normalized energy dissipation vs. number of rows, for configuration 211 2 7 300 50. With a three row macro-roughness structure, the hydraulic jump started slightly downstream of the third row.



		Figure 6. Energy dissipation vs. number of rows, for configuration 211 6 11 265 50. With a three row macro-roughness structure, hydraulic jump started slightly upstream of the third row.



		Figure 7. Upper limit location of hydraulic jump as a function of the number of rows for configurations 211 6 11 265 50 and 211 2 7 300 50.



		Figure 8. Configuration 211 2 7 300 50, with four macro-roughness rows. Small longitudinal block spacing, ey < 11.b2, yields undulating jump.



		Figure 9. Configuration 211 6 11 265 50, with three macro-roughness rows. Large longitudinal block spacing, ey ≥ 11.b2, yields typical oscillating jump.



		Figure 10. Configuration 211 2 2 265 50 revealing a typical velocity distribution at the downstream end of the macro-roughness structure: between and behind blocks. Dash-pointed line refers to channel without blocks.



		Figure 11. Second order polynomial regression fitting of configuration 211 2 7 300 50, relating energy dissipation due to macro-roughness elements and installed number (four) of dissipater rows.



		Figure 12. Multiple non-linear regression analysis pointing out a good correlation between measured and predicted energy dissipation calculated with equation 2.



		Figure 13. Dissipater device of Aire River. Small-scale model at hepia-Geneva (top picture) and prototype (down picture).



		Figure 14. Case 2.5 2.5 1.0 2.5 5.0 147.5 56.25 (Present study, values in mm) and case 1 1 0.4 1 2 5.9 2.25 (Aire river, values in m). Results of the present study are predicted by Equation 2 and that of Aire river were measured on model. Comparison of hydraulic heads above plane-parallel sharp edged dissipater rows confirms the adequation of the designing equation for river engineers.



		Figure 1. Topobathymetry of the regions reproduced in the scale model of Sitio Pimental.



		Figure 2. Reduced scale model of sitio pimental—general layout of dam works.



		Figure 3. Level measurement points to calibrate the bed.



		Figure 4. Vegetation density on the islands.



		Figure 5. Representation of the effect of vegetation on the islands—impervious levees.



		Figure 6. Roughness distribution along the reduced scale model of Sitio Pimental.



		Figure 7. Rating curves of Mangueiras (PL8) and Ilha do Forno (PL9) linimetric stations.



		Figure 8. Downstream view of Marciana island— 15,000 m3/s flow.



		Figure 9. General upstream view—23,600 m3/s flow.



		Figure 1. Hydropower on the Mekong Basin (a) and the study reach between Luang Prabang and Xayaburi (Lao PDR) (b). Source: map based on the University of Canterbury (http://mekongriver.info/), data: MRC.



		Figure 2. Rating curvean gaugings at Luang Prabang.



		Figure 3. Bathymetry and sediments concentrations (total in red and sand in blue) measured at Luang Prabang (a) and Xayaburi (b) in Aug. 2013.



		Figure 4. Sediment rating curves at Luang Prabang (a), Xayaburi upstream the dam location (b) Xayaburi downstream the dam location (c) and Kratie (d). Black circles correspond to bedload data, magenta squares to suspended-load data using both ADCP velocity measurements and Niskin-type sampling, and red diamonds to suspended-load using the Delft bottle.



		Figure 1. Position and kind of groynes in Shigenobu river.



		Figure 2. Target groynes at 14.8 km from river mouth.



		Figure 3. Collected stones of groynes (No. 1 and 2).



		Figure 4. Scaled groyne models.



		Figure 5. Arrangement of scaled groyne models.



		Figure 6. PTV measurement systems.



		Figure 7. Flowchart of PTV code.



		Figure 8. Magnitude of mean velocity (cm/s) for groynes with gabion (a) and with concrete (b).



		Figure 9. Turbulence intensity (cm/s) in streamwise direction for groynes with gabion (a) and with concrete (b).



		Figure 10. Reynolds stress (cm2/s2) for groynes with gabion (a) and with concrete (b).



		Figure 11. Numerical results for mean velocity for four successive groynes.



		Figure 12. Numerical results for bed variation around four successive groynes groynes.



		Figure 13. Numerical results for bed variation around five successive groynes.



		Figure 1. Alberche River test. Domain of interest and level (m).



		Figure 2. Alberche River test. Control points and lines.



		Figure 3. Depth at gauge 3.



		Figure 4. Depth at gauge 12.



		Figure 5. Velocity at gauge 3.



		Figure 6. Velocity at gauge 12.



		Figure 7. Level along control line.



		Figure 8. Velocity along control line.



		Figure 9. Depth (left) and velocity (right) correlation plots comparing the FE against the BE first order schemes.



		Figure 10. Depth (left) and velocity (right) correlation plots comparing the first order FE against the second order BDF scheme.



		Figure 11. Depth field obtained with the BDF second order scheme after 300 minutes of simulation.



		Figure 12. Velocity field obtained with the BDF secon order scheme after 300 minutes of simulation.



		Figure 1. Schematization of top layer MODFLOW cell below river.



		Figure 2. Layout of test case: (a) Digital Terrain model (b) River and zones identified for tracking flux.



		Figure 3. Summary of flux exchange recorded for model runs.



		Figure 4. Comparing exchange profile along the river for different formulation of (k/l) for k1 and 772 × 515 × 1 grid setup.



		Figure 5. Comparing results for 10 s and 900 s coupling time-step with k1, Equation 7 and 772 × 515 × 1 grid setup.



		Figure 1. Control volume for calculation.



		Figure 2. The locations of the cofferdam and the diversion channel in the 2nd phase of Three Gorges Project.



		Figure 3. The distribution of the closure gap areas.



		Figure 4. Schematic diagram for the movement of the grids in this study (Q = 19400 m3/s).



		Figure 5. Flow pattern diagrams for the study (Q = 19400 m3/s).



		Figure 1. The in situ device applied for measurements of the critical shear stress for incipient motion of cohesive sediments.



		Figure 2. Schematic overview of the SETEG- and SEDCIA-system to measure depth-dependent critical shear stresses and erosion rates in the laboratory (after Kern et al. 1999, modified).



		Figure 3. Vertical profiles of sediment bulk density and critical shear stress based on laboratory measurements at two sampling sites in River Elbe.



		Figure 4. Depth-averaged particle size distributions of sediment cores taken from two sampling sites in River Elbe.



		Figure 5. Vertical profiles of sediment bulk density and critical shear stress based on laboratory measurements at three sampling sites in River Saale.



		Figure 6. Vertical profiles of sediment bulk density and critical shear stress based on laboratory measurements at three sampling sites in River Saale.



		Figure 7. Vertical profiles of chlorophyll-a concentration and TOC at three sampling sites in River Saale.



		Figure 1. Example of coupling of building blocks in integrated modeling in the GEOS-5 climate model implemented in ESMF. Figure from Collins et al. (2005).



		Figure 2. Example of an object defining an equation, with the definition of its input and output variables (top), the initialisation and description of each variable (middle) and the equation itself (bottom) in the object’s Compute method.



		Figure 3. Schematic view of a numerical model and its equation graph (Rouse profile of suspended sediment concentration). Objects in yellow are framework elements.



		Figure 4. Propagation of a water level disturbance in a shallow water box model in the present Matlab test case (top) and in Delft3D (bottom).



		Figure 5. Computation time of the box model test case with the default Matlab inversion operator, with the Matlab implementation of the stabilised biconjugate gradient method and in Delft3D.



		Figure 6. Example of model setup in the modeling framework (1/2): model creation.



		Figure 7. Example of model setup in the modeling framework (2/2): model parameters, boundary conditions and output.



		Figure 8. Example of model documentation obtained from the framework.



		Figure 1. A) Daily sediment discharge data for the Scioto River at Higby. B) Frequency relationship. C) The peak of the sediment load versus discharge flow rate relationship is the effective discharge. (1 ft3/s (cfs) = 0.0283 m3/s; 1 ton US = 0.907 tons metric).



		Figure 2. The bankfull elevation is the fringe of vegetation on the top left side of the point bar.



		Figure 3. Regional bankfull geometry relations for the Scioto River in Ohio.



		Figure 4. Simon and Hupp (1986) stream evolution model (Source: Ward and Trimble, 2004).



		Figure 5. Dysart run profile (reference reach spreadsheet).



		Figure 6. RRSS output for a cross-section on Dysart Run. The dashed line is the bankfull elevation. Each diamond shaped point on the bed and banks are the locations where survey measurements were made. Below the cross-section is a table of output associated with the bankfull elevation and measured pebble-count data.



		Figure 7. Plot of bed material pebble count data at riffles in Dysart Run.



		Figure 8. Conceptual model of a cross-section at Dysart Run with a floodplain that is twice the width of the bankfull channel. The bankfull channel has the same top width, mean depth and cross-section area as the surveyed cross-section shown in Figure 5. The stage of different magnitude discharge events (0.8 years to 50 yrs) are plotted as solid and dashed horizontal lines.



		Figure 9. The same conceptual model as shown in Figure 8 but illustrating that the effective discharge and bankfull discharge are similar. The effective discharge curved line is similar in nature to that in Figure 1 but has been rotated 90 degrees.



		Figure 10. Meander pattern and geometric properties for Dysart Run based on a bankfull width of 7 m and a meander pattern determined from Soar (2001).



		Figure 1. a) General location b) Station Intake and the Western Creek c) Station Intake, and the stone peaks to the East.



		Figure 2. TIN grid for the region used in the hydrodynamic model.



		Figure 3. The surface of a river bed for the study area.



		Figure 4. The values of velocities at the water intake (current situation).



		Figure 5. Directions of velocities at the water intake (current situation).



		Figure 6. Velocities magnitudes at the intake (1st alternative).



		Figure 7. Directions of velocities at the water intake (1st alternative).



		Figure 8. Velocities magnitudes at the intake (2nd alternative).



		Figure 9. Directions of velocities at the water intake (2nd alternative).



		Figure 10. Raster grid for the hydrodynamic model results, 1st alternative.



		Figure 11. Raster grid for the hydrodynamic parameters ratios, 1st alternative to the original case.



		Figure 12. Weighted grids for all alternatives.



		Figure 1. Layout of the river Aare from weir Port to weir Winznau.



		Figure 2. Normalized flood hydrographs at the station Murgenthal und the derived typical hydrograph for the HQ10000.



		Figure 3. Longitudinal profile of the Aare with the reactivated bedload transport (Kanton Aargau 2005).



		Figure 4. Derived bedload hydrograph for the HQ10000.



		Figure 5. Derived suspended load hydrograph for the HQ10000.



		Figure 6. Computational mesh.



		Figure 7. Average river bed elevation upstream of the weir Winznau.



		Figure 8. Simulation result of the bed level changes due to the flood in 2007.



		Figure 9. Simulation result of the bed level changes, downstream of the weir Winznau due to the flood in 2007.



		Figure 10. Deposition and erosion between 1999 and 2008 (Alpiq Hydro AG, 2010).



		Figure 11. River bed level changes by scenario 1.



		Figure 12. River bed level changes by scenario 3.



		Figure 13. Calculated water levels at point A (see Fig. 7) for the scenario 1 and 2.



		Figure 14. Calculated water levels at point A (see Fig. 7) for the scenario 1 and 3.



		Figure 1. Study catchment of the Hasliaare River. The study reach for the bedload transport simulations extends over 17 km from Handegg to Meiringen (thick blue line), see also Figure 2. The hydrology is influenced by a hydropower network, particularly in the upper catchment.



		Figure 2. Channel gradient and characteristic grain sizes D84 and D50 along the Hasliaare study reach. Solid vertical lines indicate tributaries, while the two dashed vertical lines confine the depositional reach in Innertkirchen.



		Figure 3. Hydrographs used for the simulation of the flood event of 21 to 24 August 2005.



		Figure 4. Hydrographs downstream of innertkirchen used for the simulation of the years 2002 and 2011.



		Figure 5. Channel situation of the Hasliaare directly downstream of Spreitgraben confluence (orthophoto images courtesy of Canton of Berne): (a) Situation 2007, before debris-flow activity (5 Aug 2007), (b) Situation 2011, after massive sediment supply (17 Nov 2011) from the Spreitgraben tributary and deposition in the Hasliaare.



		Figure 6. Simulated total sediment transport and bed level changes for the August 2005 flood event (no lateral sediment input simulated). Vertical lines (in this and the following figures) give locations as labeled in Figure 2.



		Figure 7. Simulated total sediment transport and bed level changes for the “wet” year 2002 (no lateral sediment input, case “NLS” in Table 1).



		Figure 8. Simulated total sediment transport and bed level changes for the “dry” year 2011 (no lateral sediment input).



		Figure 9. Simulated total sediment transport and bed level changes for a “wet” year (2002) including low sediment input from five debris-flow tributaries (case “LV” in Table 1).



		Figure 10. Simulated total sediment transport and bed level changes for a “wet” year (2002) including high sediment input from five debris-flow tributaries (case “HV” in Table 1).



		Figure 1. Sedimentation in left enlargement of Klingnau reservoir (metron, 2010).



		Figure 2. Longitudinal profile of the Rhine River from its junction with the Aare River down to Birsfelden dam, including seven dams in cascade.



		Figure 3. Flow duration curves of the Rhine River in Rheinfelden (1993-2012).



		Figure 4. Gradation curve of deposited material in the Klingnau reservoir (metron, 2013) and of suspended load of the Aare river.



		Figure 5. 2D model of RADAG reservoir.



		Figure 6. 2D model of the Leibstadt weir and Werkkanal entrance.



		Figure 7. Velocity field for a total discharge Qw of 880 m3/s and alternatives of injection points.



		Figure 8. Deposition after 10 hours of injection with Qw = 880 m3/s for different alternatives.



		Figure 9. Bed-level shear velocities for different scenarios comparing to the critical shear velocity of grains with different sizes.



		Figure 10. Deposition downstream of the injection point after 2 days (10 hours of injection and 14 hours of pause every day) for different discharges.



		Figure 11. Deposition in the upper part of the RADAG reservoir after 33 days of injection with a discharge of 880 m3/s.



		Figure 12. Deposition at the injection point after 33 days (10 hours of injection and 14 hours of pause every day) during a dry year following by a one year flood event.



		Figure 1. Location of study area.



		Figure 2. Measured water levels of Mabechi River.



		Figure 3. Measured water levels of Takase River.



		Figure 4. Hypothetical case for numerical experiment.



		Figure 5. Wave inlet condition at the river mouth.



		Figure 6. Comparison of computed velocity by the numerical experiment and estimated velocity by conservation equation.



		Figure 7. Computed river discharge variation.



		Figure 8. Computed flow velocity induced by the tsunami.



		Figure 9. Computed river discharge variation during the tsunami propagation into the river.



		Figure 10. Computed flow velocity induced by the tsunami.



		Figure 1. Location of HEC-RAS model domain (thick black line) along the Lower American River (not to scale).



		Figure 2. Measured channel invert profile and hard bed profile of LAR for 2006 bathymetry. These are the initial profiles used for the flood sequencing simulations in the study. The shaded portion of the plot indicates the region of the model domain where some of the hard layers are <0.5 m from the bed surface, thus limiting the erosion potential of the sections.



		Figure 3. Extreme flood hydrographs released at the Folsom Dam from USACE.



		Figure 4. (a) Variation in bed surface D50 in model set up of the LAR and (b) mean grain size distribution for LAR.



		Figure 5. Sequences of USACE flood hydrographs used as HEC-RAS inflow boundary conditions. — 1:5 year; ---1:10 year;-·-·1:25 year; — 1:50 year; --- 1:100 year.



		Figure 6. Channel invert results from sequencing simulations. (a) change in channel invert level; and (b) channel invert change envelope. The arrow indicates the location (31.74 km) where the envelope size is at its maximum of 0.65 m.



		Figure 7. Time series of channel invert level from all simulations. The channel invert level from the 2006 survey data is 15.01 m, used in all simulations as the starting condition. Data is presented for a single cross-section is taken at —31.74 km from the downstream boundary corresponding with the maximum change annotated on Figure 6a.



		Figure 8. D50 results from sequencing simulations. (a) final D50 in LAR; and (b) final D50 envelope.



		Figure 1. Annual rainfall erosivity (MJ · mm · ha−1 · hr−1) from 1954 to 2012.



		Figure 2. Spatial distribution of soil loss rate (t · km−2 · yr−1) for (a) 2005 and (b) 1988.



		Figure 3. A comparison of the vegetation coverage for the area currently occupied by the rubber farm.



		Figure 4. Rubber farm distribution and sample site P4.



		Figure 5. Size distribution for the top layer and middle layer of river bed on P4.



		Figure 1. Plan of flume with lateral shelter.



		Figure 2. Tested shelter configurations (Ribi et al. 2010).



		Figure 3. HSC for juvenile and adult trout (Cortes et al. 2000).



		Figure 4. Velocity distribution in the flume and in the shelters (m/s) (River2D).



		Figure 5. Frequentation rate (Ribi et al. 2010) and HHS values for each tested configuration. Bars represent the frequentation rate and lines the HHS values, both for juvenile and adult life stages.



		Figure 1. Measuring points in plan for laboratory experiments, (a) Tests 1–5, (b) Test 6, (c) Test 7.



		Figure 2. Predicted vs measured velocities for Test 1.



		Figure 3. Predicted vs measured velocities for Test 6.



		Figure 4. Zone of Influence (ZOI) of a boulder.



		Figure 5. Effect of discharge on (a) velocity range and (b) Froude number range in 10% ZOI with one boulder.



		Figure 6. Effect of multiple boulders on extent of ZOI.



		Figure 7. Effect of multiple boulders on velocity variance.



		Figure 8. Dimensions of nonlinear boulder arrangements.



		Figure 9. Nonlinear arrangements with 3 and 4 boulders.



		Figure 10. Boulder shapes investigated.



		Figure 1. The landscape of Kamisaigo Rivers.



		Figure 2. Scenery of habitat mapping/flow ecological mapping.



		Figure 3a. The perspective of the landscape has been mapped to classify ecological flow as five local habitats.



		Figure 3b. The perspective of the landscape has been mapped to classify ecological flow as five local habitats.



		Figure 4. The line transect method (quadrate method).



		Figure 5. The influence of flow ecology habitat (rapid/ riffle, run, glide, slack/shallow, and scour/pool) on the physical environment (depth, velocity, substrate).



		Figure 6. Box and whisker plot of Kamisaigo River mean DVS (depth-velocity-substrate) and Reynolds/ Froude number data.



		Figure 1. Study area and camera-recording sites, Tenryu River.



		Figure 2. Habitat distributions within the camera-recording sites at the beginning, as of 8 August 2012.



		Figure 3. Hourly discharge at the Kashima gauging station located at 25 k-point, in relation to surveys conducted.



		Figure 4. An image of superposing an orthogonal image developed and aerial photo taken both in December 2012.



		Figure 5. Upstream photo sequences of a small flood from 22 October to 2 November 2012.



		Figure 6. Upstream photo sequences of a middle flood from 14 September to 3 October 2013.



		Figure 7. Results of the riverbed softness survey. Higher the numbers indicate the riverbed is soft and vice-versa.



		Figure 8. Micro habitat photos of Up-SP-1. These photos represent well how fine sediment is deposited by a backwater effect, leading to softened riverbed.



		Figure 9. Results of orthogonalization of photo data, showing a temporal series of erosion and deposition areas, since 17 August 2010 to 16 September 2013.



		Figure 10. Aerial photos at a reach scale in August 2010, December 2011, and December 2012.



		Figure 11. Relations between flood intensity and riverbed erosion and deposition areas. This figure also depicts geomorphological changing patterns and resultant SPs & BWs heterogeneity and Rf suitability.



		Figure 1. Simulated domain of the Macquarie Marshes. Flow of water follows South to North direction.



		Figure 2. Registered and simulated discharges for low flow event in gauge station No. 421129.



		Figure 3. Measured and simulated discharges for low flow event in gauge station No. 421152.



		Figure 4. Inundation maps of the selected events. Remote sensing maps a, c and e for low, medium and high flow events respectively. Modeled event maps b, d and f for low, medium and high flow respectively.



		Figure 5. Measured and simulated discharges for medium flow event in gauge station No. 421147.



		Figure 6. Measured and simulated discharges for medium flow event in gauge station No. 421152.



		Figure 1. The Itezhi-Tezhi Reservoir (ITT) is located on the lower Kafue River, Zambia, upstream of the protected Kafue Flats floodplain and the electricity-producing Kafue Gorge Dam (KGD).



		Figure 2. Total N (TN, a) and P (TP, b) mass balances for ITT.



		Figure 3. Water column measurements from ITT Reservoir (circles and dotted lines) as well as simulated concentrations by RES1 at the dam (bold dashed lines) on 5 June 2009 are compared.



		Figure 4. Contour plots of simulated DO (a), DIN (b) and SRP (c) concentrations during the current dam management rules (“Base”, panels in the left column) as well as in the optimized withdrawal scenario (“Turb”, right column). Open triangles depict the depth of the surface spillage, turbine withdrawal depths are illustrated by filled triangles.



		Figure 5. Simulated DO and nutrient outflow concentrations are shown for the 2008/09 period in the base scenario limited to surface spilling (panels in the left column) as well as in the optimized turbine withdrawal scenario.



		Figure 1. Study area and sampling sites in the Naban River.



		Figure 2. A species of Blephariceridae.



		Figure 3. DCA ordination diagram of the 7 sampling sites based on abundance of macroinvertebrates. ®, group I; Δ, group II; ο, group III.



		Figure 4. Density of each taxonomic group of macroinvertebrates in each sampling site.



		Figure 5. Density of each functional feeding group of macroinvertebrates in each sampling site.



		Figure 1. Site location with original creek reach.



		Figure 2. Contaminated soil zones in the creek area.



		Figure 3. Historical configuration of ruisseau Bernard Ouest within the site boundaries (1930).



		Figure 4. Typical cross-section of the original creek.



		Figure 5. Delineation of the creek watershed.



		Figure 6. Average duration of the backwater effect from the Richelieu River in the original creek.



		Figure 7. Footprint of the ruisseau Bernard Ouest diversion reach, away from the original creek and the contaminated soil zones.



		Figure 8. Cross-section of the low flow channel.



		Figure 9. Profile of the diversion reach.



		Figure 10. Typical plan view of the diversion reach’s riffles.



		Figure 1. Research area map.



		Figure 2. Catchment area and sampling station at each study site.



		Figure 3. Vegetation map of Anmon River catchment area.



		Figure 4. Geological feature map of Anmon River catchment area.



		Figure 5. Water specific discharge at Anmon River catchment and water flowing into Meya Dam in 2011 on a semilogarithmic graph.



		Figure 6. Water specific discharge at the Sunako Stream catchment and water flow into Aseishigawa Dam in 2011 on a semilogarithmic graph.



		Figure 7. Regression formula for rainfall and direct discharge for each study site, on a logarithmic graph (R-Qd equation).



		Figure 8. Regression line relationship between rainfall and direct discharge for each study site, on a logarithmic graph (R-Qd equation).



		Figure 9. Regression line relationship between direct runoff and runoff load for each study site, on a logarithmic graph (L-Qd equation).



		Figure 10. Regression line relationship between rainfall and runoff load for each study site, on a logarithmic graph (R-Ld equation).



		Figure 1. Location of the lake Aasee and the Münsterschen Aa in the urban and extra-urban area of Münster.



		Figure 2. Visual aspect of the Münstersche Aa in the urban area of Münster, showing exceptionally low runoff in summer (small weirs normally keep higher water levels).



		Figure 3. Model section of the Münstersche Aa in-situ (left) and in the physical 1:16 scale model with movable bed (right).



		Figure 4. 1:1-scale test section: Initial state of the pilot action. Bed of medium gravel with low flow trench; fixed wooden blocks for habitat initiation.



		Figure 5. Changes of river bed due to different flood events; left: material 1; right: material 2. Deep scours would seriously endanger the stability of the cantilever walls in full scale.



		Figure 6. Water surface level while flooding (left) and low water level (right).



		Figure 7. Digital terrain model–initial state and 4 months later.



		Figure 8. Micro groins, intended to guide the flow, like cross-bars perpendicular to the intended flow direction around the outer edge of a wooden block.



		Figure 9. Special construction—compensation habitat.



		Figure 10. Digital terrain model; top: experimental setup of a proposed reconstruction measure; bottom: three month later; (the density of elements is owed to the shortness of the test stretch).



		Figure 11. Substrate diversity; significantly enhanced (from purely medium gravel) through morphodynamic processes over 14 months.



		Figure 12. Newly developed element.



		Figure 13. Average taxa numbers (light bars with standard deviations) and total taxa numbers (dark bars). Flow direction is indicated (arrow). Pilot section (double line tag), channel stretch enriched with gravel stones and blocks (single line tag), original channel sites with compacted drift deposits (no line tag).



		Figure 14. Average abundances (given in 1000 individuals per square meter). Flow direction is indicated (arrow). Pilot section (double line tag), channel stretch enriched with gravel stones and blocks (single line tag), original channel sites with compacted drift deposits (no line tag).



		Figure 15. Scour formation (left) and shear stress (right) in the test section, calculated by morphodynamic numerical simulation over 3 days (artificial flood events).



		Figure 1. Location of Old Rhine river reach of interest, between Kembs and Breisach dams. Rhine is flowing Northward.



		Figure 2. Evolution of maps between 1828, 1872 and 1925 illustrating channelization and simplification of Rhine river morphological patterns between Kembs and Breisach—from [4], p. 119. Areas main colours code: blue: channelized flow; green: vegetation; orange: meadows, cultures; red: urban areas; black: embankment & levees.



		Figure 3. O3 site: (a) aerial view depicting presence of groynes and gravel bars on right bank upstream, and left side downstream the site (b) picture showing steep slope of O3 riprap protected bank and a groyne.



		Figure 4. Grain size distribution for O3 site, divided in 4 classes for defining model material sand mix sizes, e.g. from finest to coarsest: d = 0,15 mm; d = 0,65 mm; d = 1,15 mm; d = 2 mm.



		Figure 5. O3 physical model layout (from downstream). Red-circled zone is made of mobile material (bank and near-bank river bed).



		Figure 6. O3 site optimized riprap and groynes modification scenario, and bank erosion pattern for Q1 flood condition (after 1 day test duration—prototype time scale).



		Figure 7. Hydrogram tested on the model to simulate a sequence of 10 years of average hydrological conditions.



		Figure 8. Mechanical shovel at new work on groyne 3 construction (May 2013).



		Figure 9. Pictures of O3 bank site (a) end of works (May 27, 2013); (b) end of flood event (June 6, 2013); (c) low flow conditions (end of August 2013).



		Figure 1. ’Morphology of Bahamnshir River.



		Figure 2. Correlation between discharge and (Ec) in Karun River before Bahmanshir branch.



		Figure 3. Longitudinal profile of maximum value of TDS.



		Figure 4. Maximum and minimum envelope of salinity in the length of Bhmanshir.



		Figure 5. Tidal levels at the middle of Bahamnshir River.



		Figure 6. View of Bahmanshir River.



		Figure 7. Section of River at the dam site.



		Figure 1. Location and plan view of the test reach.



		Figure 2. Arrangement of the reaeration experiment.



		Figure 3. (a) Variation of DO and channel width along the river; (b) Variation of WT and channel width along the river.



		Figure 4. Variation of reaeration rate along the river.



		Figure 5. Correlation between reaeration rate and channel width.



		Figure 6. Species numbers and DO values of sampling locations.



		Figure 1. Different flow pattern depending on the pool geometry; top: laboratory model by Wang et al. (2010), below: actual numerical simulation.



		Figure 2. Applied model geometries: Section of Koblenz fishway (a), straight channel (b), laboratory model according to Wang et al. (2010) (c), large-scale model of vertical slot (d).



		Figure 3. Comparison of flow velocities measured on-site (left) with the simulation results (right) in a plane approximately 50 cm below the water surface.



		Figure 4. Realistic simulation of the heavily deformed water surface upstream of the vertical slot; left: simulation results, right: laboratory model.



		Figure 5. Comparison of simulation results with coarse (left) and fine (center) discretization and LDA velocity measurement (right) in a mean water depth.



		Figure 6. Occurrence of different flow patterns depending on pool width, slot width and bed slope; illustration according to Wang et al. (2010).



		Figure 7. Occurrence of different flow patterns depending on pool length, pool width and bed slope.



		Figure 8. Comparison of simulation results for the model with a maximum backwater level of 4 m based on a velocity-section approximately 1 m below the water surface; almost steady calculation result of Reynolds-averaged turbulence modeling (top) and exemplary point in time of transient LES (bottom).



		Figure 1. River Meuse basin.



		Figure 2. Rivière dam, lock and fish pass.



		Figure 3. Rivière fish pass, plane view and cross sections. (a) Existing; and (b) Future, initial design.



		Figure 4. General picture of the scale model, initial layout.



		Figure 5. Typical computed water surface profile fo upstream section.



		Figure 6. Piezometric measurements in the attraction channel. Without (+) and with (×) contraction.



		Figure 7. Pictures of the flow in pools, initial design: (a) P2; and (b) P4.



		Figure 8. Water surface profile in the fish pass. Initial (+) and final (×) layout.



		Figure 9. Pictures of the flow in pool P6. (a) Initial design; and (b–c) final design.



		Figure 10. Numerical modeling of the flow in the pools, initial design. (a) P2; and (b) P4.



		Figure 11. Numerical modeling. Dissipation rate normalized by mean dissipation rate p = 130 W/m3. Pool P2.



		Figure 1. Distribution of different construction types in Germany and Switzerland (as of September 2013).



		Figure 2. Illustration of current flow through a basin (type “C”).



		Figure 3. Top view of a meander-type fish pass “C”, (Peters, 2005).



		Figure 4. Top view of a meander-type fish pass “J” (Peters, 2005).



		Figure 5. Top view of a meander-type fish pass “H” (Peters, 2005).



		Figure 6. Bottom construction of the meander-type fish pass.



		Figure 7. Top view of the complete fish pass facility Rothemühle (“S” = slots, “B” = basins).



		Figure 8. View from downstream to basin B10–B15; for photographer’s location see Figure 7.



		Figure 9. Lateral profiles—principals and definitions, top view.



		Figure 10. Distribution of longitudinal flow velocities vx [m/s] in the lateral profiles A–A up to G–G, also see Figure 9.



		Figure 11. Partial 3d-hydronumerical model of basins B3 (partially), B4, B5 and B6 (partially); also see Figure 7 for numbering.



		Figure 12. Qualitative flow regime in basin B4—top: measured and visualised values; below: partial 3d--hydronumerical simulation.



		Figure 13. Complete 3d-hydronumerical model (ANSYS® CFX) after 325 simulation steps.



		Figure 1. a) TLS point cloud; b) Measuring data and DTM; c) Detail view of the DTM with breaklines. Images by Dichgans (2013).



		Figure 2. Exemplary analysis of simulation results of the 2D model with regard to ecological questions: Depth-averaged velocities for Q330 = 8.2 m3/s: Complete view (left picture); possible migration corridor for salmon (right picture). Images by Dichgans (2013).



		Figure 3. Photograph of the fishway section to be modeled.



		Figure 4. Visualization of the topographic model.



		Figure 5. a) Photograph of the selected pool with indication of ADV measurement raster; b) Comparison of velocity profiles (simulation and measurement) for four selected vertical profiles (the locations of these profiles are indicated in the left picture).



		Figure 6. Visualization of the 3D flow patterns by means of exemplary longitudinal and cross-sectional vertical profiles.



		Figure 7. Top view of an exemplarily selected pool structure at Q = 0.6 m3/s: distribution of flow velocities and typification.



		Figure 1. Ramp versus drop; Energy dissipation on the ramp occurs on longer section compared to a drop structure, improving upstream migration for certain fish species.



		Figure 2. Illustration of the three design criteria: a) ramp stability during overload; b) sudden block losses due to inappropriate block sizes compared to the bed material; c) availability of migration corridors with acceptable flow velocities and water depths.



		Figure 3. Comparison between measured ub/u*,b and ub/u*,b calculated with equation 2 adapted from Pagliara & Chiavaccini (2006) where the parameter d84 is replaced by the protrusion of the blocks P.



		Figure 4. Dissipated specific power density PD determined for different ramp slopes S versus specific discharge q for a ramp built with the parameter combination of experiment A10 upscaled to prototype conditions assuming Froude similarity and a geometrical scale factor Ω = 25.



		Figure 5. Topography of the measurement area with slices indicating cross-sections at x = 90 (just upstream of a block), 190 (just downstream of a block) and 240 mm (between two blocks). Values in this diagram and in the following refer to model dimensions.



		Figure 6. Cross-sectional downstream view showing the local time-averaged velocities ū normalized with the bulk velocity ub,2 at x = (a) 90, (b) 190 and (c) 240 mm for q2 = 13.8 l/(sm) with hm,2/P = 0.88.



		Figure 7. Cross-sectional downstream view with velocities U below (light grey) and above (dark grey) the tolerable velocity for common roach with Ucrit = 0.14 m/s.



		Figure 8. Comparison between velocities U below (light grey) and above (dark grey) the tolerable velocity for common roach with Ucrit = 0.14 m/s (downscaled to model dimensions assuming Froude similarity with a geometrical scale of factor 25) with hm,1/P = 0.63 (a,c) and hm,2/P = 0.88 (b,d).



		Figure 9. Comparison between velocities U below (light grey) and above (dark grey) the tolerable velocity, for three different fish species. The critical velocities for the different fish were downscaled to model dimensions assuming Froude similarity with a geometrical scale of factor 25.



		Figure 1. Whiteman’s Creek study reach and study riffle and redd locations.



		Figure 2. Longitudinal cross section and plan view of typical salmonid redd construction (Zimmer & Power, 2006).



		Figure 3. Velocity measurement methodology and terminology using a PCADP with the cage and track system.



		Figure 4. Modified box-whisker plot to represent Coefficient of Variation (CV) (modified from Marchildon, 2009).



		Figure 5. Coefficient of variation box-whisker plots for various hydrodynamic parameters on a) R1 b) R2 c) R3 d) R4.



		Figure 6. Changes in bed elevation (m) between winter and spring sampling on a) R1 b) R2 c) R3 and d) R4.



		Figure 7. Bed shear stress τ0 on R2 derived from velocity profiles during winter, spring, and summer measurement periods.



		Figure 1. Study area (up) and numerical grid (down) Mm3/s.



		Figure 2. Flow discharge (a) and inlet temperature (b) and grading curve (c) based on the survey made by USGS (The units for the time is day).



		Figure 3. Preference curves for rainbow trout.



		Figure 4. The velocity, water depth and temperature distribution on Colorado River before high-flow discharge (a, b & c) and during high-flow discharge (d, e & f).



		Figure 5. River bed evolution calculated with the high-flow flushing event 2008 using the sediment transport formula derived by MPM. The units of legend is m.



		Figure 6. Habitat distribution comparison between before high-flow discharge (a) and during high-flow discharge event (b).



		Figure 7. WUA and HTS distribution on the high-flow flushing event.



		Figure 1. Age structure model scheme for the rainbow trout (Oncorhynchus mykiss).



		Figure 2. Study site, and the mesh generation for this part.



		Figure 3. The river flow discharge (up) and the temperature distribution (down) on the inlet of the river.



		Figure 4. Larvae (up), Adult (middle) and Spawning (down) Rainbow Trout preference cureves for velocity, temperature, substrates size and water depth. According to the survey of USGS. The substrates of the river bed belong to types 4 (sand with particle size 0.062–2.000 mm).



		Figure 5. Flow velocity, water depth, temperature and associated suitability indexes in 1991.



		Figure 6. Simulation bed changes using the MPM sediment transport formula.



		Figure 7. Weighted Usable Area (WUA), Overall Habitat Suitability Index (OSI) and annual water discharge from 1991 to 2009.



		Figure 8. Calculated overall Habitat Suitability Index (OSI) and caught fish number from 1991 to 2009.



		Figure 9. Fish population comparison between measured fish data and simulation fish number from 1991 to 2009.



		Figure 10. Comparing simulation Rainbow trout number (>405 mm) (up) with catch Rainbow trout number (down) per minute.



		Figure 1. River Sense site location map (Gostner et al. 2013b).



		Figure 2. Flow depth and velocity suitability curves for the juvenile brown trout (Vismara et al. 2001).



		Figure 2. Example of the CUT curves methodology. (a) Discharge time series, (b) HSI time series, (c) CUT curve.



		Figure 4. Hydraulic variables duration curves in a typical pool at the investigated study sites. (a) Flow depth duration curve, (b) flow velocity duration curve.



		Figure 5. Hydraulic variables time series for year 2001 in the runs at the various study sites. (a) Flow depth time series, (b) flow velocity time series.



		Figure 6. CUT curves in the runs at site S1 for different HSI threshold values.



		Figure 7. CUT curves in the runs at the different study sites for the brown trout, imposing as rare threshold HSI = 0.4.



		Figure 1. Upstream looking view of Pliszka River, showing the measuring bridge installed just upstream of the LW.



		Figure 2. Schematical representation of the investigated reach in Plizska River.



		Figure 3. (a) Bathymetry of the investigated section of the Pliszka River, given as distance in m below the water surface. Flow is from top to bottom of the figure. The black crosses indicate the measuring grid for the bathymetry. Velocity measurements were performed in the vertical profiles indicated by black circles, situated in three streamwise-vertical planes. (b) Profile of the cross-section at x = 0 through the LW. The approximate position of the LW is indicated with grey shading.



		Figure 4. Contours of the streamwise velocity component, Vx [m s−1]; vector representation of the streamwise-vertical velocity components, (Vx, Vz) [m s−1], where the red line indicates the scale; and streamwise evolution of the bed shear stress [N m−2], where the bars estimate the uncertainty. Horizontal axis: streamwise distance in m; vertical axis: distance below water surface in m. Undistorted figures. (a) Sand, (b) Gravel, (c) Organic matter.



		Figure 5. Profiles of the square root of the turbulent kinetic energy, tke0.5 [m s−1]. The scale is indicated by the red line. Horizontal axis: streamwise distance in m; vertical axis: distance below water surface in m. Undistorted figures. (a) Sand, (b) Gravel, (c) Organic matter.



		Figure 6. Streamwise evolution of the ratio between depth-averaged turbulent kinetic energy <tke> and depth-averaged mean flow kinetic energy <K>; (blue) sanddominated substrate, (green) gravel-dominated substrate, (red) organic matter dominated substrate. The symbols indicate measured values, the full horizontal lines indicate reference values for straight uniform open-channel flow, and the dashed horizontal lines indicate measured reach-averaged values.



		Figure 1. Wood pile unloaded form a track at Génissiat dam.



		Figure 2. Samples submerged in water and stored in plastic boxes.



		Figure 3. Temporal variability in average mass (due to increase or decrease in water content) of the samples.



		Figure 4. Temporal variability of average wood density (including water content) for Abies (A and B), Fraxinus (C and D), and the decayed wood from Génissiat dam (E and F; all species combined), and for drying (left) and wetting (right) process.



		Figure 5. Temporal variability of wood buoyancy (%) for Populus (A and B), Acer (C and D) and decayed wood from Génissiat dam (E and F; all species combined), and for drying (left) and wetting (right) process.



		Figure 6. Probability density functions of buoyancy (%) for different ranges of average wood density (light: 360–500 kg · m−3; medium: 500–700 kg · m−3; dense: 700–900 kg · m−3; very dense: >900 kg · m−3).



		Figure 7. Probability density functions (observed and fitted to normal) of buoyancy (%) for green wood and decayed wood samples (wet and dry samples combined). Vertical lines shows mean and standard deviation values.



		Figure 8. Relationship between density and buoyancy ratios for all green and Génissiat samples.



		Figure 9. Frequency distributions of (A) average wood density and (B) wood diameter.



		Figure 1. Localization of Canal du Centre, la Haine, the by-channel and the settling basin.



		Figure 2. Cumulative frequency distribution of measured discharge in Boussoit from 01/01/2000 to 10/03/2010.



		Figure 3. Granulometric distribution of sediments measured in Obourg in 2003.



		Figure 4. Sediment concentration in Hensies versus water discharge in Boussoit, measured from 12/2005 to 04/2009.



		Figure 5. Time evolution of discharges on the weir downstream of the settling basin and in Boussoit, from 06/2013 to 12/2013.



		Figure 6. Comparison between water discharges estimated by Eq. (4) and by Eq. (6), on the downstream weir in Obourg, from 06/2013 to 12/2013 (dashed line is identity line).



		Figure 7. Time evolution of discharges on the downstream weir in Obourg in proportion to the discharge in Boussoit at the same time, from 06/2013 to 12/2013.



		Figure 8. Time evolution of sediment concentration and water discharge in Obourg settling basin, from 06/2013 to 02/2014.



		Figure 9. Upstream and downstream sediment concentrations versus water discharge in Obourg settling basin, from 06/2013 to 02/2014.



		Figure 10. Time evolution of mass of sediments entering and outgoing the settling basin, from 06/2013 to 12/2013.



		Figure 1. Overview of the Rhine Delta Rivers and channels. Weirs indicated by triangles.



		Figure 2. Water levels for the chosen alternative for Q = 0 m3/s.



		Figure 3. River cross section.



		Figure 4. River longitudinal cross section.



		Figure 5. Maximum and minimum dam regime for weir Culemborg.



		Figure 6. Water levels in between weir Culemborg and the upstream weir located near the bifurcation.



		Figure 7. Weir location (www.openstreetmap.com).



		Figure 8. Flow velocity for a width of 60 meters till 120 meters.



		Figure 9. Gate positions for an overflow and underflow gate.



		Figure 1. River regime of Jiepai reach.



		Figure 2. Changes of section shape along 4 representative cross-sections.



		Figure 3. Changes of thalweg line since the implementation of the first-phase project.



		Figure 4. Regulation plan arrangement for the Jiepai reach.



		Figure 1. Romanian Danube between Călăraşi and Hârşova. Map: © OpenStreetMap contributors. The inset shows the area of interest, the Bala—Old Danube bifurcation.



		Figure 2. Relation between the discharge of the Lower Old Danube (Cernavodă) as a function of total Danube discharge; dashed line gives an impression of the decreasing trend over the past decades.



		Figure 3. Overview of the measurements and data available in the area of interest. The bed topography measurements are displayed in colour, the black lines indicate the cross-sections of the velocity profiles and the arrows the locations for which water level data was provided.



		Figure 4. Overview of the Bala—Old Danube bifurcation; showing the model grid and locations of boundaries (Google Earth, 7.1.1.1888, 2004).



		Figure 5. a) Map showing the locations of three velocity cross sections. b)–d) Graphs showing the measured and simulated depth averaged velocities, with simulation 1 (Sim. 1) in red and all other simulations in grey-shades (see Table 2).



		Figure 6. Discharge distribution at the Bala—Old Danube bifurcation. The dashed lines indicate the upper and lower limit in discharge; the solid line indicates the best estimate. In red Sim. 1 is shown, others are shown in grey-shades (see Table 2).



		Figure 7. Schematization of the structures. Figures a1 and b1 show the provided samples for the structures in respectively critical point 1 and 2. Figures a2 and b2 show the implementation in the model.



		Figure 8. Effect of the sill according to simulations with a Qh and h downstream boundary. On the horizontal axis the discharge at Silistra is given, which is located some tens of kilometers upstream (see Fig. 1).



		Figure 9. Velocities over the sill, a) indicates the location of the long section, b)–d) show for different simulations the magnitude (in colour) and direction (arrows) of the velocities.



		Figure 10. Drop in water level over the sill for various simulations. The bottom figure shows the relative water level drop, i.e. difference between the simulation with and without sill.



		Figure 1. River regime of the reach.



		Figure 2. Longitudinal profile and water level in the waterway midline.



		Figure 3. Relation between rising values and discharges according to the built junctions.
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