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Preface

For thousands of years, the construction and operation of hydraulic structures has helped people manage
natural river flow in order to control and divert water for flood protection, irrigation, navigation, supply
and sanitation purposes. Several existing ancient structures demonstrate our ancestors’ tremendous grasp
of hydraulic problems and their solutions.

Nowadays, hydraulic engineers face different challenges, resulting mainly from the benefits of the rapid
development of new materials and construction techniques, and from the added requirements of
ecological and economic considerations, resulting in the adaptation of hydraulic structures. For instance,
the European Water Framework Directive, claiming habitat continuity as a main feature for favorable
ecological conditions of our rivers, led to intensive studies on fishways and ramps, even resulting in a
new field of hydraulic research: eco-hydraulics. These desirable ecological conditions must coincide with
new technological needs, such as those evoked by the demand for expansion of renewable energy sources
and a higher capacity of inland waterways and related structures, such as weirs and locks. Economic
considerations often induce new sophisticated designs on single elements or even on whole structures
requiring more hydraulic and structural investigations, e.g. on gate vibrations. On the other hand, climate
change becomes apparent in many regions of the world. More variable rainfall and resulting runoff
challenge hydraulic engineers to review discharge capacity, refurbish and upgrade existing structures,
such as flood protection measures and sewer systems.

The investigation of water-structure interaction thus still demands our attention to fulfill future needs.
Particularly, multiphase flow problems, such as air-water flows and sediment-water flows, are still not
fully understood. Even many phenomena that have been in research focus for a long time, such as the
hydraulic jump, still need further investigation to improve insight and knowledge. These investigations
can be based on different approaches, experimental and numerical modeling as well as field studies. Each
of these approaches may provide useful results, but most notably the combination of all approaches may
still be the most appropriate means.

The International Workshop on Hydraulic-Design of Low-Head Structures, held on 20 - 22 February
2013 in Aachen / Germany, aimed to contribute to the advance and spread of knowledge by bringing
together experts working in the specialized field of low-head structure design from both research and
practice communities. It was yet another event in a series of successful workshops and symposia
organized by the IAHR Hydraulic Structures Technical Committee during the last decade. In total, 19
papers from 10 countries were presented in the fields of

— Weirs and gates,

— Stepped spillways,

— Ramps and fishways,

— Sewer structures,

— Experimental studies and
—  Small hydropower

contributing to a successful workshop and indicating the strong interest in, and need for, hydraulic
structures research worldwide.

Prof. Dr. Daniel B. Bung
Chair of Local Organizing Committee,
Vice-Chair of International Scientific Committee

Prof. Dr. Stefano Pagliara
Chair of IAHR Hydraulic Structures Technical Committee,
Chair of International Scientific Committee
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Current and Future Hydraulic Structure Research and Training Needs

B. P. Tullis
Utah State University, Logan, UT, USA

ABSTRACT: There are many relevant current and future hydraulic research needs. This paper discusses
the challenges associated with maintaining the hydraulic structure knowledge base. This can be done in
part by professional engineers at all levels engaging in training activities (as trainers and trainees) at
conferences, workshops, webinars, and in the workplace. Engineers also need to develop life-long
learning skills and habits in order to better transfer applied hydraulic structure research from the literature
to engineering practice. On the research side, the use of nonlinear weirs to increase the discharge capacity
at existing spillways is discussed, along with recent research developments and future needs.

Keywords: hydraulic structure research, life-long learning, labyrinth weir, piano key weir, nonlinear
weir

1 INTRODUCTION

From a big-picture perspective, many of the global water issues have remained unchanged, some of which
include adequate quality and quantities of safe drinking water; the development of hydropower resources
at both the large and small scale; and the storage and distribution of agricultural, industrial, and municipal
water supplies. Over the years, decades, and centuries, hydraulic structure research has played a key role
in identifying and solving many of the challenges associated with meeting those goals. In recent years,
hydraulic structure research has been influenced by improvements in technological tools and
instrumentation (e.g., computational fluid dynamic simulation tools, particle image velocimetry and other
multi-dimensional velocity acquisition techniques, etc.) that have allowed researchers to more accurately
and fully understand flow field behaviors and fluid-structure interactions. Hydraulic structure research has
also been influenced by a greater emphasis and concern for minimizing and/or mitigating the negative
environmental impacts of hydraulic structures without losing the societal benefits of water storage and
distribution. The way in which water is collected, stored, distributed, and bypassed in some regions of the
world has changed and will likely continue to change as a result of changes in climate (e.g., Queensland
Australia has experienced both extreme drought and extreme flooding in the last decade), which will
likely impact hydraulic structure research, as well.

The goal of this paper is to discuss some current and future hydraulic structure design research and
training needs relevant to the United State and perhaps elsewhere. Hydraulic structure research is a
relatively mature field that has relied heavily on empirical relationships derived from experimental data
typically obtained from laboratory-scale models. Unlike the race to extend space travel to the moon in the
1960’s or to find a cure for cancer; a singular, common hydraulic structure research goal or objective
really doesn’t exist. Researchers are busy filling in widespread gaps in the hydraulic structure knowledge
base in areas such as head-discharge relationships, cavitation, air-water flow, sediment transport, flow
resistance, energy dissipation, and environmental impacts and interactions to name a few. In the absence
of a singular or small set of universally accepted future hydraulic structure research objectives, this paper
discusses two fundamental hydraulic structure issues that are of common concern in the United State and
likely other place as well: (1) a decline in the level of experience and expertise in the workplace related to
hydraulic structure design, and (2) the need to increase the capacity of existing spillways.



2 MAINTAINING THE KNOWLEDGE BASE

In the United States, the Army Corps of Engineers (USACE) and the United States Bureau of
Reclamation (USBR) were responsible for many of the “large” dam construction projects, including such
dams as Hoover, Grand Coulee, Glen Canyon, and Folsom, that have been constructed in the last century.
Jordanelle Dam (1992) and Seven Oaks (2000) were the last large dams built by the USBR and USACE,
respectively. Due primarily to changes in federal policies and public opinion related to environmental
protection, large-dam construction in the US essentially came to an end. Maintenance, repair, and
modernization of the aging large-dam infrastructure, along with smaller dam construction, have
subsequently become the primary charge of the dam engineering profession. Declines in dam construction
activity have resulted in a diminished opportunity for entry-level and middle-career civil engineers to
learn the craft and problem-solving tricks-of-the-trade from the seasoned experts. Many of the engineers
with large-dam design experience in the US have either retired and/or passed away, leaving a void in the
dam engineering knowledge base.

There are still many talented and qualified dam engineering firms in the US who are active and
successful in the profession, but the lack of large-dam engineering experience will likely become
problematic eventually. For example, Hoover dam’s spillways (two side-channel, drum-gated weirs that
transition into 15-m diameter spillway tunnels) have only operated twice since construction, once in 1941
and again in 1983. Both times, the spillway tunnels experienced significant cavitation damage and repairs
were required. The spillway tunnels at Glen Canyon dam, located on the Colorado River several 100
kilometers upstream of Hoover, also experienced cavitation damage during the spring floods of 1983. As
a result these and similar events, the USBR studied spillway cavitation and developed some guidance for
reducing cavitation risks, which were published in Engineering Monograph No. 41 (4ir-Water Flow in
Hydraulic Structures). While research results, such as those presented in Monograph No. 41, are available
in the literature, much of the collective expertise and experience behind that information retired with the
researchers.

Despite the change in dam construction emphasis and the declining practicality and probability of
maintaining all of the experience-based expertise developed during the large-dam construction era, it is
still important for the junior and senior members of the dam construction profession actively engage in
training and information exchange. Technical conferences, workshops, and webinars are good forums for
such exchanges. Senior and junior dam engineers, as well as hydraulic structure researchers, should
actively pursue opportunities to share lessons learned and case-study experiences as presenter,
moderators, listeners, and workshop participants in an effort to transfer knowledge and continually
reinforce dam engineering fundamentals.

The primary goals in engineering education at the university level include helping students develop an
understanding of fundamental engineering principles (e.g., conservation of energy, momentum, and
mass), develop good problem-solving skills, and become effective life-long learners. One way in which
professional engineers remain effective life-long learner is to spend time in the literature. Though much
of the work in the professional engineering journals is theoretical in nature and of limited use to
practitioners, the literature also contains applied hydraulic structure research (e.g, data, and design
guidelines) intended to aid in solving many practical engineering problems.

In a hydraulic structure design course I teach, one of the course objectives is to have students develop
original spreadsheet-based hydraulic structure design programs using published design procedures and
data found in the literature. Several years ago, a former student who had completed his schooling and was
working as a professional engineer requested via email a spreadsheet program that would calculate the
head-discharge relationship for a particular control structure that hadn’t been addressed specifically in the
class. I was surprised and disappointed that, rather than doing a quick literature review on the topic and
subsequently creating his own spreadsheet program, my former student was hoping to find a solution
based on someone else’s work. Consequently, students in the class are now required to independently
research a specific hydraulic structure (e.g., morning glory spillway, siphon spillway, long-throated
flume, stair-stepped spillway, energy dissipation basin, etc.) and produce a short, concise, well-written
technical report on the topic. The students are required to read, understand, and cite a minimum of three
credible references (government design manuals, peer-reviewed journal articles, published books). They
must synthesize the relevant information (e.g., design equations, accuracy limitations, assumptions,
maintenance and operational challenges, etc.) and include a summary list of 7-10 bulleted key
informational items on the subject. Beyond the specific research topic and writing exercise, the goal is to
reinforce life-long learning skills through implementing engineering solutions available in the literature.
The independent learning skills of hydraulic structure engineers and the degree to which seasoned
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professionals can provide training to junior engineers are both key points in helping to maintain the
hydraulic structure knowledge base and our ability to solve problems.

3 INCREASING EXISTING SPILLWAY DISCHARGE CAPACITY

A common theme with many reservoirs in the US is the need to increase spillway capacity to improve
dam safety. This can be driven by a number of factors, including land use-induced changes on watershed
outflows, increased design storm magnitudes predictions resulting from improved statistical data records,
and design increases due to climate change. To maintain dam safety as the magnitudes of transient flood
events entering existing reservoirs increase, the base-flow reservoir water level must be lowered to
provide more flood storage volume and/or the discharge efficiency of the outflow control structures must
be increased. The downside of the former option is that during non-flood periods, less stored water is
available for use. If the discharge efficiency of the spillway can be increased, base-flow water storage
volumes can be increased while maintaining proper freeboard requirements for dam safety.

Replacing linear weirs (e.g., ogee crest weirs) with nonlinear weirs (labyrinth or piano key weirs) is
becoming a relatively common approach to increasing existing spillway discharge capacity. Comparing
weir walls of common height, wall thickness, crest shape, and channel width; Crookston and Tullis
(2012A) found that the linear weir (weir oriented perpendicular to the approach flow) had the highest unit
discharge and discharge coefficient (Cd) (see Eq. 1), relative to labyrinth weirs with sidewall angles
ranging from 6° to 35°. The increase in weir length produced by the labyrinth weirs over the linear weirs,
which ranged from 760% to 160%, was sufficient to increase the net total discharge by as much as 3 to 6
times. Brazos Dam (TX, USA) is an example of a project where the spillway discharge capacity was
increased by replacing linear weirs with labyrinth weirs (see Figure 1).

0= %CdL 2¢H* (1)

(@) !

Figure 1. Brazos Dam (a) before the spillway upgrade [crest-gated spillway (left) and emergency embankment spillway just
after demolition started (right)] and (b) after the spillway upgrade project (two-segment labyrinth weir) (photos courtesy of the
City of Waco, TX, USA).

Piano Key (PK) weirs, which are rectangular labyrinth weirs (in plan view) with cantilevered apexes,
represent another effective method for increasing the total weir length and discharge capacity within a
channel of fixed width, relative to a linear weir. Figure 2 shows photographic overviews of the PK weirs
at St. Marc and I’Etroit dams (France), which were some of the earliest prototype PK weirs constructed.
Most PK weirs applications are located on top of concrete dams where there the footprint restrictions
typically wouldn’t accommodate a labyrinth weir. PK weirs can also be used for in-channel applications
with weir footprint restrictions. An in-channel PK weir has been proposed for Dartmouth dam (Australia)
and one is currently under construction at Von Phong dam (Vietnam) (see Figure 3).

While passive (non-gated weirs) flow control structures, like labyrinth and PK weirs, are effective at
increasing discharge capacity, they have limited effectiveness at passing sediment bedload materials
(sands and gravels), which could result in reservoir sediment management issue, and their head-discharge
characteristics are not adjustable. Active (gated weirs) control structures installed in parallel with passive



flow control structures should be considered for some applications. Sediment transport impediment may
not be a significant problem at some run-of-the-river structures where the upstream flow velocities are
sufficiently large during flood events to entrain and transport sediment over the weir, but a gated structure
may be more successful generally at discharging sediments. If gated spillways are installed along side a
labyrinth or PK weir [St. Marc dam, see Figure 2(a)], the required passive control structure weir length
needed to pass the design flood can be reduced. The ‘composite’ spillway structures (active and passive
control) are particularly beneficial for dams in remote areas where a dam tender is not always present.
The labyrinth or PK weir will accommodate the smaller return-period storm events. For larger storm
events, the passive control structure will accommodate the leading edge of the flood-flow hydrograph,
giving operators time to reach the dam and open the spillway gates as flood flows increase.

(a)
Figure 2. Piano Key Weirs at St. Marc (a) and L’Etroit (b) dams (France).

Figure 3. Von Phog dam (Vietnam) in-channel PK weir under construction (photo courtesy of Quat Dinh Sy).

Though not a complete list by any means, some recent labyrinth weir research studies include: head-
discharge relationships (Crookston and Tullis 2012a, Tullis et al. 1995), design methods (Crookston and
Tullis 2012a, Falvey 2003, Tullis et al. 1995); nappe interference, instability, and vibration (Crookston
and Tullis 2012b, 2012e); in-channel vs. reservoir labyrinth weir applications (Crookston and Tullis
2012c, arced labyrinth weirs hydraulics (Crookston and Tullis 2012d); submergence (Tullis et al. 2007);
and energy dissipation (Lopes et al. 2008).

Some recent PK weir research topics include the following: optimizing head-discharge relationship
based on PK weir geometry variations (Anderson and Tullis 2012a, Machiels et al. 2011a, 2011b, Ribeiro
et al. 2011), hydraulic comparisons of PK and labyrinth weirs (Anderson and Tullis 2012b), PK weir
submergence (Dabling and Tullis 2012, Belaabed and Ouamane 2011), in-channel vs. reservoir PK weir
applications (Anderson and Tullis 2012c), PK weir 1D computational flow dynamics simulation (Erpicum
et al. 2011), and various model studies of specific prototype structures.



4 FUTURE NONLINERAR WEIR RESEARCH

Some of the general goals associated with on-going and future nonlinear weir research can be categorized
as the following: hydraulic performance optimization, unintended consequence mitigation, incorporate
nonlinear weir head-discharge characteristic into basin-wide hydraulic management schemes.

4.1 Hydraulic Performance Optimization

Labyrinth weir design in practice became much more efficient and practical with the Tullis et al. (1995)
design procedure, which featured an easy-to-program spreadsheet-based design method for sizing a
quarter-round crested labyrinth weir based on a design head-discharge requirement. Falvey (2003)
presented a modified design method based on the Tullis et al. (1995) data. Crookston and Tullis (2012a)
improved the accuracy and extent of the labyrinth weir design data (quarter- and half-round crest shapes)
and provided an alternative spreadsheet-based design method that could be used to either size a new
labyrinth weir or analyze the hydraulics of a predetermined or existing labyrinth weir geometry.

The least hydraulically efficient portion of a labyrinth weir is the upstream apex, which features a
relatively long crest length discharging into a relatively small volume immediately downstream of the
apex. The restricted flow volume, coupled with colliding nappes from adjacent labyrinth weir sidewalls,
causes local submergence to develop (the local tailwater exceeds the crest elevation but downstream weir
sections are not submerged), causing a reduction in local discharge efficiency (Crookston and Tullis
2012e). The upstream apex discharge efficiency can make a difference on a labyrinth weir design but at
present, we don’t have a method to account for that influence. As an example, all of the labyrinth weirs
illustrated in Figure 4 have the same sidewall angle, weir height, and total weir length. Without a way to
account for apex influences on discharge efficiency in current labyrinth weir design methods, the
predicted head-discharge relationships for all three weirs would be identical, although in reality the
discharge efficiency likely decreases with increasing upstream apexes. This may represent a relatively
small uncertainty in the overall design process, but for applications were additional labyrinth weir length
may be cost prohibitive due to footprint restrictions, small optimizations such as the upstream apex
discharge efficiency may become important with respect to meeting design performance objectives.

4.2 Unintended Consequences

Hydraulic structure hydrodynamic behaviors can be complicated and because engineers can’t always fully
describe, document, or understand these complexities, hydraulic designs sometimes result in unintended
consequences. As our understanding of the hydraulic behavior of these structures improves, the
probability of unintended consequences diminishes. The following are examples of research topics that
may merit additional studies. Labyrinth and PK weir are effective flow energy dissipation structures due
to the turbulent mixing that takes place on the downstream apron. Some work has been published on
residual energy downstream of labyrinth weirs (Lopes et al. 2011); additional studies should look at the
interaction between energy dissipation and air entrainment (the goal may be to either increase or limit air
concentrations in the flow depending on the application and environmental needs). Half-round crest
shapes are hydraulically more efficient than quarter-round crest shapes at low upstream heads because the
nappe remains attached to the downstream crest profile (nonaerated nappe), which supports a negative
pressure development downstream of the crest, increasing the driving head differential. The extent to
which non-aerated nappes at the model scale can be reproduced at prototype scales has not been
determined. Any adverse structural issues associated with negative pressure and on the downstream weir
wall face have not been determined. Nappe vibrations, not observed at the model scale, have been
reported at prototype structures at low-head flow conditions. The actual cause has not been determined
and the options for mitigating are not fully understood either. Other unknown, unintended consequences
will likely be identified with additional applications.



Figure 4. Labyrinth weir configurations (12° sidewall angle) of equal weir length but different cycle numbers.

4.3 Basin-wide hydraulic management schemes with nonlinear weirs

The improved hydraulic efficiency of nonlinear weirs means that flood-flow hydrographs will be routed
through the reservoir more efficient, resulting in a decreased lag time (time difference between reservoir
inflow and outflow hydrograph peek discharges) and less floodwater going into storage. The more
efficient weir will would make it possible to increase base-flow reservoir storage level and still meet the
necessary dam safety requirements. A consequence of the increased reservoir flood routing efficiency is
an outflow hydrograph with a shorter duration and a higher discharge peek. If flood-flow restrictions exist
downstream of the dam, the increased discharge efficiency of the spillway may cause flooding problems.
It is important to match the head-discharge characteristics of the spillway control structure with both the
upstream and downstream flood routing requirements. The head-discharge characteristics of labyrinth and
piano key weirs can be modified to some extent by staging partial, whole, or multiple cycles at different
crest elevations. More design information regarding staged nonlinear weirs is needed to support the
design of such structures.

5 CONCLUSION

Many relevant, interesting, and important hydraulic structure research areas are currently being studied by
engineering from around the world. Though it may not be practical to identify a single or subset of “most
important” current and/or future research topics, the broad-spectrum goal of improving the effectiveness
with which hydraulic structures can help meet civilizations need for water (i.e., safe drinking water,
hydropower, agriculture, industrial, etc.) remains universal. The focus of this paper was limit to two
general hydraulic structure-related issues: maintaining the hydraulic structure knowledge base and
increasing discharge capacity of existing spillways. To help maintaining the hydraulic structure
knowledge base, professional engineers must develop life-long learning skills and junior and senior
engineers must be willing to participate in professional training activities (e.g., conferences, workshops,
webinars, etc.). Replacing existing linear weirs with nonlinear weirs represents an effective way of
increasing the discharge capacity of an existing spillway without a spillway replacement. A significant
amount of research has been done in recent years on labyrinth and piano key weirs but, as with most
hydraulic structures there is more research is required to more fully understand the appropriate design
techniques, the hydraulic benefits, and the unintended consequences.

NOTATION

Cy weir discharge coefficient

g gravity acceleration

H upstream total head on the weir measured relative to the weir crest elevation
L weir crest length

0 discharge
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Physical and Numerical Modelling in Low-Head Structures Design
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ABSTRACT: Physical and numerical modelling may be combined within so-called composite or hybrid
modelling. This enables to optimally take benefit of the respective strengths of each modelling approach,
while compensating for their specific drawbacks. Different types of composite modelling may be identi-
fied, such as embedding a detailed physical model within a broader scale numerical model, interconnect-
ing different physical and numerical models focusing each on specific processes, or validating a numeri-
cal model from experimental data before exploiting the numerical model to generate more results than
available from the experimental facility. Besides, specifically in more basic research, composite model-
ling may also be used to improve in-depth understanding of the relative importance of different processes
which act simultaneously in the experimental test and may be artificially separated in numerical simula-
tions.

Keywords: composite modelling, physical modelling, numerical modelling, scale effects

1 INTRODUCTION

Physical models have been used for decades in hydraulic engineering, both for project design and for re-
search. They offer as main advantage the ability to reproduce the whole complexity of the prototype
flows and transport processes, provided suitable scale factors and similarity rules are applied (Sutherland
2011). However, challenging issues remain regarding accurate and minimally intrusive measurements of
complex turbulent flow, processing of raw data, best estimations of measurement uncertainties. As a side
benefit, physical models act as powerful communication tools in the promotion of projects and engineer-
ing solutions (ASCE 2000).

The widespread use of numerical modelling by the hydraulic engineering community has developed
for about 25 years. It has been built upon significant developments in the underlying mathematical mo-
dels, increasingly robust numerical solution techniques, as well as the striking breakthroughs in computa-
tional power. Once a numerical model has reached a satisfactory level of development and validation, the
costs of application of the model may be extremely low compared to undertaking physical modelling.
Numerical models may apply for very large areas and enable a high flexibility in terms of geometric
changes or sensitivity analysis with respect to a number of input parameters and numerical characteristics
of the model. Last but not least, numerical models enable to retrieve the evolution of flow variables eve-
rywhere in an intrinsically non-intrusive way. Nonetheless, the significance of the results of numerical
simulations crucially depends on a number of modelling characteristics, including (Dewals et al. 2012;
Sutherland 2011; Van Os 2004):

— the processes actually included in the model (e.g. air entrainment, surface tensions, feedback of sedi-
ment transport on flow turbulence ...);

— the exact mathematical formulation of the set of governing equations (e.g., conservative vs. non-
conservative formulation of transport equations);

— validity and simplifying assumptions in the closure relations for bed shear stress, sediment transport
capacity, turbulence parameterization ...;
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— accuracy and resolution of boundary conditions and input data, such as bathymetry and topographic
data, as well as initial conditions;

— resolution time step, size of the grid cells and numerical scheme, which strongly influence the possible
occurrence of artefacts (numerical oscillations, overshoots, ...) and the degree of smearing of varia-
tions in flow parameters as a results of numerical diffusion ...

Today, the combined application of physical and numerical modelling, referred to as composite or hybrid
modelling (Frostick et al. 2011; Novak 2010), is widely recognized as the most effective strategy for the
in-depth analysis of complex flow and transport processes, both in basic research and for the design of re-
al-world projects. This is implicitly supported by the very standard procedure of validating numerical
models against high quality experimental data considered as a reference (e.g., Erpicum et al. 2009b). A
composite modelling approach aims at capitalizing on the benefits of a synergetic implementation of
physical and numerical modelling as two highly complementary components (Erpicum Accepted;
Sutherland 2011).

In this paper we identify three main strategies to combine physical and numerical modelling for saving

costs while enhancing the quality of the study, as sketched in Figure 1:

— physical modelling embedded within a numerical model: physical modelling may be focused on a re-
stricted area of high complexity (e.g., near-field of a structure) and, therefore, based on a setup charac-
terized by a high scale factor enabling to minimize scale effects. Suitable boundary conditions are pro-
vided by a numerical model conducted at a larger scale, i.e. covering a wide area such as a whole
reservoir as well as the reaches upstream and downstream of the structure of interest (Erpicum
Accepted; Erpicum 2012)

— interconnection of focused numerical and physical models: when multiple processes are involved, pos-
sibly at multiple scales, they may be addressed by using interconnected physical and numerical models
which focus each on a specific part of the flow for which they turn out to represent the most suitable
approach (Erpicum Accepted);

— validation and extrapolation process: numerical modelling may be validated against experimental and
subsequently used to extend the analysis beyond the range of parameters (e.g. flow conditions, geome-
try, time horizon ...) which may be considered in the available experimental facility (e.g., Dufresne et
al. 2011; Roger et al. 2009; Stilmant et al. 2012).

Moreover, the numerical model may also be used to isolate the specific influence of individual processes,
which could hardly be separated in the field or in experimental conditions. For instance, sediment
transport is governed by the flow characteristics but it may also lead to significant feedbacks on the mean
flow through a number of different processes (Figure 2) such as morphodynamic changes, roughness
changes due to deposits and/or bedforms, as well as turbulence damping or enhancement by suspended
load (Cao and Carling 2002). Whereas the respective effects of each of these processes may hardly be
distinguished in an experimental test, numerical models may be used to quantify their relative importance
by artificially separating them in the simulations.

The different types of composite modelling are often combined within a single study. For instance, a
micro-scale physical model, with a large scale factor, may be embedded within a broader scale numerical
model, which is in turn just one component of a set of interconnected focused numerical and physical
models, while other components are used within a “validation - extrapolation” procedure.

In the following sections, we detail demonstrative examples of the three main strategies in hybrid
modelling of low head hydraulic structures (sections 2 to 4), as well as one example of basic research
supported by hybrid modelling (section 5).

12



Large scale \ Focused Focused
numerical model numerical 4=  physical Physical
model model
1 model -
R
R 4 AN = g
Focused Focused = =
i i lidated s ]
Embedded physical <= numerical Vali . =
model model numerical 5
small scale \ + model =
physical ¥
— Focused Focused ;TTTTTTTTTTTT N \
numerical 4=  physical ! Numerical |
\ model model ! extrapolations
(a) (b) © M !

Figure 1. Conceptual approaches in composite modelling, including (a) refined scale by physical modelling embedded within a
broader scale numerical model; (b) combining focused numerical and physical models; and (c) validation, extrapolation and
verification process. Black arrows represent exchanges of data such as boundary conditions.
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Figure 2. Multiple feedback processes between mean flow, turbulent characteristics,
sediment transport and morphodynamic changes.

2 MICRO-SCALE PHYSICAL MODELS COMBINED TO MACRO-SCALE NUMERICAL
MODELS

The ability of the numerical models to consider large simulation areas is generally used to perform large
scale hydraulic analysis of the projects and, as a result, to precisely define the flow conditions close to a
specific area or a structure for which a scale model study is necessary (due to the complexity of the local
flow and sediment transport processes for instance). The detailed knowledge of the approach flow condi-
tions in the near-field of a structure enables to reduce the layout of the scale model while setting up ade-
quate boundary conditions to keep the physical model representative. For a given available spatial extent
in a laboratory, the scale factor of the model may thus be increased, maximizing the accuracy of the
measurements on the experimental setup while reducing the scale effects. For instance, such an approach
has been successfully applied in the study of the design of a hydropower plant water intake as detailed be-
low.

A small hydropower plant is to be built between a wide navigation channel and a neighbour river. The
power plant head is some meters for a discharge around 100 m?/s, while the discharge in the upstream
150 m wide channel can be ten times the one through the turbines (Figure 3). Because of site considera-
tions, the distance between the free surface water intake and the turbines is very short, so that an accurate
design of the structures is needed to ensure satisfactory operating conditions of the turbines (uniform up-
stream velocity field). Moreover, several additional water intakes with discharges as small as 2 m3/s have
to be placed close to the trash racks to enable the fishes to go safely through the chute.

All these considerations with free surface to under pressure flow transition and complex geometry
suggest designing the water intake by a scale model study. The power plant structures dimensions and
discharges require a large scale factor to reach satisfactory representativeness and accuracy while the up-
stream channel characteristics limit the scale factor because of surface availability in the laboratory and
water supply capacity.
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The hydraulic studies of the project have been carried out successively by two complementary ap-
proaches: a first step realized on the basis of numerical modelling to study the flows at the scale of the
upstream channel, and a second one using a physical scale model to study in details the flow conditions at
the scale of the power plant water intake. The layout and boundary conditions of the physical scale model
have been defined using the numerical results in order to increase as much as possible the scale factor
while limiting the model area to the available space in the laboratory and preserving its representative-
ness.

The limits of the reduced layout of the physical model have been defined first by comparison of the
flow fields computed in the full upstream channel with the ones computed considering the scale model
limited extend (Figure 3). Such an approach provides objective validation of the representativeness of the
scale model regarding for instance approach flow conditions to the water intake. In a second time, the ge-
ometry and the characteristics of the boundary conditions of the physical model have been optimized by
comparison of the numerical flow fields from the full upstream channel modelling with the flow fields
measured in the physical model (Figure 4). The suitability of the reduced layout of the physical model has
thus been objectively verified. A scale factor of 1:25 has been made possible, with only two fifths of the
upstream channel width represented on a length of 150 m (only once the full channel width!).
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Figure 3. Main characteristics of the system to be studied and extent of the numerical and physical models.
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3 CAPITALIZE ON THE RESPECTIVE STRENGTHS OF PHYSICAL AND NUMERICAL
MODELS

A composite modelling strategy may involve several numerical and physical models, each applied to
study the range of processes, space- and time-scales for which they are best suited. Those models are in-
terconnected in the sense that they exchange data, mainly boundary conditions and offer thus a synergetic
implementation of multiple and complementary focused models.

Such an approach has been followed in the analysis of a project located in an Alpine valley, in which
low-head hydropower schemes have been in operation for over a century. It consists in the replacement of
five old hydropower schemes by a single one, which will produce almost 50 % more power than the total
of the existing ones. Project implementation is scheduled to last about 10 years and involves the follow-
ing hydraulic engineering works:

— building of a new dam (4.5 m high, 40 m wide) and water intake in the upstream part of the river sec-
tion,

— construction of a tunnel through the mountain to reach the new underground hydropower plant located
downstream of the existing schemes,

— restoration of the river section where the existing schemes are located and which will be bypassed as a
result of the construction of the new scheme.

Consequently, a number of hydraulic engineering issues need to be addressed to guide the implementa-
tion of the project, including:

— estimation of the trapping efficiency of the reservoir upstream of the new dam (storage capacity: ap-
proximately 200,000 m?),

— computation of the sedimentation rate in the reservoir and prediction of the location of the deposits,

— evaluation of the performance of sediment management options, such as hydraulic flushing,

— overall hydraulic optimization of the shape of the new water intake and specific optimization of the
transition from a free surface flow in the water intake to an under pressure flow in the penstock,

— analysis of the hydraulic impact and the efficiency of a partially submerged wall in front of the trash
rack to divert small fishes from passing through the grille,

— simulation of flood levels upstream of the new dam, both in the planned situation and at different stag-
es of construction,

— design of the restoration plan to ensure stability of the riverbed after decommissioning of the five ex-
isting low-head dams.

Neither a single numerical model nor a single physical model would be suited to cover all those seven
items in order to inform properly the project engineers. In contrast a combination of focused numerical
and physical models have succeeded in delivering reliable, accurate and effective results to illuminate de-
signers concerning the most crucial hydraulic issues of the project. Table 1 summarizes the developed
strategy, strongly based on composite modelling. The most significant parts of the analysis are further de-
tailed in the following paragraphs.

3.1 Reservoir sedimentation and measures for sustainable sediment management

The catchment is characterized by very steep slopes and the tributaries include several mountain streams.
Therefore, significant amounts of sediment deposits are expected in the reservoir during flood periods.
Complementary numerical models have been applied to evaluate the cut-off diameter of the new reser-
voir, the equilibrium bed profile in the reservoir as well as to assess the feasibility and effectiveness of
flushing operations.
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3.1.1 Cut-off diameter of the reservoir

First, a numerical model has been used to evaluate the grain size of sediment particles likely to reach the

water intake at the beginning of the operation of the new reservoir. To this end, a two-step procedure has

been followed:

— the reservoir hydrodynamics was first simulated by a flow model for normal operation conditions. A
grid spacing of 1 m by 1 m has been used as well as a two-length-scale depth-averaged k-e turbulence
model (Erpicum et al. 2009b).

— next, the flow field was analysed in terms of sediment transport capacity in the reservoir, by means of
particle tracking algorithm (Figure 5), to predict the maximum size of grains able to reach the water in-
take and, therefore, to cause to accelerated degradation of the turbines blades.

3.1.2 Profile of the balance retained in the absence of specific management

Second, the long-term equilibrium profile of the bathymetry of the reservoir was computed using a se-
quential resolution of a flow model and of a model for sediment transport and morphodynamics (Figure
6). The sensitivity of the final result was analysed and was found reasonably small with respect to the
main sediment characteristics such as grain size, whereas the amount of sediment supply from upstream
has a much greater influence on the equilibrium profile.

3.1.3 Efficiency of flushing operations

Finally, the rapid and highly transient flow and morphodynamics changes during flushing operations
were simulated using a synchronous resolution of a flow, a sediment transport and a morphodynamic
model (Figure 7). These simulations confirmed the efficiency of flushing operations conducted based on
discharges of return periods of the order of 1 year. The volume of sediments scoured in the reservoir was
compared to the amount of water released during the whole flushing operations, which enabled to define
an optimal duration for the flushing, corresponding to the time during which the efficiency of the opera-
tion remains high.
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Figure 5. Tracking of sediment particles in the downstream part of the reservoir. The region in light color defines the envelope
of the trajectories of the particles for grain sizes of (a) 0.425 mm, (b) 0.300 mm, (c) 0.250 mm.
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Figure 6. Initial reservoir bathymetry (a) and simulated equilibrium profile (b).
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Figure 7. Evolution of the reservoir bathymetry during a flushing operation.
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3.2 Optimization of the water intake based on combined numerical and physical modelling

The water intake structures, located close to the dam on the right bank of the river, have to divert from the
main stream the discharge to the power plant, whatever the upstream level and the discharge in the reser-
voir. In addition, they have to prevent sediments, floating debris, air and fishes to enter the penstock,
while minimizing head losses affecting the power plant efficiency.

The design of the water intake structures has been defined by successive and complementary applica-
tion of both numerical and physical modelling approaches. A first numerical model has been used to de-
fine the overall geometry of the water intake structures, from the reservoir to the penstock inlet. The flex-
ibility and the rapidity of numerical modelling enabled to test quickly a large range of geometry
modifications to objectively suggest an optimized solution. In a second time, two large scale factor physi-
cal models have been built to analyse in details specific flow features which were not satisfactorily repre-
sented in the numerical model. The boundary conditions of these scale models have been defined from
the numerical model results. The first scale model, with a 1:14.6 scale factor, has been used to analyse the
risk of vortex formation at the transition from the free surface flow in the water intake to an under pres-
sure flow in the penstock. A specific anti-vortex structure has also been designed and validated by using
this dedicated physical model. The second scale model, with a 1:20 scale factor, enabled to analyse the
effect on the free surface currents in the reservoir close to the dam of a partially submerged wall in front
of the trash rack, with as main purpose to create a surface current diverting the small fishes from the wa-
ter intake and guiding them to the mobile dam right bay, where the minimum discharge in the down-
stream river is continuously released.

3.3 Stability of the riverbed after decommissioning of the existing dams

More and more efforts are undertaken to restore rivers in a state close to their natural conditions, with the
particular motivation of fulfilling the requirements of the Water Framework Directive 2000/60/EC (e.g.,
Borja et al. 2006). Like in many other on-going projects, river restoration was also part of the present one.

Besides restoration measures such as fish passages, bank restoration, bars or meanders, decommission-
ing of man-made structures is another important component of river restoration schemes (Raven et al.
2002). It enables to restore the longitudinal connectivity (migration of species for reproduction, food pro-
visioning, etc.) and, in some instances, also the lateral connectivity (exchanges between rivers and ripari-
an ecosystems). However, such interventions can have significant impacts on river, hydraulics and mor-
phology, including bed degradation or aggradation and bank failures.

Although small scale river restoration projects, such as local rip rap or fish ladders, may be assessed
based on relatively simple analyses and some degrees of trial and error approach, large scale river restora-
tion projects, such as decommissioning of dams, require far more comprehensive and detailed analyses
(Parasiewicz 2001). In particular, due to the high investment costs of these projects and the possible large
scale impacts, trial and error approach must be avoided. For this kind of large projects, multidimensional
flow and morphodynamic modelling constitute a very valuable support. Detailed flow modelling enables
to detect erosion-prone areas where caution should be taken regarding bed and banks stability, as well as
to evaluate the variability of flow parameters (for fish reproduction, spawning, etc.). To achieve this goal
in the project discussed here, we have implemented a methodology which relies on 2D flow modelling to
evaluate scenarios of river restoration based on several criteria related to flow, sediment transport and
ecological objectives.

Figure 8 shows the general methodology developed to identify optimal restoration projects. First, both
the topographic model and the boundary conditions for flow modelling are set up. The former constitutes
a key input data, mainly in the riverbed, because it directly governs flow velocity and sediment transport.
The accuracy of the dataset is therefore crucial. As the riverbed stability is one of the most important con-
straints of the restoration project, upstream discharge is taken close to the effective discharge, which
transports the largest fraction of the bed-material load. The downstream boundary condition is prescribed
as a free surface elevation of a location where this value is known from a rating curve (e.g., weir) or a
gauging station. The mesh size is then determined from a trade-off between the expected result accuracy
and the computational time. The second step consists in the calibration of parameters, such as a friction
coefficient, using reference data (e.g., field survey, flood levels). Next, using a flow model, the present
situation is modelled as a comparison basis. Restoration scenarios, which consist in local topography
changes of the present situation, are implemented to create modified topographic models. If computed re-
sults, such as flow velocity, bottom shear stress and water depth on the new configuration comply with
riverbed stability criteria and satisfy restoration objectives, then a satisfactory project is reached.
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1. Model set up
Description Case study
- Floodplaintopography - LIDAR
- Mainriverbed topography - LIDAR & focused recent field survey
- Upstream discharge - Selected values Q1. Q10, Q100 & Qsoo
- Downstream boundary condition - Rating curve associated with discharge
- Mesh size -1mx1m(~2,7M cells)
N
2. Model calibration
Description Case study
Using reference data, determinationof | Free surface level coming from former 1D
friction coefficient studies & recent field survey
N
3. Flow modelling
Using Wolf 2D, determination of morphodynamic and hydrodynamic variables

4. Present situation |
5. Restoration scenario
Repeat step 1 and step 3 with topographic | Full removal of dams, local riverbed
modifications of restoration scenario expansion etc.

Are the restoration objectives and constraints No

achieved (riverbed stability criteria, flow velocity)?

Optimization

‘ 6. Satisfactory restoration project |

Figure 8. Developed methodology to evaluation river restoration scenarios (Rulot et al. 2012).

Several scenarios have been defined differing by the topography modifications at water intakes. The con-
figuration in which all dams are removed and replaced by a more natural river section referred to as “sce-
nario 1”. Other restoration scenarios involve widening of the river to create valuable wetlands. The com-
parison between restoration scenarios and the present situation is mainly based on:

— Differences in water depths;

— Difference in flow velocity;

— Shields parameter (i.e. non-dimensional shear stress, governing inception of sediment transport).

As an example, comparing Shields parameter values between the present situation and “scenario 1” re-
veals that typical boulders (d ~ 20 cm) are not set into motion in the present situation, while they are very
likely to be moved by the flow in this restoration scenario. This is just one example of outputs of the flow
simulations, which provide valuable information to support the selection of the optimal restoration sce-
nario. Several additional scenarios have also been tested.

4 VALIDATION AND EXTRAPOLATION PROCESS

Numerical models may be validated against experimental results, and subsequently used to extend the
analysis beyond the range of parameters which may be considered in the available experimental facility
or to speed up the analysis of geometry modifications before a final validation on the scale model. In ad-
dition, a physical model has often to be destroyed after testing and analysis (Sutherland 2011) while a
numerical model can last. The latter, if well calibrated and documented, is thus extremely useful if it is
needed to return to a study...
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4.1 Influence of the aeration rate on the mixed flow pattern in a gallery

Experimental investigations have been carried out on a physical model of a gallery to determine expected
flow discharge and the influence of the aeration rate on the flow discharge (Erpicum et al. 2009a). In par-
allel, numerical simulations have been performed with a 1D model for mixed flows, calibrated against the
experimental results (Kerger et al. 2009). Stationary numerical results gave new insight into the mecha-
nisms regulating flows in the gallery and the numerical model has been enabled a posteriori test of addi-
tional flow configurations in the system as well as small change in the structures geometry.

The physical model (Figure 9) included a Plexiglas circular pipe linking two tanks. Topography of the
upstream and downstream tanks has been built regarding realistic in-situ natural conditions. The gallery
inlet and outlet structures were also represented. Three air vents have been added upstream of the gallery,
on the top of the circular cross section, with the purpose to feed the gallery with air to prevent the for-
mation of low pressures within the flowing water.

The model has been equipped with an electromagnetic flowmeter on the pumping system, a limnimeter
and a Pitot tube in the reservoir, 9 Pitot tubes and 14 graduated scales regularly distributed along the gal-

lery.
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Figure 9. Description of the experimental setup

Investigations focused mainly on stationary flows and aimed at determining the flow discharge as a func-
tion of the upstream pressure head and downstream gate opening. In this case, strong air/water interac-
tions alter the flow behaviour. In particular, the flow discharge through the gallery is strongly influenced
by air/water interaction and depends of the aeration rate.

Various two-phase flow patterns have been observed according to the flow discharge through the gal-
lery. Figure 10 shows the experimental relation between the flow discharge and the upstream pressure
head. The curve defines 5 areas corresponding to the 5 flow patterns traditionally mentioned in literature.

In a first step, numerical simulations have been performed under the assumption of a pure water flow.
A first head/discharge relation (dotted line in Figure 10) has been computed, assuming a free surface in
each mesh if the water height is below the pipe crown (air phase above the free surface is at atmospheric
pressure / high aeration rate). A second head/discharge relation (continuous line) has been computed by
activating a negative Preissmann slot, i.e. considering sub-atmospheric pressurized flow (low aeration).

Numerical results are in good accordance with experimental data for smooth stratified flows and fully
pressurized flows. Bubbly and intermittent flows show a similar behaviour two the sub-atmospheric pres-
surized flows. A periodic instability between two unstable steady flow regimes occurs in the area of wavy
stratified flows. The instability induces large period (10s to 60s) oscillation of the water level in the up-
stream reservoir of the physical model.

Experimental and numerical data for the distribution of the total head and the pressure head (water
level for free surface flow) along the gallery are given in Figure 11 for an intermittent flow. When pres-
sure distribution along the gallery is computed under the assumption of a free surface flow, large discrep-
ancies of the results are observed. The upstream pressure head is overestimated. Activation of a negative
Preissmann slot gives the curve corresponding to a pressurized flow. A large area of sub-atmospheric
pressure in the upstream part of the pipe is consequently identified. Results are in better accordance and it
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has been concluded that the aeration rate of the pipe is not sufficient to induce the apparition of a free sur-
face flow.
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Application of a Homogeneous Equilibrium Model (Kerger et al. 2012) enables to overcome the results
discrepancy observed for bubbly and intermittent flows. The effect of the entrained air on the water flow
is indeed accurately computed, the model parameters having been calibrated considering the experimental
results.

Figure 12 shows a comparison between experimental and numerical data for the relation between the
flow discharge through the gallery and the upstream pressure head. Taking into account air/water interac-
tion in the computation obviously gives more accurate results for bubbly and intermittent flows.

4.2 Rehabilitation studies of a gated weir

An old dam is equipped with a spillway made of three automatic gates on a broad crested weir and a two
slopes channel downstream. Following a revision of the hydrology of the upstream river, the spillway ca-
pacity has to be increased at constant reservoir level. One of the rehabilitation solutions is to modify the
profile of the broad crested weir, the discharge coefficient of which is around 0.365, to tend toward an
ogee crested profile.

Because of the reservoir shape, complex sill profile and downstream channel geometry, physical mod-
elling appears as the most confident approach to represent the whole flow characteristics. However, it is
not the most efficient way to test several weir and downstream channel profiles to define objectively the
optimal solution.

A composite modelling approach enabled to propose a confident and objectively optimized rehabilita-
tion solution while drastically decreasing the number of spillway geometries tested on the scale model.

In a first step, a 1:35 scale model of the existing geometry has been build (Figure 13 - left). It enabled
to define the discharge capacity of the existing structures and to document the flow characteristics along
the spillway for a wide range of operating conditions. In particular, it showed that for higher discharge,
when the gates are fully opened, the control section is partially located in the first section of the down-
stream channel, whose plane geometry, small slope and limited width restrict the discharge capacity. The
physical model also provided calibration and validation data for a numerical model of the spillway, repre-
senting only the weir and the downstream channel (Figure 13 - right).

it

Figure 13. Scale model of the spillway (left) and corresponding numerical model (right)
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Figure 14. Numerical model - Froude number distribution on the spillway — Existing geometry (left)
and proposed rehabilitated design (right)

The numerical model has been used in a second step to rapidly test several sill and channel profile modi-
fications, in order to find the solution which minimizes the excavation but ensures high enough discharge
capacities. In particular, it has been verified that the control section is always located on the top of the
weir, with thus a Froude number higher than one through all of the three bays (Figure 14).

Finally, the optimized geometry defined using the numerical model has been validated on the scale
model (Figure 15), to demonstrate definitively its performances.

!
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Figure 15. Final design - Physical (a) and numerical (b) modelling

5 QUANTIFYING THE RELATIVE INFLUENCE OF DIFFERENT PROCESSES

Field observations provide without doubt the most realistic figure of the complex interconnected process-
es governing flow and sediment transport in real-world conditions. However, interpretation and basic un-
derstanding of the underlying physics may be complicated in the case of field measurements due to the
high degree of complexity of interconnected processes which influence the observations. Therefore, ex-
perimental conditions are often preferred and offer a complementary view by enabling to replicate the
main features of a flow situation of interest in a controlled environment. Nonetheless, even in an experi-
mental setup, such a flume, not all influences may be controlled separately. In contrast, the somehow vir-
tual environment created by numerical simulations enables to distinguish between individual effects, such
as those sketched in Figure 2. This type of investigation may contribute to a better identification of the
relative importance of several factors influencing flow and sediment transport.

In this section, we present a recent basic research on hydrodynamics and sedimentation in shallow rec-
tangular reservoirs, which may be common appurtenant structures of low head hydraulic projects and are
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widespread in urban hydraulics. In this research, composite modelling has been applied to appreciate the
relative importance of the geometric effect of morphodynamic changes and the increased roughness in-
duced by sediment deposits.

5.1 Recent research on flow and sedimentation in shallow rectangular reservoirs

Two main types of shallow reservoirs may be distinguished: (i) retention basins, which contribute to
flood protection by temporarily storing large volumes of water (river floods, rains in sewage), and (ii)
sedimentation basins, which store polluted water before it is sent to a treatment plant. The size of these
reservoirs varies from a few hundred cubic meters for the smallest (e.g., in sewage networks) to millions
of cubic meters for large hydraulic engineering structures.

Depending on the operation goal of the structure, sediment deposits must be either maximized (to trap
polluted sediments) or minimized (to maintain storage capacity with minimum maintenance cost). The
prediction of deposition areas, which is a prerequisite for the optimal operation of these reservoirs, de-
pends on the detailed knowledge of the flow characteristics. Despite the simple geometry of rectangular
reservoirs, the flow patterns may show complex recirculations and large-scale turbulent structures both in
2D (horizontal recirculations) and in 3D (vertical recirculations, spiral flow).

Based on the results of a systematic study of flow and sediment transport in shallow rectangular tanks
(Kantoush et al. 2008), Dewals et al. (2008) demonstrated the complexity of the flows that develop in
such reservoirs, despite their particularly simple geometry (Figure 16). Besides a symmetric jet flow
(flow pattern S1), several asymmetric flow patterns have been identified, in spite of the hydraulic and ge-
ometric symmetry of the setup. Characterized by large-scale turbulent structures, the main flow patterns
may be classified based on the presence of one or two reattachment points (flow patterns A1 and A2, re-
spectively).

The hydrodynamic instabilities which take place in such reservoirs and the underlying physics were al-
so described, using an approach combining the results of the experiments with 2D numerical modelling
and theoretical stability analysis (Dewals et al. 2008).

While the aforementioned experiments focused mainly on the influence of the reservoir geometry on
the flow pattern for constant hydraulic conditions, an experimental campaign undertaken at the University
of Liege (ULg) has led to new contributions regarding the influence of hydraulic parameters on the flow
pattern, as well as a previously unreported quantification of the variability of the flow (Dufresne et al.
2010a). These test also enabled to develop a first prediction formula to forecast the type of flow pattern
based on the geometry of the reservoir (Dufresne et al. 2010a). The validity of this formula has been con-
firmed by all experimental results published so far (e.g., Camnasio et al. 2011).

Several series of experiments have been conducted to study the sedimentation in rectangular shallow
reservoir. Among others, Dufresne et al. (2010b) considered bed load sediment inflows lower than the
transport capacity of the flow at the inlet. This is an extreme situation, which to date provides only a par-
tial knowledge of the role played by sediment characteristics and concentration on the location and thick-
ness of deposits.

Based on state-of-the-art depth-averaged turbulence models (Erpicum et al. 2009b), a numerical model
successfully predicted the observed flow patterns (Dewals et al. 2008; Dufresne et al. 2011). However,
the limits of current models has been demonstrated when it comes to predicting the detailed turbulent
characteristics (Reynolds stresses), especially in the recirculation zones.

Flow pattern S1 Flow pattern Al
= N N — L
[ ST — a
"""""""""""""""""""""" N
_________________________________________________________________ -

Figure 16. Typology of the main flow patterns observed in rectangular shallow reservoirs (Dufresne et al. 2010a): depending
on the shape of the reservoir, the flow has zero, one or two reattachment points (®).
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Figure 17. Standard reservoir configuration with inlet and outlet channels located along the centreline of the reservoir
(a) vs. reservoir with inlet and outlet channel located on the left side on the reservoir centreline (b).

5.2 Physical modelling

To investigate the specific influence of the location of the inlet and outlet channels on flow and sedimen-
tation in rectangular shallow reservoirs, Camnasio et al. (2012) conducted experimental tests in a rectan-
gular shallow PVC reservoir with a smooth flat bottom (maximum depth 0.3 m, maximum length L =6 m
and maximum width B =4 m) endowed with inlet and outlet free surface channels (width 5 =0.25 m,
length 1 m each). The channels can be moved respectively along the upstream and the downstream side of
the reservoir in order to obtain reservoir configurations with asymmetric locations of the inlet and of the
outlet channel. Two out of the four configurations chosen for the tests are shown in Figure 17.

Movable PVC walls allow adjustment of the length L and the width B of the reservoir in order to test
different length-to-width ratios L/B and expansion ratios B/b. However, for the tests here presented, res-
ervoir width was set to B = 4 m and reservoir length to L = 4.5 m (L/B = 1.125, B/b = 16). This geometric
configuration is characterized, when the channels are placed at the centre of both reservoir sides, by a
stable symmetric flow field S1 (Camnasio et al. 2011): this flow field is formed by a main jet that goes
straight from the inlet to the outlet and by two recirculation zones which develop on each side of the main
jet, and which are characterized by lower velocities.

The reservoir is fed with a constant discharge O and the water depth / of the reservoir is regulated by a
flap gate placed at the end of the downstream channel. The entering discharge is measured by an electro-
magnetic flow meter placed on the pressurized pipe leading to the experimental facility. A second dis-
charge check is obtained by water level measurement above the flap gate placed at the end of the outlet
channel, since it behaves like a sharp inclined weir. After the pressurized pipe leading to the inlet chan-
nel, a honeycomb is placed in order to have an approximately uniform velocity distribution on the entire
channel cross section. During tests with suspended load, the sediments are continuously fed from a con-
tainer into a mixing tank, where they are mixed to the inflowing discharge by a rotating propeller. Then,
the water-sediments mixture is lead to the experimental reservoir by the pressurized conduit. The sedi-
ments quantity from the container could be adjusted to the desired value by regulating a purpose-made
opening.

| Without sediments With sediments
v/ Vres
16 ~ -I ------- 4
13 - = - T AR A
10 2133 | s 1 NS 25
FESTES B[m] - 3 B [m]
7 DN -2
4 54 ‘= : .‘;:'\r: .': .'::::: .': ISSS ‘>
1

45 3 s 0 45 3 1’5 0
L [m] L [m]
Figure 18. Influence of suspended load on the experimentally measured velocity field in a shallow rectangular reservoir. Ve-
locity 7 has been normalized with respect to a hypothetical plug flow velocity Vs throughout the whole reservoir cross-
section. Adapted from Camnasio et al. (2012).
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During the experiments presented here, the water depth was fixed at 2 = 0.2 m for a constant discharge of
O=71ls. The resulting Froude number and Reynolds number are Fri,= Q/(bh)/(gh)"*=0.1,
Rein = 4pQOh/(bhu) = 112,000 (turbulent flow), both referring to the inlet channel.

Velocities were measured at 8 cm from the reservoir bottom by UVP, first during clear water tests,
then during tests with sediment supply, in order to investigate the possible influence of suspended load
and/or of sediments deposits on the flow patterns. Vector velocity maps were produced for all the tested
reservoir configurations. The time-averaged local horizontal velocity V" at every measurement point was
normalized to the average theoretical plug flow velocity Vies = Q/(B-h) = 8.75 mm/s assuming the basic
hypothesis of a one-dimensional motion of the whole discharge Q through the cross section B A. Figure
18 shows the distribution of the normalized average horizontal velocities Vypg = V/ Ve in the entire reser-
voir for the so-called L-R configuration, i.e. with inlet and outlet channels located respectively on the left
and right sides of the reservoir centreline. The velocities along the main jet have a minimum in the order
of 100 mm/s, while in the centre of the recirculation zones, velocity reaches a minimum of about 10 —
20 mm/s. The right hand side of Figure 18 corresponds to the flow patterns measured after 4 hours of sed-
iments supply. The flow pattern which developed during tests with suspended sediments is different from
the one developing during clear water tests (Camnasio et al. 2012).

Sediment deposits thickness on the entire reservoir bottom was measured by a laser method after 2
hours and after 4 hours of sediment supplying. The laser was placed in a water-proof box attached to the
movable metal bar, at a known height from reservoir bottom. The voltage given by the laser is linked to
the distance of the laser light source from the top of the sediments deposits, through a calibration line cal-
culated for the instrument under real operating conditions. The current intensity signal coming from the
laser was first converted into a voltage signal. Then it was sent to the PC by a USB high-speed data ac-
quisition module.

5.3 Numerical modelling

Figure 19 shows profiles of the longitudinal velocity in different cross-sections of the reservoirs, as simu-
lated with a k-& turbulence model for the initial situation with a flat bottom and for the bathymetry ob-
tained after 4 hours of sediment deposition. The results follow closely the experimental observations,
both in the recirculations and in the main the jet. Changing the bottom roughness would lead to hardly no-
ticeable changes in the velocity profiles, which is in agreement with Babarutsi et al. (1989) and Chu
(2004) for unilateral expansions: since the bed friction number remains here very low, the flow is classi-
fied as “non-frictional” and is thus not influenced by the roughness. When the topography corresponding
to sediment deposits is considered, the velocity increases by up to 10% in the centre of the jet and the
change of flow pattern is visible in the cross-sectional profiles.

To analyse the feedback effect of morphodynamic evolution on the flow pattern, the time evolution of
the measured thickness of sediment deposits has been implemented in the flow simulation as a time-
varying topography. Four hours of flow have been simulated, corresponding to the total duration of the
experiments with sediments. Since only three maps of measured sediments deposits were available (initial
condition, deposits after 2 h and deposits after 4 h), linear interpolation in time has been used for the in-
termediary time step.
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Figure 19. Comparison between measured and simulated velocity profiles along different cross-sections of the reservoir in
both configurations: without suspended load (initial flat topography) and after 4h of sediment deposits.
Adapted from Camnasio et al. (2012).
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Figure 20. Time evolution of the velocity (m/s) at the centre of the reservoir for two different roughness coefficients.

At the end of the simulation, the mean thickness of deposits remains below 10% of the water depth.
Simulation results have shown that the numerical model succeeds in reproducing the change in flow pat-
tern as a result of the change in bathymetry. This is consistent with the experimental results (Figure 21).
In Figure 20, the velocity magnitude in the middle of the reservoir is used as an indicator to appreciate
the dynamics of the flow pattern modification. This variable confirms that a sudden shift takes place after
some sedimentation time. Figure 20 reveals a strong influence of the bottom roughness on the timing of
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the change in flow pattern. Interestingly, those two parameters did not influence significantly the velocity
profiles. Consequently, the numerical model not only succeeds in reproducing the process of flow pattern
change but also enables to quantify the relative importance of the geometric effect (bathymetry change)
and increased roughness due to deposits. In contrast, those two processes could not be distinguished from
experimental tests only.

() (d)

Figure 21. Time evolution of the velocity field (m/s) in the reservoir as sediment deposits develop on the bottom.

6 CONCLUSIONS

In this paper, we reviewed four types of composite modelling approaches, from which valuable benefits
can be taken both for real-world projects design and for more basic research.

Embedding a physical model within a broader scale numerical model enables to increase the scale fac-
tor and, therefore build more representative experimental models less affected by scale effects.

Besides this increasingly standard approach in composite modelling, different numerical and physical
models may be interconnected to address specific aspects of a single real-world project or research ques-
tion, as could be demonstrated here in the case of an on-going hydropower project involving reservoir
sedimentation and sediment management issues, shape optimization of the water intake under environ-
mental constraints, flood levels computation as well as renaturation of a river section where old low-head
hydropower plants will be decommissioned. In such a strategy, each type of model (physical vs. numeri-
cal, hydraulic vs. morphodynamic, small vs. large scale) is applied to conduct part of the studies for
which it is best suited and may interactively exchange data with the other components of the overall com-
posite modelling strategy deployed. This generally enables to take maximum benefit from each type of
model and this approach is often combined with the first one, namely a refined physical model embedded
within a broader scale numerical model.

Physical models may also be used to validate numerical modelling, which is in turn applied to investi-
gate more combinations of hydraulic and geometric parameters thanks to the high flexibility of numerical
models compared to experimental ones. Their relatively low cost to conduct multiple runs makes numeri-
cal models particularly efficient to perform comprehensive sensitivity analyses.

Finally, we have detailed a fundamental analysis of the feedback of reservoir sedimentation on the
mean flow in a shallow reservoir. In this case, composite modelling enabled to appreciate the relative in-
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fluence on the flow characteristics of changes in the reservoir bathymetry and in the bottom roughness as
a result of sediment deposits. These two influences could hardly be separated if the research relies solely
on physical modelling and not on composite modelling.
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ABSTRACT: Floods forecasting and management of large regulated rivers require the ability to properly
combine classical flow routing with the regulation dams that act as internal boundaries. Therefore a good
knowledge of the stage-discharge relationships of these dams is mandatory. The Meuse River in Belgium
is such a regulated river, for which the HYDROAXE software was developed jointly by the Belgian Min-
istry of Public Works (SPW-SETHY) and the Hydraulics Laboratory of the Université catholique de
Louvain (Belgium). Working for a constant improvement of this software, this paper presents an experi-
mental study of flow over a typical dam of the River Meuse, i.e. a dam controlled by radial gates
equipped with flap gates. Measurements of the upstream water level and of the discharge are presented
for different positions of the flap gate. According to earlier works on gates featuring a variable inclina-
tion, mainly drum gates, it is observed that the stage-discharge relationship depends on the inclination of
the flap. However, the theoretical discharge coefficient obtained by means of formulae of the literature
always exceeds the measured discharge coefficient. This suggests that further work is required to obtain a
stage-discharge relationship adapted to the particular case of radial gates equipped with flap gates.

Keywords: Dam discharge modelling, Flood forecasting software, Physical model of gate, flow over gate,
flow below gate

1 INTRODUCTION

The Meuse River in Belgium (Figure 4) is regulated through 15 dams (e.g. the La Plante dam illustrated
in Figure 5) consisting of radial gates and flap gates (Figure 6). For low discharges water flows over the
flap gate. This mobile part being progressively lowered when the discharge increases in order to maintain
the prescribed water level in the regulated reaches. For higher discharges, the radial gate is raised incre-
mentally and the water flows both over and under the gate. For further increasing discharges, the gates are
completely raised and the water level is unregulated.

To predict the water levels along the Meuse River, the HYDROAXE software was developed at the
Université catholique de Louvain, Belgium (e.g. Scherer and al. 1998, Dal Cin and al. 2005). HY-
DROAXE is a real-time flood forecasting tool based on the numerical resolution of the 1D Saint-Venant
equations, including the Exchange Discharge Model (Bousmar and Zech 1999) to account for momentum
exchanges between the minor bed and the floodplains. In its current state, HYDROAXE covers the
Meuse River from the dam of Hastic¢re close to the French border until the dam of Monsin close to the
city of Liege. Based on 18-hours discharge prediction, the model provides in a few seconds the hourly
evolution of the water level along this reach of about 150 km. The considered reach is equipped with 15
dams as indicated in Figure 4. The model takes into account the operation of the dam gates and their in-
fluence on the flow. In this context, the accuracy of the stage-discharge relationships used in the numeri-
cal model for the gates is crucial.

In this paper, we present an experimental study of flow over a scale model of the radial and flap gate
of the La Plante dam (Figure 5). Among the wide range of stage-discharge relationships that can be found
in literature for flows over weirs and gates, the formulae by Bradley (1954) and Sinniger and Hager
(1989) appeared as the most appropriated for our case. These formulae are used to predict the discharge

33



in our experiments, and the results are compared to the measurements. Finally, conclusions are drawn re-
garding their applicability to the Meuse River dams.

2 FLOW OVER THE GATE

2.1 Some existing theoretical models and experimental studies concerning flows over weirs

Among the theoretical and experimental studies about flows over weirs that can be found in the literature,
only very few consider a variable flap angle (Bradley 1954, Sinniger and Hager 1989). Other models de-
veloped for sharp crested weirs may also be considered, such as those developed by Chow (1959), Nau-
dasher (1991) or Novak (1996).

In the models proposed by Chow (1959) and by Naudascher (1991), the discharge coefficient is calcu-
lated from the known discharge and a water depth 4, defined as the difference between the elevations of
the water surface upstream the gate and the highest point of the gate (Figure 8). For a gate of width L, the
equation proposed by Chow (1959) is

0=CLK"? (1a)
wnhcn:JEE&@(327+040%j (1b)
where the discharge coefficient C is given in (m'?s™"). Naudascher (1991) proposed

0= uy2gLi” (2a)
wM1y:Qm+OO&% (2b)

In these two models, the discharge coefficient depends linearly on the value of 4 / w, where w is the dis-
tance between the toe and the highest point of the gate (Figure 8). It must be noted that only the upstream
water level is taken into account in /4, and not the total head. In the model by Novak (1996), the discharge
coefficient also depends linearly on the value / /w but the total head above the highest point of the gate,
denoted by H (Figure 1), is used, instead of /4, to calculate the discharge:

0- y@LHW (3a)
: h
with z =0.602 + 0.075; (3b)

2.2 The theoretical model based on Bradley (1954) and Sinniger & Hager (1989)

The theoretical model is based on the work of Bradley for flows over drum gates for which the upstream
face is quite similar to a flap gate. Bradley proposed the following relationship between the discharge and
the total head.

0=CLHY “)
Where C is the discharge coefficient and L is the width of the channel.

The evolution of C [ft"%.s™] as a function of the angle @ between the horizontal and the tangent to the
downstream lip of the gate is shown in Figure 1 following Bradley (1954), for different values of the ratio
H / r, r being the radius of the gate. It must be noted that if € is positive, the highest point of the gate is
the lip of the gate; otherwise, it is the crest of the gate.
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Figure 1. Discharge coefficient C [ft"%.s™'] (Bradley 1954)

Sinniger and Hager (1989) proposed an analytical expression for the curves observed by Bradley (1954)
where the discharge coefficient C is a function of 6, H / r and g, the gravity acceleration.

C=.\2g ;{9,%} (5)
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Figure 2. Discharge coefficient x = C / (2g)"* (Sinniger and Hager, 1989)

The dimensionless discharge coefficient p (Figure 2) is defined according to the following equations:

1(H 1/3 .
Hmin = 0.313 1+E(7j , for Qmin =-20 (63)
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1/3 2
Umax = 0.483 {1 + é(ﬁj } ,for 6, = 200{1 + %(1 —Ej } (6b)

r r

o= Hmin (6¢)
,umax
A = 2= Omin (6d)
Hmax - Hmin
_ _ _A |4
“o_pe-mlpe] (6¢)

max

One characteristic in the behaviour of this model is that it reproduces the observed two-limb curve of the
discharge coefficient with H / r for a fixed 0: both in the descriptions by Bradley (1954) and Sinniger and
Hager (1989) illustrated in Figures 1 and 2, for angles 6 < .« the discharge coefficient increases for in-
creasing H / r while for angles 0 > 0, the discharge coefficient decreases for increasing H / r. It can be
shown by studying the partial derivative of function p (6e) with respect to H / r that this trend is repro-
duced by the empirical model (6), but only for a limited range of values, i.e. H/re[0.10;0.50] and
e [27°, 43°] (Figure 3).
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Figure 3. Discharge coefficient following Sinniger and Hager (1989)

In our study, we will focus on the model by Sinniger and Hager (1989). This model is based on the initial
observations by Bradley (1954), as it considers a variable flap angle and thus appears more adapted to the
actual gates of the River Meuse. However, the models by Chow (1959), Novak (1996) and Naudasher
(1991) will also be considered in the comparisons with the experiments, to illustrate and highlight the
strengths and weaknesses of each approach.
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3 EXPERIMENTAL SET-UP

The La Plante dam is located near the city of Namur on the Meuse River (Figure 4). It is composed of
four radial and flap gates (Figures 5 and 6). The physical model replicates a one-meter wide section of a
gate of the La Plane dam at the scale 4 = 1/25, including the design of the approach channel upstream and
the stilling basin downstream the gate (Figures 6 and 7). The radial gate in the scale model is 0.141 m
high, and the flap angle can vary between -33.36° and 65.24° (Figure 7) in order to reproduce the range of
discharges considered in the River Meuse for flow over the gate.
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Figure 4. Overview of Meuse basin and river (fr.wikipedia.org) Figure 5. View of the La Plante dam (GoogleEarth)
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Figure 6. Transversal view of the gates in place on the Meuse River with upstream and downstream channel

37



Analysis of historical discharges and gate openings at the dam of La Plante showed that the maximum
discharge occurring for a flow over the flap gate is about 300 m?/s. Above this value and to control the
upstream level at a threshold of navigability, the radial gate starts opening and the water flows both over
the flap gate and below the radial gate. When the discharge reaches 500 m?/s, there is no more flow over
the flap gate, and the whole discharge flows below the radial gate only. For discharges higher than
800 m?/s, the radial gate is completely open resulting in an uncontrolled flow through the dam.

- 146cm 199,1cm

I |' 106,1 cm 159,2 cm

2559 cm 260,2 cm
Figure 7. Experimental set-up

Using the Froude similitude to design the scale model, the scale factor for the discharge is Ap = A%, As
the width of the prototype gate is 22.5 m, our physical model that is 0.495 m wide only represents a
12.375 m wide portion of the real gate. Accounting for the fact that the actual dam is composed of 4
gates, the scaled discharges are provided in Table 1. In the present study, we will focus on flow over the
flap gate only, i.e. discharges up to 13.2 I/s in the scale model (300 m?/s in prototype).

The flume is equipped with 4 ultrasonic probes to measure the water level. The probes are located as
indicated in Figure 7 at distances upstream and downstream from the gate equal to at least 3 times the
maximum water depth in the channel. The discharge is obtained by an electromagnetic flow meter
(ABB).

Table 1. Discharge ranges in the prototype and in the scale model

Type of flow Qprototype (m3/ S) Qmodel (1/ S)
Flow over the gate only 0-300 0-13.2
Flow over and under the gate 300 — 500 13.2-22
Flow under the gate only 500 — 800 22 -32.5
Uncontrolled flow 800 and higher 32.5 and higher
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4 EXPERIMENTAL RESULTS

The experiments were conducted for 6 positions of the gate. The geometrical parameters are summarized
in Table 2.

M —
{ |

Figure 8. Sketch of the experimental set-up with geometrical parameters

Table 2. Geometrical parameters of the experimentation as shown in Figure 8.

Position 6 (°) w' (m) r(m) Dz(m) L (m)
A* -33.36 0.142 0.180 0.0231 0.495
B -19.89 0.148 0.180 0.0231 0.495
C -5.97 0.164 0.180 0.0231 0.495
D 13.64 0.198 0.180 0.0231 0.495
E 35.57 0.228 0.180 0.0231 0.495
F 65.24 0.248 0.180 0.0231 0.495

* Lower position of the gate, w' is the position of the highest point above the gate toe level
(lip of the gate in case of a positive 8, crest otherwise)

For each position of the flap gate, experiments were conducted by varying the inflow discharge and the
upstream water level. The resulting measured discharges and water level were averaged over about 2000
values, acquired at a rate of 25 Hz. In order to compare the measured discharge coefficient with the pre-
diction by the formula by Sinniger and Hager (1989), the measurements were grouped by ranges of H/ r,
as illustrated in Figure 9. For each range of considered values of H / r, the curves by equations (6) are in-
dicated, together with the measured discharge coefficients (equations 4-5).

It can be observed that the general trend is well reproduced in the experiments; however the theoretical
model overestimates the discharge coefficient. It should be noted that equations (6) are only valid for flap
angles larger than -20°, while in our experiments the lowest angle was -33.36°.

The general trend given by both the empirical model (6) and the experimental results is an increase of
4 with increasing H / r. For angles of the flap gate below Gpax (Omax 18 between 25° and 28° depending on
H /r), the difference between measured and predicted discharge coefficient is larger than for value of the
angle above Om.. For angles above Omax, this difference significantly reduces. For instance for
H/r<Q0.15, the theoretical value of x overestimates on average for the 2 results above .« the experi-
mental value of by 5% while for the 4 results below 0,,x we have an average overestimation of 25%. It
must be noted that this difference of overestimation of z, between value of the angle above and below
Omax 18 reducing for increasing H /r. For instance for H / r between 0.28 and 0.33, the average overesti-
mation of y for angles above G« s about 2 % while it is now 11% for angles below Oyax.

39



0.50 - 0.50 ~

me) //\ me)
0.45 Y x N 0.45 -
ol A‘ s
0.40 - A 0.40
A
A a
0.35 = —H/r=0.12] 0.35 —H/r=0.18|
A ---H/Ir=0.15 ---H/r=0.21
A A Exp A Exp
0.30 ‘ ‘ 1 0.30 ‘ ‘ |
-40 0 40 8() 80 -40 0 40 0(¢) 80
0.50 - 0.50 -
HG) (0]
0.45 - 0.45 -
040 , 040 1 4 A
A A 4
0.35 —HIr=024. 35 —H/r=0.28
---H/Ir=0.27 ---H/r=0.33
A Exp A Exp
0.30 ‘ ‘ 1 0.30 ‘ ‘ |
-40 0 40 8(¢) 80 -40 0 40 () 80
0.50 -
H()
0.45 ~
A
0.40 - P
0.35 —H/r=0.33
---H/r=0.37
A Exp
0.30 ‘ ‘ |
-40 0 40 8() 80

Figure 9. Discharge coefficient vs. 8 (angle between the horizontal and the tangent to the downstream lip of the gate).
For H/r > 0.33 the measurement was not possible at § = 65.24° due to too high upstream level compared to the channel design.

In order to analyze in greater detail the influence of gate flat position, the computed discharge coeffi-
cients from experimental results are compared to the models by Sinniger and Hager (1989), i.e. equations
(6), Novak (1996) and Naudasher (1991). Figure 10 presents these comparisons for each position & of the
flap gate. The results obtained with the model proposed by Chow (1959) are very similar to those ob-
tained with the model of Naudasher (1991) and were thus not included herein (i.e. the maximum differ-
ences on u between both models is about 0.25 %).

The discharge coefficient in the formulae by Chow (1959), Novak (1996) and Naudasher (1991) do
not depend on the flap angle. However, the experimental measurements clearly show a dependence on
this angle, as already outlined before. This trend is well reproduced by the model of Sinniger and Hager
(1989) that overestimates the discharge coefficient. For negative angles, the increase of u with the up-
stream head represented by the ratio H / r is more influential than for higher angles of the flap gate. For
high angles (above Omax), the flap gate is closer to vertical. In this configuration, the radial gate and the
flap are nearly aligned and the geometry of the entire gate is closer to that of a classical radial gate with-
out a flap. This may explain why for the highest angle (8= 65.24°), the experimental results are in better
agreement with the models by Novak (1996) and Naudasher (1991) than for lower position of the flap.

It should be noted that the best agreement is obtained with the formula by Sinniger and Hager (1989).
For lower angles of the flap (below G.x), the measurements tend to follow the formula by Sinniger and
Hager (1989), but less closely. Also it can be noted that for higher values of H / r, the agreement between
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the experimental measurements and the predictions by means of the Sinniger and Hager (1989) formula
improves.
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Figure 10. Discharge coefficient vs. upstream head

5 CONCLUSIONS

Experiments of flow over a radial gate equipped with a flap gate were presented. These experiments were
conducted with the following objectives: (i) reproduce at a smaller scale a real gate at dams on the River
Meuse in Belgium, and (ii) check the applicability of published empirical models to predict the discharge
over such a gate. In the experiments, six positions of the flap gate were considered, and for each position,
measurements were obtained for about five values of the discharges.

Among the existing formulae in the literature, the one proposed by Sinniger and Hager (1989) for
drum gates appeared as the best suited, as it is the only one to the knowledge of the authors to account for
a variable inclination of the flap gate. However, the comparisons between this model and the experiments
showed that it is not completely adapted to our gate. Indeed, the formula always over-predicted the dis-
charge coefficient. The reasons for these observed discrepancies could be the following. First, this for-
mula was initially developed for drum gates that also present a variable angle. In the present case, we
consider a radial gate with a flap gate. The approach flow might contribute to discrepencies, especially
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for low values of the flap angle. Another possible reason could be some local head losses arising from the
scaled model.

Future work will be conducted by first carefully checking the scale model, then carrying out more ex-
periments to complete the set of experimental points. Especially, it will be checked if for low angles,
close to the Gnin value of Sinniger and Hager (1989), a minimum of the discharge coefficient exists. Then,
from this more complete set of experimental data, a new model for radial gates with flap gates could be
developed.
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NOTATION

scaling factor for distance
scaling factor for discharge
Discharge

Coefficient of discharge in ft
Width of the channel

Total head over the maximum point of the gate

Angle of the tangent to the downstream lip of the gate with the horizontal
Radius of the gate (top mobile part)

Gravity acceleration

Discharge coefficient (dimensionless)

Experimental discharge coefficient (dimensionless)

Theoretical discharge coefficient (dimensionless)
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Inlet Sluices for Flood Control Areas with Controlled Reduced Tide in
the Scheldt Estuary: an Overview
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T. Maris’ & P. Meire’
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ABSTRACT: Flood Control Areas (FCAs) are one of the measures to protect the Flemish part of the
Scheldt estuary against storm surges. Recently, in some of these FCAs a Controlled Reduced Tide (CRT)
was introduced by means of simple sluice constructions, aiming at a combination of flood control with
nature development and the ecological functions of intertidal areas. This paper gives an overview of the
different types of inlet sluices and energy dissipation measures that have been designed, built and/or are
under construction: an inlet sluice with an inclined drop, an inlet sluice with a pooled step cascade and a
combined inlet-outlet sluice with an internal drop structure.

Keywords: flood control area, controlled reduced tide, inlet sluice, inclined drop, pooled step cascade,
vertical drop

1 INTRODUCTION

After a major flooding event in 1976 in the Scheldt estuary, the so-called Sigmaplan was conceived in
1977 to better protect the north of Belgium (Flanders) against flooding (Figure 1).
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Figure 1. Location of Scheldt estuary and Flood Control Areas.

One of the measures in the Sigmaplan is to build a set of Flood Control Areas (FCAs). To this end, spe-
cific polders along the tidal river Scheldt are selected which have an elevation below mean high tide lev-
el. As a first construction step, a sufficiently high ring dike surrounding the polder needs to be built. Sec-
ondly, the existing levee between the polder and the river needs to be lowered, in order to create an
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overflow dike. During storm surges, water can overtop the overflow dike and be stored in the FCA, thus
damping the tidal wave in the river and mitigating the flooding of nearby valuable areas. To drain the wa-
ter from the FCA when the water level in the river is sufficiently low again, outlet sluices are included
within the overflow dike (Figure 2, left). The corresponding culverts are equipped with flap gates on the
river side. On average, such a FCA is flooded once or twice a year. A dozen of FCAs are currently opera-
tional, and many more are under design and/or construction.
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Figure 2. Operation principles of a Flood Control Area (FCA) without (left panel)
and with (middle and right panels) a Controlled Reduced Tide (CRT)

Due to changing physical circumstances and new insights in water management, an actualization of the
Sigmaplan was elaborated in 2005, aiming at satisfying both safety and ecological needs along the river
Scheldt in a sustainable way.

Among other measures, some FCAs are now being designed and constructed with a so-called Con-
trolled Reduced Tide (CRT) (Maris et al., 2007). Such type of FCAs (further abbreviated as: FCA-CRTs)
does not only flood during storm surges, but also in normal tidal conditions. To this end, inlet sluices are
built high in the river dike. During a (semi-diurnal) tidal cycle, a limited amount of river water flows into
the FCA (Figure 2, middle), as long as the water level in the river exceeds the invert level of the inlet
sluices. When inflow ceases, the water level in the FCA stagnates. As soon as the water level in the river
becomes sufficiently low again, water is drained from the FCA through the outlet sluices in the overflow
dike (Figure 2, right). When the water level in the river becomes sufficiently high again, the flap gates of
the outlet sluices close and outflow from the FCA ceases, yielding again a stagnating water level.

The tidal regime aimed at within the FCA, should be comparable to tides in the estuary, but adapted to
the scale of the FCA. For the development of functional intertidal habitat (i.e. tidal marshes and tidal
flats) the low elevated FCA area has to face similar inundation frequencies as the natural outer dike habi-
tats. Natural marshes only flood during spring tide, tidal flats can be flooded every tide. To achieve simi-
lar inundation patterns in the FCA, the high water levels have to be reduced without damping the spring
tide — neap tide variation. This can be achieved by well-designed high positioned inlet sluices that take in
large volumes of water during spring tide but, thanks to the high position, nearly no water during neap
tide. A low elevated outlet sluice evacuates the water during ebb.

In this way, FCA-CRTs intend to contribute to the restoration of estuarine habitats, many of which
have disappeared or degraded over the course of time because of agricultural, urban or industrial devel-
opments in a densely populated and land-scarce Scheldt estuary region (Cox et al., 2006). Intertidal areas
have important ecological functions with effects on aeration, cycling and recycling of nutrients, water
quality, sedimentation and primary production (Maris et al., 2007).

Because of the safety function — i.e. providing storage capacity to mitigate storm surges — that a FCA-
CRT still needs to fulfill, only simple, reliable and easy to maintain technology should be relied upon for
the introduction of a reduced tide. Therefore, robust inlet sluice systems have been selected, based upon
culverts, possible equipped with valves. Also safeguarding the storage capacity needed for storm events is
essential. With a reduced tide, the exchanged water volumes and hence suspended matter, can be con-
trolled. Sluice dimensions determine flooding frequencies that influence sedimentation rates.

The sill level and the cross-section of the inlet sluices have been determined by means of mathematical
models, simulating the tidal water levels in the polder for given water levels in the river.

Instead of constructing the floor slab of the culverts at the sill level predicted by the mathematical
models (in order to get the requested tidal regime in the polder), it was decided to put the floor slab about
0.5 m lower and add some overflow weirs (e.g. at the downstream end of the inlet sluice culverts). Those
weirs can be made easily by piling up stop logs in the available recesses in the vertical culvert walls.
Hence, by choosing the appropriate weir height, the intake level(s) of the inlet sluice can be set to the re-
quested value(s). Moreover, once the FCA-CRT is operational, the heights of the stop log weirs can be
easily adapted, if needed to optimize the inundated areas and/or to respond to evolutions in the FCA-CRT
or in the river.
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Since FCAs are constructed in polders with a relatively low mean elevation (in order to maximize the
storage capacity for flood mitigation), the water flowing in through the inlet culverts needs to drop signif-
icantly. If no special measures were taken, high flow velocities would result in important erosion. This is
inacceptable for reasons of stability of the inlet sluice construction itself, as well as for the stability of the
overflow dike in which the sluice is constructed. Therefore, some energy dissipating (and erosion protec-
tion) measures have to be included in the design of the inlet sluice for a FCA-CRT. This paper gives an
overview of some structures that have been designed and/or built in the Scheldt estuary.

2 INLET SLUICE WITH INCLINED DROP — PILOT PROJECT “LIPPENBROEK”

A fairly small polder of about 10 ha, called “Lippenbroek” (municipality: Hamme), was selected to be-
come a pilot project. The FCA-CRT Lippenbroek became operational in March 2006. The polder is situ-
ated in the freshwater part of the estuary (Figure 1).
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Figure 3. Aerial view of FCA-CRT Lippenbroek (source: www.sigmaplan.be).

The FCA is surrounded by a ring dike. The levee between river and polder is 450 m long, 40 m of which
have been lowered to function as an overflow dike (Figure 3).

The (new) inlet sluice has been constructed at a distance of about 50 m from the (existing) outlet
sluice. At the riverside, a creek connects both sluices to the river. At the polder side, an inlet basin con-
nects both sluices to a central ditch or creek within the polder (Figure 4).

Some characteristic levels and sluice dimensions for FCA-CRT Lippenbroek are given in Table 1 and
Table 2 respectively. The levels are expressed with respect to TAW, i.e. the Belgian reference level
(which is approximately the mean low tide level along the Belgian North Sea coast).
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sluice S sluice

entral
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Figure 4. View from polder upon inlet sluice and outlet sluice of FCA-CRT Lippenbroek (left) and uon stop log weirs at
downstream end of inlet sluice culverts (right)
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Table 1. Characteristic levels for FCA-CRT Lippenbroek.

FCA-CRT Lippenbroek Tidal river characteristics

Ring dike Crest level +8.35 m TAW mean high tide | +6.0 m TAW (spring tide)
Levee Crest level +8.00 m TAW +5.6 m TAW (mean tide)
Overflow dike | Crest level +6.80 m TAW +5.1 m TAW (neap tide)
Inlet sluice Level of culvert ceiling +5.90 m TAW mean low tide | +0.1 m TAW (spring tide)

Crest level of stop log weirs | +5.30/+5.00/+4.70 m TAW +0.3m TAW (mean tide)

Level of culvert floor +4.00 m TAW +0.5 m TAW (neap tide)
Outlet sluice | Level of culvert ceiling +3.00 m TAW

Level of culvert floor +1.50 m TAW
Polder Mean elevation +2.6 m TAW

Table 2. Characteristic culvert dimensions for sluices of FCA-CRT Lippenbroek.
Inlet sluice Outlet sluice

Number of culverts | 3 Number of culverts | 1
Culvert width 1.00 m | Culvert width 1.50 m
Culvert height 1.90 m | Culvert height 1.50 m
Culvert length ca. 13 m | Culvert length ca. 40 m

The geometry of the inlet sluice is depicted in Figure 5. An inclined drop has been chosen to direct the
water inflow through the culverts into the Lippenbroek polder. Besides some orientating hydraulic calcu-
lations, no explicit reference was made to specific recommendations in (hydraulic) literature to select and
size this type of construction. Given the limited vertical drop height and inlet sluice dimensions in this pi-
lot project, a (gently) sloping concrete slab of moderate size (without chute blocks and baffle blocks) was
just believed to be simple to construct and elegant to integrate in the landward slope of the dike (since
sidewalls protruding above the dike slope could be avoided).

The inclined slab has a slope of 13.5%, corresponding to a drop in height of 2.25 m over a horizontal
distance of 16.57 m. Due to diverging sidewalls (each having an angle of about 5° with respect to the lon-
gitudinal axis of the slab), the slab width varies from 4 m at the top to 7 m at the toe. The total area of the
slab is about 92 m?.

At the toe of the drop, a stilling basin has been constructed. It consists of a horizontal concrete slab
(with a small end sill), surrounded by gabions. The sizing of the slab has been based on calculations of the
hydraulic jump during various tidal cycles in the river, taking into account the time evolution of the tail
water depths in the polder. The maximum Scheldt level considered during these design calculations was
at mean spring tide (+6.0 m TAW, Table 1), corresponding to an estimated total discharge of 6.5 m?¥/s, i.e.
a specific discharge at the top of the inclined drop of 1.6 m?/s/m. The latter value has been confirmed by
discharge measurements on site in Lippenbroek (Peeters et al., 2009). The resulting length of the concrete
slab is about 7 m. Combined with a width of 15 m, yields a slab surface of about 100 m?.

Note that the construction occasionally also operates under much higher water levels in the river,
hence much higher specific discharges. For a Scheldt level of +6.8 m TAW- i.e. the crest level of the
FCA overflow dike, which is exceeded on average once or twice a year — the specific discharge is esti-
mated (based on a culvert formula, validated by scale model tests) to be 3.1 m?/s/m. No stability issues
regarding possible erosion downstream of the stilling basin were raised:

(1) Given the limited surface of the polder and its specific topography, high inflow discharges result
in rapidly increasing tail water depths, hence limited duration of exposure to non-protected parts
of the inlet basin and shifting of the hydraulic jump in the direction of the inclined drop.

(i1)  Because the inlet sluice construction was completely surrounded by sheet pile walls, the structural
engineers did not consider the potential erosion to be harmful for the stability of the construction.

(iii))  The location of the potential erosion was considered to be sufficiently far from the landward slope
of the neighboring dike sections.

(iv)  Regular monitoring in the FCA-CRT was planned and, if needed, the authorities in charge of the
FCA-CRT were ready to restore and/or increase additional erosion measures such as gabions.

(v)  The ecological engineers are in favor of hydraulic conditions that stimulate the morphodynamic

evolution (creek formation) of the polder (as long as the constructional stability of sluice and dike
are not at stake, of course).
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Figure 5. Sketch of inlet sluice for FCA-CRT Lippenbroek

Since the FCA-CRT is operational (March 2006), neither constructional problems have been observed,
nor excessive erosion in the immediate neighborhood of the inlet sluice construction.

Note that in March 2006, the crest levels of the stop log weirs in the three inlet culverts have been
adapted somewhat, in order to create sufficiently different inundated areas in the polder during spring and
neap tide conditions. The uniform crest level of +4.8 m TAW (i.e. the value that was assumed for all inlet
culverts during the design calculations) was modified into varying crest levels of +4.7/+5.0/+5.3 m TAW
(i.e. the values that are specified in Table 1 and are illustrated in Figure 4). Since then, no further changes
have been made to the crest levels of the stop log weirs.

Figure 6. Energy dissipation and aeration of water flowing into FCA-CRT Lippenbroek
(left: view from polder towards inlet sluice ; right: view from inlet sluice towards polder).

The inlet and outlet sluice systems described above, allow the tidal amplitude in the polder to be reduced
on average from 5 m (in the river) to 1 m (in the polder), but the natural spring-neap tidal cycle is main-
tained. The tidal range in the polder varies from a few decimeters at neap tide to over 1.5 m at spring tide
(Beauchard et al., 2011). The form of the tidal curve in the polder differs from the one in the estuary, as a
stagnant phase is present both at high and low water in the polder, but the crucial characteristics of the
tide for ecological purposes are still present.

47



Figure 6 illustrates the energy dissipation and aeration that accompanies the inflow of water into FCA-
CRT Lippenbroek. Based on intensive ecological monitoring since the FCA-CRT is operational, the
amount of aeration provided by the inlet construction is considered to be satisfactory.

3 INLET SLUICE WITH POOLED STEP CASCADE — CASE “KBR”

The largest FCA set up in Flanders so far, has a total area of about 600 ha and is referred to as “Kruibeke-
Bazel-Rupelmonde” (abbreviated: KBR). A Controlled Reduced Tide will be introduced in several parts
of KBR. The one in the polder called “Kruibeke” will be referred to as FCA-CRT Kruibeke (Figure 7). It
has an area of about 200 ha and is situated at the limit of the brackish zone of the Scheldt estuary (Figure
1). FCA-CRT Kruibeke is to date (November 2012) not yet operational.

Inlet sluice

. - ' "
. e v

Figure 7. View upon outlet and inlet sluices (left) and bottom protection downstream of end sill inlet sluice (right)
constructed at FCA-CRT Kruibeke

The levee between river and polder for FCA-CRT Kruibeke is about 1900 m long, 1650 m of which will
function as an overflow dike.
The inlet and outlet sluices are built adjacent to each other in the north of the polder (Figure 7), in or-

der to concentrate the tidal energy in one place. Some characteristic levels and sluice dimensions for
FCA-CRT Kruibeke are given in Table 3 and Table 4 respectively.

Table 3. Characteristic levels for FCA-CRT Kruibeke.

FCA-CRT Kruibeke Tidal river characteristics

Ring dike Crest level +8.35 m TAW mean high tide | +5.8 m TAW (spring tide)
Levee Crest level at sluices +8.35 m TAW +5.4 m TAW (mean tide)
Overflow dike | Crest level +6.80 m TAW +4.9 m TAW (neap tide)
Inlet sluice Level of culvert ceiling +6.40 m TAW mean low tide | -0.2 m TAW (spring tide)

Crest level of stop log weirs | +4.70 to +5.50 m TAW* +0.0m TAW (mean tide)

Level of culvert floor +4.20 m TAW +0.4 m TAW (neap tide)
Outlet sluice | Level of culvert ceiling +2.70 m TAW

Level of culvert floor +0.50 m TAW
Polder Mean elevation +1.3 m TAW

* Range of crest level stop log weirs considered during design. Levels to be tuned when FCA-CRT is in operation.

Table 4. Characteristic culvert dimensions for sluices of FCA-CRT Kruibeke.

Inlet sluice Outlet sluice
Number of culverts | 15 Number of culverts | 15
Culvert width 3.00m | Culvert width 3.00 m
Culvert height 2.20m | Culvert height 220 m
Culvert length ca. 25 m | Culvert length ca. 55 m
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The geometry of the inlet sluice is sketched in Figure 8. Note that instead of an inclined drop (like the
FCA-CRT Lippenbroek), a stepped cascade was chosen to direct the water inflow through the culverts in-
to the Kruibeke polder. Several considerations motivated this choice:

(1) The drop height between the floor level of the inlet culverts and the mean elevation of the polder
is much higher at Kruibeke (2.9 m) as compared to Lippenbroek (1.4 m).

(i1))  The total width of the inlet sluice is much larger in Kruibeke (ca. 51 m) as compared to Lip-
penbroek (4 to 7 m). The construction of an inclined slab of such a size is more difficult.

(ii1))  The water board in charge of the FCA-CRT decided to change the design conditions. Before, it
was assumed that the inlet culverts would be closed manually (e.g. by closing a slide gate in each
inlet culvert) prior to early flood warnings that predicted overtopping of the overflow dike. This
measure was intended to maximize the storage capacity available in the FCA for storm surge miti-
gation. After the decision of the water board, it could no longer be assumed that the inlet culverts
would be closed in such circumstances. Hence, the design Scheldt level could be higher than the
crest level of the FCA overflow dike (+ 6.8 m TAW).

(iv)  The surface of the FCA-CRT Kruibeke (200 ha) is much larger than FCA-CRT Lippenbroek (10
ha) and additionally, the topography at Kruibeke gives rise to a slow increase of the tail water
depths in the polder in response to water inflow.

V) During the design of the inlet sluice at Kruibeke fish migration was of much more concern than
during the (earlier) design at Lippenbroek. Therefore, a pooled step cascade was selected, since
this type of construction was considered to be less harmful for fish migrating towards the polder
through the inlet sluice culverts.

(vi)  The extra aeration that a cascade was likely to produce (as compared to an inclined drop) was con-
sidered to be an ecological asset.

The cascade consists of three steps, the dimensions of which are presented in Table 5 and Figure 8. Every

step has an end sill, turning the construction into a pooled step cascade. To protect fish migrating from the

river into the polder via the inlet sluice, the ecological engineers required the height of the end sill, i.e. the
pool depth, to be at least one third of the drop height between consecutive steps.
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Figure 8. Sketch of inlet sluice for FCA-CRT Kruibeke.

During the design, Scheldt levels up to +8.0 m TAW have been considered, i.e. levels that are significant-
ly above the crest level of the FCA overflow dike (+6.8 m TAW). Such high levels — though accompanied
by relatively high tail water depths due to the preceding filling of the polder — still might give rise to su-
percritical flow above parts of the inlet sluice construction. The specific discharge (estimated with culvert
formulas, validated by scale model tests) and critical flow depth corresponding to various high tide levels
and crest levels of the stop log weirs are presented in Table 6.

The cascade has been dimensioned for nappe flow, based upon the guidelines in Chanson (2002 &
2004). These guidelines, however, are not valid for pooled step cascades, of which the hydrodynamics
was still poorly known at the time. Therefore, it was decided to test the design afterwards in a scale model
(scale 1:12) at Flanders Hydraulics Research (De Mulder et al., 2011).
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Table 5. Characteristic dimensions of pooled step cascade for FCA-CRT Kruibeke.

Upper step | Intermediate step | Lower step
brink level of falling jet [m TAW] | +4.7 to +5.5*% +3.5 +1.5
floor level upstream [m TAW] +4.2 +2.5 +0.5
floor level downstream [m TAW] +2.5 +0.5 -1.0
step height (s) [m] 1.7 2.0 1.5
step length (L) [m] 10.0 10.0 11.5
slope (s/L) [-] 0.17 0.20 0.13
weir or end sill height (w) [m] 0.5to0 1.3* 1.0 1.0
drop height of falling jet (w+s) [m] 2.2 to 3.0* 3.0 2.5

* Depending on crest level of stop log weirs.
Table 6. Specific discharge and critical flow depth for FCA-CRT Kruibeke.
Scheldt level | Crest level stop log weirs | Specific discharge q | Critical flow depth h,
[m TAW] [m TAW] [m*/s/m] [m]
480 +4.7 8.6 1.96
+5.5 5.8 1.50
6.8 +4.7 4.5 1.27
+5.5 2.1 0.78
458 +4.7 1.7 0.67
+5.5 0.3 0.21

In the physical model, (steady) flows at Scheldt levels up to +7.1 m TAW have been tested, with various
tail water depths. It was confirmed that nappe flow is present over the stepped cascade, as was intended
during the design calculations. A photo of the flow pattern corresponding to a Scheldt level +6.8 m TAW
(and a very low tail water depth) is shown in Figure 9. In presence of stop log weirs, the specific dis-
charge measured in the physical model showed a good agreement to the values estimated during the de-
sign for Scheldt levels up to +6.8 m TAW. For higher Scheldt levels, the values adopted during design
seem to be somewhat overestimated.

The flow characteristics and residual head immediately downstream of the lowest step have been in-
vestigated in the model. For a Scheldt level of +6.8 m TAW, the energy dissipation was found to be 70 to
80% of the head available in the river (depending on the crest level of the stop log weirs).

In the meantime, the inlet sluice design has been constructed on site. As shown in the right part of Fig-
ure 7, gabions are used to protect the bottom immediately downstream of the end sill of the lower step.
The water board has preferred this supplementary erosion mitigation measure, though no serious stability
concerns are raised (since the inlet sluice construction is totally surrounded by deep sheet pile walls).

As mentioned above, FCA-CRT Kruibeke is to date (November 2012) not yet operational.

Figure 9. Nappe flow conditions in the pooled step cascade scale model (scale 1:12) for FCA-CRT Kruibeke,
corresponding to a water level of +6.8 m TAW in the river Scheldt

50



4 COMBINED INLET-OUTLET SLUICE WITH INTERNAL DROP STRUCTURE

Currently, several FCA-CRTs are under design, in which the inlet and outlet sluices are combined in one
single structure. A schematic view of such a construction is given in Figure 10. Note that the inlet culverts
are situated on top of the outlet culverts.

During inflow, water enters through the inlet culverts. The intake level can be adjusted by means of a
stop log weir. If needed, the amount of inflow can be further reduced by (partially) closing a slide gate in
some culverts.

During outflow, water is drained through the outlet culverts. The latter are equipped with flap gates at
the river side.
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Figure 10. Schematic view of a combined inlet-outlet sluice (source: IMDC, 2008).

To dissipate the energy of the inflowing water, use is made of a vertical drop and a stilling basin. The
stilling basin is formed by lowering part of the floor slab of the outlet culvert. Typically, dimensions of
the stilling basin are based upon formulas in Chow (1982), French (1986), Sinniger & Hagen (1989) and
Ritzema (1994).

The combined inlet-outlet sluice is believed to offer some important advantages both from the struc-
tural and the ecological point of view:

(1) reduction of construction and maintenance costs (only one foundation is needed; less concrete),
(1))  the inflow and outflow hydro- and morphodynamics are concentrated in one place, which is favor-
able for:

o ‘“natural” creek formation in the polder,
o the constructed creek at the riverside of the combined inlet-outlet sluices to remain at
depth,
(iii)  reduced losses of tidal marshes along the river,
(iv)  reduced losses of available length for overflow dike.

The combined inlet-outlet structures which are currently under design, are meant for FCA-CRTs situated
at different locations in the estuary, involving different characteristics of polders and river tide. Moreover,
the desktop designs are made by distinct design teams. Hence, it is not surprising that a diversity of ge-
ometries are being proposed.

In order to identify possible flaws in the design and to support the optimization of the different com-
bined inlet-outlet structures from the hydraulic point of view, an intensive physical model study (scale
1:8) has been initiated at Flanders Hydraulics Research. To allow different geometries to be tested con-
secutively in an efficient way, a flexible model set-up has been designed and built (Figure 11). Among
other things, the dimensions of the space available for the vertical drop and those of the stilling basin can
be easily modified.

Some results of the optimization of a first combined inlet-outlet sluice design are discussed in a com-
panion paper by Vercruysse et al. (2013).
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5 CONCLUSIONS

Flood Control Areas (FCAs) with a Controlled Reduced Tide (CRT) are being developed in the Flemish
part of the Scheldt estuary, in order to combine flood control with nature development and the ecological
functions of intertidal areas.

This paper has given an overview of the different types of inlet sluices and energy dissipation struc-
tures that have been designed, built and/or are under construction.

In a first pilot project (FCA-CRT Lippenbroek, 10 ha, in operation), the inlet sluice was built separated
from the (existing) outlet sluice. To dissipate energy during inflow, use was made of an inclined drop and
a stilling basin. No scale model tests were carried out prior to construction. Yet, FCA-CRT Lippenbroek
operates quite satisfactorily, both from the constructional and the ecological point of view.

For a much larger project (FCA-CRT Kruibeke, 200 ha, built but not yet in operation as of November
2012) the inlet and outlet sluice have been built adjacent to each other. To dissipate energy during inflow,
a cascade with three steps is relied upon. To protect fish migrating into the polder through the inlet sluice,
pooled steps have been chosen. Due to lack of specific guidelines at the time, the design was based upon
literature for non-pooled cascades. Scale model tests have confirmed afterwards that the design performs
more or less as expected.

For a set of FCA-CRTs which are currently under design, combined inlet-outlet sluices are proposed.
In this type of structure, the inlet culverts are on top of the outlet culverts. Energy is dissipated during in-
flow by means of a vertical drop and a stilling basin. At present, an intensive physical model study is car-
ried out to evaluate and optimize the geometry from the hydraulic point of view. Some first results are re-
ported in a companion paper (Vercruysse et al., 2013).

It has been attempted in this paper to provide some insight into the selection and design process of the
aforementioned constructions.

From the hydraulic point of view, each of those constructions needs to be designed to withstand the
most critical combinations of upstream and downstream conditions (i.e. Scheldt levels and tail water
depths in the polder, respectively), which are site-specific (i.e. a function of local tidal conditions, availa-
ble storage capacity, topography, length and crest level of the overflow dike etc.).

One should be aware, however, that many constraints are imposed to the (multi-disciplinary) design
team (such as constructability, operational procedures and maintenance issues, sustainability, adaptability,
ecological concerns, etc.), which are equally (or sometimes even more) important for the final lay-out as
compared to purely hydraulic considerations.

With respect to ecology, research is still on-going, based on intensive monitoring of FCA-CRT Lip-
penbroek and the Scheldt estuary (see e.g. Peeters et al., 2009; Beauchard et al., 2011). Therefore, the
constraints imposed on the hydraulic design by ecological issues such as fish migration, aeration, sedi-
ment influx and morphodynamic evolutions, might change over the course of time. The results of the first
(six) years of monitoring, however, clearly show that the ecological development is very positive. The bi-
ological characteristics of the new marshes in FCA-CRT Lippenbroek (Jacobs et al., 2009), as well as the
ecological structure (Jacobs et al., 2009; Beauchard, 2012) and ecological functions such as retention of
nitrogen and delivery of silica (Jacobs et al. 2008), turn out to be already very similar to the ones of the
natural marshes along the estuary.
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Finally, it should be emphasized that the often tight time frame for design and construction, rarely al-
lows a complete and in-depth hydraulic optimization study to be carried out.
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Stilling Basin Optimization for a Combined Inlet-Outlet Sluice in the
Framework of the Sigmaplan
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ABSTRACT: Within the framework of the so-called Actualised Sigmaplan, i.e. the masterplan to create a
sustainable Schelde estuary, flood control areas (FCA) are setup in well-chosen polders along the tidal
part of the river Scheldeand its tributaries. In some of these FCAs a semi-diurnal, controlled reduced tide
(CRT) is introduced, by means of simple inlet and outlet sluices. Nowadays, it is preferred to combine in-
let and outlet sluices in one single structure, in which the inlet culverts are situated on top of the outlet
culverts. At inflow, energy is dissipated by means of a vertical drop and a stilling basin. In this paper, re-
sults are presented of a physical model study (scale 1:8) aiming at the optimization of the inlet configura-
tion, i.e. the stilling basin, starting from the desktop design of the in- and outlet construction for FCA-
CRT Bergenmeersen.

Keywords: Actualised Sigmaplan, inlet sluice, vertical drop, stilling basin, hydraulic jump, physical
model

1 FLOOD CONTROL AREA — REDUCED TIDE AREA (FCA-CRT)

After a major flooding in the north of Belgium (Flanders) in 1976, a masterplan — the so-called Sigmaplan
— was elaborated in 1977 to mitigate storm surges in the Schelde estuary as to increase the level of safety.
Due to changing physical circumstances and new insights in water management, the Sigmaplan was pro-
foundly updated in 2005 — i.e. the so-called Actualised Sigmaplan. The Actualised Sigmaplan aims at sat-
isfying both safety and ecological needs along the tidal part of the river Schelde and its tributaries in a
sustainable way. Therefore, different restoration techniques are elaborated which combine safety with es-
tuarine restoration, e.g. dike strengthening together with more space for the river, flood control areas
(FCAs) with or without a controlled reduced tide (CRT), non-tidal wetlands, etc. In this paper, only flood
control areas with a controlled reduced tide (abbreviated: FCA-CRTs) are considered.

During storm surges, FCA-CRTs are filled via a lowered levee (referred to as “overflow dike” in Figure
1). On average, this takes place once or twice a year depending on the level of the overflow dike. In addi-
tion, a well-designed system with inlet and outlet sluices allows limited semi-diurnal water exchange be-
tween the estuary and the FCA-CRT. The goal is to obtain inundation characteristics in the polder which
are similar to natural tidal marshes along the estuary, in order to restore estuarine habitats which have dis-

appeared over the past two centuries or degraded (elsewhere) in the estuary (Cox et al., 2006 ; Maris et
al., 2007).

oshuary eatuary
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poider oo dike polder oo dike fing dike  polder

Figure 1. Working principles of a flood control area with controlled reduced tide (FCA-CRT):
during storm surge (left) and in normal tidal conditions (middle and right).
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2 COMBINED INLET-OUTLET SLUICE FOR FCA-CRT FUNCTIONING

An overview of the different types of sluice systems that have been designed, built and/or are under con-
struction for FCA-CRTs in Flanders, is given in a companion paper (De Mulder et al., 2013). At first, the
sluice system was setup with adjacent inlet and outlet sluice constructions. Nowadays it is preferred to
combine inlet and outlet sluices in one single construction. Combining the inlet and outlet in one structure
is believed to offer some important advantages, both from the structural and ecological point of view
(IMDC, 2008).

Figure 2 provides a sketch of a combined inlet-outlet sluice. The inlet culverts are placed on top of the
outlet culverts. The inflow can be adjusted by placing a stop log wall on the floor slab of the inlet culvert.
The outlet culverts are equipped with flap gates in order to drain the FCA-CRT when the Schelde level is
lower than the FCA-CRT level. After passing the stop log wall the incoming water drops vertically and
plunges into the stilling basin underneath. The latter is formed by a concrete slab lowered with respect to
the floor slab of the outlet culverts in order to assure that a certain water level is provided in the stilling
basin.

inlet culvert stop log wall

SCHELDE

1

[RESI ER NS ERNE TR AR AR S \ - 4@:
stilling basin outlet sluice flap qgates

Figure 2. Schematic view of a combined inlet-outlet construction.

3 DESIGN OF FCA-CRT BERGENMEERSEN

The future FCA-CRT Bergenmeersen has an area of about 38 ha and is situated in the freshwater part of
the Schelde estuary (Figure 3). The agency in charge of the design and construction of the FCA-CRT is
Waterwegen & Zeekanaal nv. Different parties were involved in the design of the FCA-CRT Bergen-
meersen. Only the parties involved in the design of the combined inlet and outlet structure are mentioned
explicitly below.
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Figure 3. Location of FCA-CRT Bergenmeersen in the Schelde estuary.

By means of a numerical model study at Flanders Hydraulics Research (Coen et al., 2010), the required
sill levels and (total) cross-sectional areas of the inlet and outlet culverts have been determined, in order
to obtain a suitable reduced tide, i.e. aiming for a profound springtide/neap tide cycle, in the polder. The
numerical model study was carried out using Mike 11, a 1-D unsteady river flow model from the DHI
group. Within Mike 11, a FCA-CRT is modeled using a combination of branches. The sluices are mod-
eled using the built-in culvert unit of MIKE 11. Culvert model parameters are calibrated following in situ
discharge measurements at pilot project Lippenbroek (Peeters et al., 2009).
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Given the optimal configuration of inlet and outlet culverts , a 5 month period of “normal” tidal condi-
tions has been simulated numerically, supplemented with some shorter simulation periods of storm surg-
es. Figure 4 contains all times series of predicted water levels in the FCA-CRT (abbreviated as: CRT level)
as a function of the water level in the Schelde near Bergenmeersen. Both water levels are expressed (in m
AD) with respect to the Belgian datum level (i.e. the so-called reference level TAW, which is approxi-
mately the mean level of low water along the Belgian North Sea coast).
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Figure 4. Numerical simulations predicted CRT levels in function of Schelde level.

The detailed structural design of the combined inlet-outlet sluice has been subcontracted by the agency
(Waterwegen en Zeekanaal nv) to the consulting engineering company IMDC nv. The dimensions of the
stilling basin have been determined based upon formulae in literature (IMDC, 2010). The dimensioning
of the length and the depth of the stilling basin is based on a comparison of formulas mentioned in Chow
(1982), French (1986), Sinniger and Hager (1989) and Ritzema (1994).The outcome of the desktop design
is shown in Figure 5.

stilling basin
floor level + 2.20 m AD

inlet culvert
floor level: + 4.20 m AD

outlet culvert
floor level: + 2.70 m AD

CRT

19.50m

Figure 5 . Combined inlet-outlet sluice for FCA-CRT Bergenmeersen designed by IMDC nv.
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The characteristic culvert dimensions corresponding to the desktop design in Figure 5 are summarized in
Table 1.

Table 1. Characteristic culvert dimensions for FCA-CRT Bergenmeersen.

FCA-CRT Bergenmeersen
Inlet culverts Number of culverts 6 Outlet culverts Number of culverts 3
Culvert width 3.0m Culvert width 3.0m
Culvert height 1.6 m Culvert height 1.1m

Note in Figure 5 that:

— The drop height from the floor level of the inlet culvert to the floor level of the stilling basin is 2.0 m.

— The brink of the inlet culvert floor slab where the water starts dropping vertically (further abbreviated
as: the brink), is used underneath (and in Figure 4) as a reference point to measure (horizontal) dis-
tances.

— The floor level of the stilling basin is proposed to be 0.50 m below the floor level of the outlet culvert.
At 5.0 m downstream of the brink, the 6 inlet culverts are combined into one stilling basin. The com-
bined stilling basin has parallel (i.e. non-diverging) sidewalls, which end at 19.0 m downstream of the
brink (where they are attached to a wing wall).

— In the center of the construction, the concrete floor slab of the stilling basin ends at 9.3 m downstream
of the brink (though the slab is extended somewhat further downstream at the edges of the construc-
tion). Between 9.3 m and 23.4 m downstream of the brink bottom protection is provided by gabions.

To be able to relate some characteristic levels in the design of the FCA-CRT to the tidal characteristics of
the river Schelde near Bergenmeersen, Table 2 is provided.

Table 2. Characteristic levels for FCA-CRT Bergenmeersen.

FCA-CRT Bergenmeersen Tidal river characteristics
Ring dike Crest level +8.00 m AD MHW | +6.2 m AD (extreme spring)
Levee Crest level +8.00 m AD +5.3 m AD (spring)
Overflow dike | Crest level +6.40 m AD +5.0 m AD (mean)
+4.7 m AD (neap)

Inlet culverts Level of culvert ceiling +5.80 m AD MLW +2.2 m AD (spring)

Crest level of stop log walls | +4.4 to +5.7 m AD* +2.1 m AD (mean)

Level of culvert floor +4.20 m AD +2.0 m AD (neap)
Outlet culverts | Level of culvert ceiling +3.80 m AD

Level of culvert floor +2.70 m AD
Polder Mean elevation +3.7m AD

* Range of stop log crest levels considered during design. Levels to be tuned when FCA-CRT is in operation.

The extreme spring tide referred to in Table 2, is defined as the level which is exceeded on average three
times per year. Knowing that the corresponding water level is +6.2 m AD, this means that in such condi-
tions the water level in the Schelde is 2.0 m above the floor of the inlet culvert. Similarly, from Table 2
and Figure 5 can be found that the water level in the Schelde is 1.1 m above the floor of the inlet culvert
at mean spring tide. The corresponding specific discharges are equal to be 4.4 m’/s/m (extreme spring
tide) and 1.8 m/s/m (mean spring tide).

4 PHYSICAL SCALE MODEL

Both the agency and the consulting engineers preferred the desktop design (Figure 5) to be tested in a
scale model, before the design would be approved for construction. Therefore, a physical model study
was initiated at Flanders Hydraulics Research.

Because several designs of combined inlet-outlet sluices for other FCA-CRTs than Bergenmeersen are
coming up in near future, the idea was to setup a flexible scale model in order to test different designs
consecutively without major intermediate model (re)construction efforts. Moreover, the scale model setup
should also allow the identification of possible flaws with and an optimization of a design.
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To this end, the geometry of the design is somewhat simplified. Basically, a so-called 2DV model is
aimed at, with a geometrical scale 1:8 for the vertical and longitudinal dimensions. The lateral direction is
not relevant in a 2DV model. The model is built in a narrowed section of the large flow flume at Flanders
Hydraulics Research. This flow flume has a length of 57.0 m, a width of 2.40 m, a height of 1.40 m and a
maximum discharge of approximately 0.4 m’/s. The dimensions of the narrowed section are: a length of
15.0 m, a width of 0.56 m and a height of 1.0 m. In order to allow an optimal visualisation of the flow
patterns, one side of the narrowed channel is transparent. By means of exchangeable plates fixed on mov-
able mechanical lifts, a wide range of geometrical arrangements can be addressed (Figure 6). Aeration of
the falling jet is provided by two tubes mounted under the ceiling of the outlet culvert in the model. These
tubes are in connection with the atmospheric pressure. The aeration method to be applied in the prototype
has not been decided yet.
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Figuré 6. Possible adjustments sclale model g|eometry.
The following measurement equipment is used in the physical model study:

— 2 electronic floaters to measure the water level upstream and downstream of the narrowed model sec-
tion,

4 wave height meters to measure the water level on 4 locations in the model section,

3 electromagnetic discharge meters on the supply conduits,

— 2 electromagnetic velocimeters to measure a point velocity in the stilling basin.

Besides the electronic registrations, also visual registrations are carried out:

— drop length,

— end of the hydraulic jump,

— water level in the outlet culvert.

5 EXPERIMENTS

This section of the paper presents scale model results for the combined inlet-outlet sluice which has been
designed for FCA-CRT Bergenmeersen The main focus was on inflows into the FCA-CRT, since these
require most energy to be dissipated. Moreover, fixing the location of the hydraulic jump (downstream of
the vertical drop) in the stilling basin for the combinations of water levels in the FCA-CRT (further ab-
breviated to: CRT level) and given water levels in the river Schelde (further abbreviated to: Schelde level)
is looked at. When the hydraulic jump can be located above the concrete slab of the stilling basin, the ve-
locity above the bottom protection (gabions) downstream of the slab will be limited and erosion down-
stream of the construction will be limited.

First the results of the desktop design will be presented. Then the results of some optimization efforts
will be presented. Most of these experiments have been carried out with aeration of the falling jet in the
vertical drop, though some comparative measurements without aeration did not show noticeable differ-
ences as far as the hydraulic jump is concerned.

5.1 Desktop design

The first geometry tested was the (original) desktop design. Figure 7 presents the flow pattern in the
stilling basin with a Schelde level of + 6.20 m AD (this is an extreme spring tide with an occurrence of
approximately three times a year) and three different levels in the CRT.
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Figure 7. [llustration of flow pattern for a Schelde level of + 6.20 m AD and three different CRT levels:
top: CRT level +4.45 m AD =» supercritical flow downstream of drop

bottom left: CRT level +4.70 m AD =» hydraulic jump fixed

bottom right: CRT level + 5.45 m AD =» culvert drowned.

For a Schelde level of + 6.20 m AD, Figure 8 shows the near bottom velocity at 10 m downstream of the
drop as a function of the CRT level. The near bottom velocity at 10 m is used as the design velocity for
the gabions downstream of the structure. (Notice indeed in Figure 5, that the bottom protection starts at a
distance of 9.3 m downstream of the drop in the center of the construction.)
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Figure 8. Near bottom velocity in function of the CRT level with a Schelde level + 6.20 m AD at 10 m downstream of the drop
(note that the velocimeter is limited to 7 m/s).

Figure 8 shows a sudden drop of the near bottom velocity at a CRT level of + 4.50 m AD. This is caused
by the transformation of supercritical to subcritical flow by means of a hydraulic jump. After this transi-
tion, the velocity remains at an almost constant level until the inlet sluice is drowned (Figure 7 below) and
the discharge decreases. The CRT level at which the jump starts directly downstream of the drop is fur-
ther referred to in this paper as the conjugate CRT level.

Figure 9 presents the measured conjugate CRT level as a function of the Schelde level. For comparison

purposes, the conjugate CRT level calculated with the Bélanger equation (Bélanger, 1949) is also shown
in Figure 9.

Bélanger equation:
Y2=Y1-%-(\/1+8-Fr12—1) (1)

where Fr; = Froude number upstream of the jump, Y; and Y, = water levels upstream and downstream of

the jump respectivelyY; can be calculated with the formula by Rand (1955):
@\ 1275

where Az = drop height, q = discharge per unit width , g =gravity acceleration.

Also the equation of the water depth upstream and downstream of the jump by Chanson (2002) and the
equation of the water depth downstream of the jump by Rand (1955) were evaluated. The difference be-
tween the three analytical formulae is a maximum of 0.1 m. The numerical results by Coen et al. (2010),

presented earlier in Figure 4, are used to verify that during operation the CRT level is continuously above
the conjugate CRT level.
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Figure 9. Comparison of predicted CRT levels during operation with the conjugate CRT level.

Figure 9 shows that the CRT levels during operation (predicted with the numerical model) are continu-
ously above the conjugate CRT level. This means that the supercritical flow is transformed into subcriti-
cal flow in the area before the gabions (i.e. above the concrete floor slab of the stilling basin). At a Schel-
de level around + 6.20 m AD, however, there is no margin between the minimum predicted CRT level
and the measured conjugate CRT level. Therefore, several optimization efforts have been made to in-
crease that margin. Changes to the stilling basin geometry are made, some of which are classical in the
hydraulic literature.

5.2 Gabion sill

Tests are carried out with a gabion sill with height 0.25 m and 0.50 m at a distance of 14 m and 19 m
downstream of the drop. Because the floor level of the outlet culvert is situated 0.50 m above the floor
level of the stilling basin, the maximum height of the gabion sill is limited to 0.50 m. Figure 10 left shows
the near bottom velocity in function of the CRT level at a Schelde level + 6.20 m AD. Figure 10 right
presents the measured conjugate CRT level in function of the Schelde level and compares this level with
the predicted CRT levels.
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Figure 10. Left: Near bottom velocity in function of the CRT level with a Schelde level + 6.20 m AD at x=10 m at x=10 m
when using a gabion sill with height 0.50 m at 14 m downstream of the drop (notice that the velocity meter is limited to 7 m/s);
Right: Comparison of predicted CRT levels during operation with the conjugate CRT level.
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Notice in Figure 10 left that a gabion sill has only a limited effect on advancing the transformation from
supercritical to subcritical flow. Figure 10 right shows that a gabion sill only has a considerable effect on
advancing the hydraulic jump for Schelde levels below + 5.50 m AD.

5.3 Deepening the stilling basin

Figure 11 left shows the near bottom velocity at a distance of 10.0 m downstream of the drop in function
of the CRT level with a Schelde level of +6.20 m AD when increasing the stilling basin depth from
0.50 m to 1.00 m below the outlet culvert invert level. Figure 11 right presents the measured conjugate
CRT level as a function of the Schelde level when the stilling basin is deepened and compares this level
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with the predicted CRT levels. For comparison purposes, the conjugate CRT level (re)calculated with the
Bélanger equation for the deepened stilling basin, is also shown in Figure 11.
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Figure 11. Left: Near bottom velocity in function of the CRT level with a Schelde level of + 6.20 m AD at x=10 m downstream
of the drop when deepening the stilling basin to 1.0 m (notice that the velocity meter is limited to 7 m/s) ; Right: Comparison
of predicted CRT levels during operation.
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Figure 11 left shows that deepening the stilling basin to 1.0 m reduces the conjugate water level by about
0.45 m. Figure 11 right shows that deepening the stilling basin reduces the conjugate CRT level by 0.4 m
to 0.5 m for the entire range of Schelde levels, and provides a margin with the predicted CRT levels.

5.4 Baffle beam

The effect of adding a beam at a distance of 5.0 m downstream of the drop was studied. The beam will be
further referred to as a “baffle beam”, since it can be interpreted as a set of baffle blocks with zero spac-
ing in the spanwise direction. The baffle beam dissipates part of the drop energy and due to this, the con-
jugate CRT level decreases. The maximum height of the baffle beam must be below the floor level of the
outlet culvert and thus is limited to 0.5 m. In the scale model, baffle beams with height 0.25 m and 0.50 m
were tested. Figure 12 shows the flow pattern downstream of the drop with a CRT level of + 4.45 m AD
and a Schelde level of + 6.20 m AD when using a baffle beam with a height of 0.50 m.

Figure 12. Flow pattern in the stilling basin (CRT level + 4.45 m AD / Schelde level + 6.20 m AD)
Left : desktop design ; Right : baffle beam with height 0.50 m at 5.0 m downstream of the drop.

Notice in Figure 12 that the baffle beam deviates the supercritical flow in the upward direction. Through
the dissipation of energy with the baffle beam, the water downstream of the baffle beam is transformed to
subcritical flow with a lower conjugate CRT level.

Figure 13 left presents the near bottom velocity downstream of the drop in function of the CRT level
with a Schelde level of + 6.20 m AD, when a baffle beam with a height of 0.50 m is placed at 5.0 m
downstream of the drop. Because the transformation to subcritical flow is not a clear hydraulic jump, the
near bottom velocity is also given at 7.5 m and 12 m downstream of the drop. Figure 13 right shows the
measured conjugate CRT level as a function of the Schelde level when a baffle beam with height 0.25 m
and 0.50 m is used and compares this level with the predicted CRT levels.
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Figure 13. Left Near bottom velocity in function of the CRT level with a Schelde level of + 6.20 m AD at x=7.5 m, 10.0 m and
12.0 m downstream of the drop when using a baffle beam with height 0.50 m at 5.0 m downstream of the drop (notice that the
velocity meter is limited to 7 m/s) ; Right Comparison of predicted CRT levels during operation with the conjugate CRT level.

Notice in Figure 13 left that a baffle beam advances the transformation from supercritical to subcritical
flow. Because the energy is partly dissipated, the velocity is lower for the full range of Schelde levels.
When the CRT level rises, the drop length increases, see Figure 14. At a CRT level of + 5.10 m AD the
drop goes beyond the baftle beam. Consequently, the velocity rises to a value almost equal to the velocity
for the desktop design. For a CRT level equal to + 5.30 m AD the ceiling of the stilling basin is drowned
(Figure 7). The falling jet now bumps into the vertical wall downstream of the inlet culvert and is redi-
rected towards the baffle beam. The interaction between the jet and the baffle beam positively influences
the near bottom velocity downstream of the baffle beam.
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Figure 14. Flow pattern downstream of a sudden drop in a rectangular channel (Vischer & Hager, 1995).

The use of a baffle beam decreases the conjugate CRT level for the full range of Schelde levels. The baf-
fle beams with a height of 0.25 m and 0.50 m result in an almost similar decrease of the conjugate CRT
level.

During the tests, an unstable flow pattern was noticed using the baffle beams. For a Schelde level of
+ 6.20 m AD this unstable flow pattern occurs between CRT levels + 4.50 m AD and + 4.90 m AD. Be-
tween these two levels the flow pattern changes constantly between the distinct patterns shown in Figure
15.

Figufe 15. Unstable flow patterns when using a baffle beam with height 0.50 m (CRT level +4.60 m AD / Schelde level + 6.20
m AD).

5.5 Baffle blocks

Peterka (1984) and Thompson & Kilgore (2006) advice to use baftle blocks instead of one baffle beam
for energy dissipation. Baffle blocks reduce the length of the jump and the conjugate water level. Based
on the literature formula for dimensioning the baffle blocks, blocks with a height of 0.66 m, a width of
0.56 m and a distance between the blocks of 0.56 m are recommended for a Schelde level of + 6.20 m
AD. In the scale model, blocks with a height of 0.50 m and 0.75 m were tested. The width and the dis-
tance between the blocks for both type of baffle blocks was 0.50 m. The baftle blocks do not obstruct the
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whole area, therefore it is permitted that the height is above the floor level of the outlet culvert. Figure 16
presents the flow pattern for baffle blocks with a height of 0.50 m, a CRT level of + 4.45 m AD and a
Schelde level of + 6.20 m AD.
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Figure 16. Flow pattern in stilling basin (CRT level + 4.45 m AD / Schelde level + 6.20 m AD)
Left : desktop design ; Right : baffle blocks with height 0.50 m at 5.0 m downstream of the drop.

When using baffle blocks, the hydraulic energy is partly dissipated. For this configuration the jump starts
at a lower conjugate CRT level. It is also noticed that baffle blocks result in a greater energy dissipation
when compared to a baffle beam. The aforementioned unstable flow pattern with the baffle beam was not
noticed. Figure 17 left presents the near bottom velocity after the drop in function of the CRT level with a
Schelde level of + 6.20 m AD when baffle blocks with height 0.50 m are placed at 5.0 m downstream of
the drop. Because the transformation is not a clear hydraulic jump, the near bottom velocity is also given
at 7.5 m and 12.0 m downstream of the drop. Figure 17 right presents the influence of baffle blocks with
height 0.50 m and 0.75 m on the conjugate CRT level as a function of the Schelde level. According to
Thompson & Kilgore (2006) the conjugate CRT level can be reduced to 85 % when using baffle blocks.
In Figure 17 right a line is plotted indicating 85% of the conjugate CRT level calculated with the Bé-
langer equation.
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Figure 17. Left: Near bottom velocity in function of the CRT level with a Schelde level + 6.20 m AD at x=7.5 m, 10.0 m and
12.0 m downstream of the drop when using baffle blocks with height 0.50 m at 5.0 m after the drop (notice that the velocimeter
is limited to 7 m/s) ; Right: Comparison of predicted CRT levels during operation with the conjugate CRT level when using
baffle blocks.

In Figure 17 left it should be noticed that the near bottom velocity decreases for the full range of Schelde
levels when using baffle blocks. If the representative velocity for the desktop design is used to determine
the effectiveness, it can be stated that baffle blocks reduce the conjugate CRT level by 0.4 m. Similarly to
the case of one baffle beam, a rise in near bottom velocity is noticed for CRT levels from + 5.0 m AD.
Figure 17 right shows that baffle blocks reduce the conjugate CRT level over the full range of Schelde
levels. The effect of baffle blocks with height 0.50 m and 0.75 m on the conjugate CRT level is similar.
The conjugate CRT level at the design discharge of the baffle blocks (corresponding to a Schelde level of
+ 6.20 m AD) is approximately 15 % lower than the value for a normal hydraulic jump without baftle
blocks.
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6 CONCLUSION

Within the framework of the Sigmaplan, different flood control areas with controlled reduced tide (FCA-
CRTs) are being setup along the Schelde estuary. To introduce the reduced tide in the polder, simple inlet
and outlet sluices are relied upon. Most recently, combined inlet-outlet sluices are being advocated. In
such structures the inlet culverts are on top of the outlet culverts. During inflow, a falling jet drops from
the floor slab of the inlet culvert and plunges into a stilling basin. The energy of the plunging jet is addi-
tionally dissipated by means of a hydraulic jump.

In this paper, a physical model study is described to test a desktop design of such a structure for a spe-
cific case, i.e. FCA-CRT Bergenmeersen. The desktop design turns out to be satisfactory. Yet, at inflow
discharges corresponding to an extreme spring tide (i.e. a Schelde level of +6.20 m AD which is exceeded
on average three times per year), there is only a small margin in terms of fixing the location of the hy-
draulic jump above the concrete slab of the stilling basin. Therefore, some optimization efforts have been
carried out to increase that margin, by adding some obstacles in the stilling basin or by modifying the ba-
sin geometry: (i) adding a gabion sill, (ii) deepening the stilling basin, (iii) adding a baffle beam and (iv)
adding baffle blocks.

It turned out that adding a gabion sill does not increase the margin at extreme spring tide levels. Deep-
ening the stilling basin increases the margin over the full range of Schelde levels (but this design modifi-
cation is not applicable in practice, since the preparatory work for the construction of the prototype is in a
too advanced stage). The same goes for adding a baffle beam, though in some range of CRT levels (i.e.
tailwater depths) an unstable flow pattern was observed. The use of baffle blocks gives the best results for
fixing the location of the hydraulic jump and no unstable flow patterns are observed.

For the designs with a non-obstructed hydraulic jump (i.e. a design without sill, beams, blocks, ...),
there was a good correlation between the literature formulae and the scale model results. Peterka (1984)
and Thompson & Kilgore (2006) present formulae for dimensioning baffle blocks and state that when us-
ing baffle blocks (according to this formulae) the conjugate CRT level may be lowered to 85 %. This was
— for the design discharge of the baffle blocks — confirmed by the scale model results.

Notwithstanding the abovementioned optimization efforts, it was decided by the agency to retain the
original desktop design. This decision was motivated by the fact that the predicted CRT levels do (though
marginally) exceed the conjugate CRT level and the preparation of the construction in the field was al-
ready in an advanced stage. In addition, the agency reckoned that - if during operation of the FCA-CRT
unacceptable circumstances would be encountered - there are still means to elegantly modify the stilling
basin geometry without major constructional efforts. Adding a baffle beam in the stop log recesses seems
to be the most likely solution.

Of course, the lessons learned from the abovementioned optimization efforts will be taken into account
for the design of the upcoming FCA-CRT projects.

NOTATION

Y, Water level upstream of hydraulic jump [m]

Y, Conjugate water level downstream of hydraulic jump [m]
Fr; Froude number upstream of hydraulic jump [-]

q Discharge per unit width [m%/s]

g Gravity acceleration [m/s’]

Az Drop height [m]
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ABSTRACT: In this mainly experimental and also computational study, the various water flow
characteristics of submerged sluice gate outflows within a sloped (angle ¢) open channel are measured,
analyzed, presented and discussed-in a suitable two parametric evaluation. A special dimensionless (4)
parameter is examined as function both of ¢ and a suitable Froude number. In a similar way, the
discharge coefficient is investigated as a function of ¢ and a parameter D corresponding to the
dimensionless small difference of depths (upstream, downstream). The authors believe that the present
results may help the hydraulic engineer when dealing with sluice gate submerged underflows within
sloped open channel.

Keywords: Sluice Gates’ Submerged Flows, Sloped Channels

1 INTRODUCTION

The steady turbulent water flow under a sharp edged sluice gate and subsequent downstream water
flowing formations, belong to some of the most important low head hydraulic phenomena which are
appearing in practice within rectangular open channels. Depending on further downstream water flow
regulation, the flow beyond the sluice gate may permanently be free or submerged.

Fig.1 schematically shows the general flow case, where the free surface water channel is inclined
(angle ¢, J,=sing) and includes a discharge measuring hydraulic structure, i.e. a sluice gate perpendicular
to the channel floor-which has the same width as the channel-with a lower aperture b and a downstream
regulating gate.

The water free surface profile is gradually varied upstream, and horizontal-beyond a depth ds-
downstream. The water discharge per unit channel width is ¢, the most important cross sections are 1
(water depth d;) and 3 (depth d;)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>